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12. Thu is a C-acyiat»on route lo a simple ketone. Why wa> NaH 
chosen as the base? Why did O-acytation not occur» Why wrrr 
t-butyl esters used? What would probably have happened if the 
more obvious Fricdd-Crafts (Chapter 22) route were tried
instead?

PBu l. NaH

COjt-Bu 2. PhCOCI CO, Mu

TsOH

AcOH 0 ^ 0
Bo x ym o

13. Base-catalysed reaction between these two esters allows the 
isolation of one product in 82% yield. Predict its structure.

\ ^ ^ C O * t  T “* *  C fH 140 (
EtO°

The NMR sfxxtrum of the product shows that two species are 
present. Both show two 3H triplets at about 5ц I p p m and two 
2H quartets at about &ц * 3 p.p.m. One has a very low field proton 
and an ЛВХ system at 2-1—2-9 p.p m. with /дв 16 llz. /д* * IU , and 
fox 4 H/_ The other has a 2H singlet at 2.28p p.m. and two protons at 
5.44 and 8.86 p.p.m. coupled with / 13 Hz. One of these protons 
exchanges with DjO. Any attempt to separate the mixture (for 
example, by distillation or chromatography) gives the same mixture. 
Both compounds, or the mixture, on treatment with ethanol in acid 
solution give the same product. What are these compounds?

*  .A
C s H m O» EtOH
Compound В has IR 1740 cm '1,6ц 1.15-U S  p.p.m. (four t. each 
3H), 3.45 p.p.m. (2H. q), 3.62 p.p.ra. (2H. q). 4.1 p.p.m. (two 2, 
each 2H), 2.52 p.p.m. (2H. ABX system. /Ag 16 Hz), 3.04 p.p.m. 
( IH . X of ABX split into a further doublet by / 5 Hz), and 4.6 
p.p.m. (IH , d. /5 H i). The couplings between A and X and 
between В and X are not quoted in the paper. Nevertheless, you 
should be able to work out a structure for compound В

[ f e w ©  M U '-1 ■
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oduction: conj ugate addition o f enolates is a powerful 
thctic transformation
roduct o f a conjugate addition of an enolate or enol equivalent to an a.fl-unaaturatcd carbonyl 
ound w ill necessarily be a dicarbonyi compound or an equivalent derivative. As the carbonyl 
occupies such a central position in synthesis it w ill come as no surprise that these intermcdi* 

rith two carbonyl groups, are very widely used.

V  - S = t  -----------------

e other important feature o f thu conjugate addition reaction is that the two iarbonyl groups in 
oduct are reasonably far apart while the newly formed bond is in the middle o f the molecule, 
neans that M ichael addition can be a ivnvergtnt route to the product—a feature that usually 
nizes synthetic efficiency.

*m  v» . co nverg en t syn th eses

Mchaal «M Kiot and м e a s e ** ) m 
Cbaplaf» 10 and 23

vargam aynwi—la i nos
fra^nents that Пам been 
пыао 'aWtar
* « '• *  together many 
frarnants tot a knea» 
m. The сметам умИ «мЯ 
аР» behifhev

□  -  ЕКЗ-  (ZHZHIl-  ЕШНЕКЗ
И —* ЕНЗ
И — ЕКЗ EHIHZHZI

I jugate addition of enolates is the result of thermodynamic 
trol
le nucleophiles have exactly the same opportunity to attack the carbonyl group directly as do 
nple nucleophiles discussed in Chapter 10 and the same factors govern the eventual outcome
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of the reaction. Thermodynamic control leads to conjugate addition but kinetic control leads to
■ direct addition. The key to successful coniugate addition is to ensure that direct addition to the car

тьсm*n wmw bonyl (an aldol reaction. Chapter 28) is irn n U c . This enables the coniugate addition to compete 
пылtt* and. as its product is more stable, it eventually becomes the sole product Thu. is thermodynamic
S Z S ? !l£ t  ° ,<xwct h*‘  * control at its best!
C-Crowo

eamugate «Jdmon ^ s ^ / -  0 ewct абстог

v V  ~  ~  O C f

The aldol product is more sterically hindered than the conjugate addition product so increased
► branching on the nucleophile tends to accelerate the rrtm-aldol process, which releases steric strain
Aw toi W r» » свои'*ki«t an and favours equilibration to the thermodynamic product Perhaps more important is the stability

°*  the cno,aCe; the more rtaWf lhe Parting enolate. the easier it is to reverse both reactions and 
•re tro 'reactions later tithe book. this favours the more stable conjugate addition product One of the most important ways of stabi- 
auch as the anportartf retro lizing an enotate— using another electron withdrawing group such as C 0 2F.t— achieves both
Diels Aider reaction mChafMr 35. ^  enhancements at the same time as branching inevitably accompanies the extra anion 

stabilization.

* ^ y °  — — —  V V

I s  • *»  staMe enotate con.ugate «M«on k* k*

There is also a frontier orbital effect that assists conjugate addition over the aldol reaction You 
w ill recall that the carbonyl carbon is a relatively hard centre, whereas the f) carbon of an enone is 
soft. As the nudeophihc enotate becomes more subdized with extra electron-withdrawing groups, it 
becomes increasingly soft and hence more likely to attack the (J carbon.

The unsaturated component plays an important role
The nature of the carbonyl group in the a.fi-uiuaturated electrophile is also important as the 

л more dectrophilic carbonyl groups give more direct addition and the less electrophilic carbonyl
Tbe«* tetartее «елям *in groups (esters. amides) give more conjugate addition Aldehydes are unhindered and very

лоамзэ. reactive and thus very prone to direct addition but. if the enolate equivalent is carefully chosen.
conjugate addition works well. Ketones are borderline and can be pushed towards either the 
aldol or conjugate addition pathways by choice of enolate equivalent as we shall see. balers and 
amides are much less electrophilic at the carbonyl carbon and so are good substrates for conjugate 
addition.

d e c re u a ic  reactM ty of carbonyl wrth nudeophNes



ate addition of enolates is the result of thermodynamic control

on ju gate  ad d itio n  is  therm odynam ically co n tro lle d ; d ire c t ad d itio n  is  
In e tlc a lly  co n tro lled

able enolates prom ote conjugate addition bjr. 
m aking the aldol reaction more reversible 

m aking the enolate anion softer
ess reacthre M ichael acceptors promote conjugate addition by: 
m aking the aldol reaction more reversible 
m aking the carbonyl group less electrophilic

a rc  ex cellen t an ion-stab iliz ing  groups o n  c n o la tco r M ich a e l accep to rs
rrs (malonates and substituted derivatives) combine three useful features in conjugate addi- , 
it  ions they form stable enolate inions that undergo clean conjugate addition; if required. * 
he « te r group» can he removed by hydrolysis and decarboxylation; and. finally, the remain- d*o*c*ы м и  m - «мипм  
or ester is ideal for conversion into other functional group».

' V  Y - - = -  " V ' " "
0  I  E t o n  E t O , C r ^ C O , E t

0 rtflu i 1 h
f  m jU o nrf? (fcethyl 9 3 %  yM d

hyl malonatc adds to diethyl funuratc in a conjugate addition ruction promoted by sodium 
le in dry ethanol to give a tetraester. Diethyl fumarate is an excellent Michael acceptor because 
cr groups withdraw electrons from the alkene. The mechanism involves deprotonation of the 
ite, conjugate addition, and repmtonation of the product enolate by ethanol solvent. In  this 
n two ester groups stabilize the enolate and two more promote conjugate addition.

0  M Kfiaei acceptor /-Y

value of malonale esters u illustrated in this synthesu of a substituted cyclic anhydride by 
,ate addition to ethyl crotonate. hydrolysis, and decarboxylation, followed by dehydration 
:eti< anhydride. This route is very general and could be used to make a range of anhydrides 
ifferent substituents simply by choosing an appropriate unsaturated ester.

0 MaOCt н а  /СООН l|^

^ V ^ S i C t  Eton ^ Ч / С О Д  И/0 / Ч / С О О И  Г

76% yield

: mechanism o f the conjugate addition is the same as that in the previous example and the 
inism for ester hydrolysis was covered in Chapter 12. The key step in the dehydration reaction 
formation and cy cl nation of the mned anhydride formed from the diacid and acetic anhy- 
Both steps have the same mechanism, attack ot an acid on an anhydride, hut the second step is 
w lccular. Like most cyduations the reaction is entropically favoured as two molecules react to 
iree— the cyclic anhydride and two molecules o f acetic acid.
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•  U se  of e lectron-w ithd raw ing  groups to  favour co n jugate  addition

Conjugate addition o f enolates is prom oted by electron-w ithdraw ing groups (fo r 
example, C O jE l), especially by: 
• two electron-w ithdraw ing groups stabilizing the enolate
• two electron-w ithdraw ing groups conjugated w ith the alkene 
It is not necessary to have both features in the same reaction.

A lka li m etal (U , N a, K ) en o la tes cam undergo k in e tic  co n ju |a te  add ition

ft Is  not essen tia l to h aw  two an iorvstab iitiing  р о и м  fo r su ccess** 
conjugate addition and « *  even p o «a *)ie « lth  s im p le ^
N a. and K ) enolate v  UOwum eno lates are not ideal nudeop M es for 
therm odynam ic airy contro lled conjugate addition. Better resu lt*

« c e i iW  О О о

¥ 1  ' ^ л . .
dissociated  end thus mo»e Nkdy to  revert-lith ium  bind» s tro n g  to
otygen and so  tends to p m w it reversto le a ld d  addition, «h u h  lead s to lo ss o f conjugate addition product <*otass<um W M o u d e is the ideal base for tN sa iam p te  
as  N Is  hindered and so wiM not attack  the este r but Is  b asic enough to  deprotorate the ketone to  a certain  ertent.

Two «notates are possib le but. ~

theim oortant interm ediate 
leading to  the m ore in teresting  
product with a  quaternary

eno M es. This unlikely oiAcom e is  favoured by hindered 
nucleophiles and co*r№ gatad or hindered carbon^s. Ir  the 
cases  the lack  of re«ersa> 4ityis not an Issue  as  the aldol product 90% yetd coryugat* ad*t>cn only
Is  never fo m ed  In t»ws exam ple the enolate o f the fb utyl ketone is
the hindered nudeopM ie and the conjugated ketone ts rather However, m ost successfu l conjugate additions use stab le en d  or enolate

lint

Conjugate addition can be catalytic in base
As the penultimate product in a conjugate addition is an enolate anion, if the pКл of the nucleophile 
is appropriate, only a catalytic quantity of base is required to initiate the reaction. The enolate anion 
of the product is protonated by a molecule of starting material to give the neutral final product and 
another enolate anion of starting material. The reversible reaction sequence, including the unwanted 
aldol equilibrium, van be forced over towards the «.onjugate addition product. The balance of pJt^s is 
likely to be right for nucleophiles with two electron-withdrawing groups when adding to a double 
bond conjugated to a single carbonyl group

• t t V - ' V — f h  ' X -
P« * ,2 0 -2 5  » A .  10-15 P 4 .2 0 -2 S  p**, 10 -15

t
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is proton exchange sets up a catalytic cycle. The cycle is started by an external base removing a 
11 from the most acidic species present in the reaction mixture at the start which is the nude 
r. This is an important condition for success of the catalytic method and the reason that all the 
nu  can lie mixed together at the start of the reaction with no adverse effects. There is no need 
m the nu Jeoph ilic enolate quantitatively, more is formed as the reaction proceeds. The advan- 
of this way of ninmng a coniugate addition are that strongly basic conditions are avoided so 
lild  bases such as tertiary amines (for example. E tjN ) or fluorides (for example. B114N F) can be 
»yed successfully.

>a*t

ie catalytic approach to conjugate addition 1* illustrated by the addition of a fi-dikrtonc 10 an 
atic enone catalysed by potassium hydroxide and benryltriethyUmmonium chloride, which м a 
r transfer catalyst. Once again, the catalytic cycle is initiated by deprotonation of the most acidic 
•onent in the reaction mixture, acetyl acetone, which is followed by a cycle o f conjugate addi- 
ind proton exchange leading inexorably to the product.

• Л Д .  «5 * ;

Hydrogen fluonde is a weak ecid 
m *jnfow«iM ion pK^ 3.4b 
due to the strength of the H-f 
bond. lb s  bond strength also 
accounts forth* basicity of 
thefluonde юп.

Dia^ams of catalytic cydes are 
not afcrays ему to understand 
The mam cyde rotates 
anttdockwiee ro jnd the centre of 
the dMgram with the staftng 
materials entenngtoo n^t and 
bottom lefl «rth the product 
emergng top left The first 
molecules of enolate enter 
neddk left. It would be helpM if 
you were to folow the formation 
of one moiecMe of product on the 
diagram and see how It sets off 
the neet cycle It Is very Important 
that you do not allow catalytc 
cydes to redace mechanisms n 
your understanding of chemical

The ол0пв of beneSu of pn*ac 
trwHtareetWyestriC)» 
m 0«p(r<k 23 and 26.

16 П. 20 *C
77V yield

U are more likely than enolates to undergo direct conjugate addition
catalysis is not required lor conjugate addition. Ifth e  nucleophile is sufficiently enolized under 
taction conditions then the enol form is perfectly able to attack the unsaturated carbonyl с om
ul Knols are neutral and thus soft nucleophiles favouring conjugate attack, and ^-dicarbonyl 
xiunds are enolired to a significant extent (Chapter 21). Under acidic condition» there can he 
lutely no base present but conjugate addition proceeds very efficiently. In  this way methyl vinyl 
v  (butenone) reacts with the cyclic f)-diketone promoted by acetic acid to form a quaternary 
t .  The yield is excellent and the tnketonc product is an important intermediate in steroid syn- 
s as you w ill see later in this chapter.

AcOM/MjO

lh  ГЪХ

he mechanism involves acid-catalvsed conversion o f the keto form of the ivd ic  fJ-diketone 
the enol form, which is able to attack the protoruted enone. The mechanistic detail is precisely 
ngous to the atUck of an enolate shown above: the only difference is that K ith  reactants are
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protonated. The product is the end form of the triketone. which rapidly tautomenzes to the more 
stable keto form.

and tom» end form

The thermodynamic control of conjugate addition allows even enals that are very eiectrophihc at 
the carbonyl carbon to participate successfully. Any aldol reaction, which must surely Occur, is 
reversible and 1,4-addition eventually wins out. Acrolein combines with (his fivr memberrd di
ketone under very mild conditions to give a quantitative yield of product. The mechanism is 
analogous to that shown above.

( V - o ,

\  «его— »

н*о

Enamines are convenient stable enol equivalents for conjugate addition 
If  you want to do a conjugate addition of a carbonyl compound without having a second anion- 
stabilizing group, you need some stable and relatively unreactive enol equivalent. In Chapters 27 and 
28 you saw how enamines are useful in alkytation reactions These neutral species are also perfect for 
conjugate addition as they are soft nudeophiles but arc more reactive than enob and can be prepared 
quantitatively in advance The reactivity of enamines it such that heating the reactants together, 
sometimes neat, is all that is required. Protic or I-ewu acid catalysis can also be used to catalyse the 
reaction at lower temperature.

The mechanism i> rather like enol addition. The differences are that the enamine is more nudeo- 
philic because of the nitrogen atom and that the product is an enamine, which can be convened into 
the corresponding carbonyl by mild acidic hydrolysis. This is usually performed during the work-up 
and so does not really constitute an extra step. The amine is washed out as the hydrochloride salt so 
isolation is straightforward After conjugate addition the resulting enolate-iminium ton undergoes 
proton transfer rapidly (o produce the more stable carbonyl enamine tautomer. Ihis is shown as an 
intramolecular process but it could just as easily be drawn with an external base and source of protons. 
The resulting enamine is then stable until aqueous acid is added at the end of the reaction. Hydrolysis 
occurs via the iminhim ion to reveal the second carbonyl group and release the secondary amine.

0
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nge of secondary amines can be used t о form the enamines but those formed from piperidine. 
dine, and morpholine combine reduced stem demands at the reactive double bond with good 
ility of the nitrogen lone pair. The deitrom c nature o f the other substituents on the key dou 
id can vary without affecting the success of the conjugate addition. In  these two examples 
»cs from cyclohexanone formed with pyrrolidine and morpholinc add in good yield to an rt.fl- 
rated carbonyl compound with an extra electron-withdrawing methyllhio or phenylsullonyl

79* рШ

Ligate addition o f silyt enol ethers leads to the silyi enol ether of the product
rst alternatives to enamines for conjugate addition of aldehyde, ketone, and acid derivative 
ire silyl enol ethers. Their formation and some uses were discussed in Chapters 21 and 26-28, 
rse stable neutral nucleophiles also react very well with Michael acceptors either spontaneous- 
rith Lewis acid catalysis at low temperature.

о * * * *  О н ец  9 **■••> ме  о ©

\  Ч / S » *  h/ T

he 1.5-dicarbonyl compound is required, then an aqueous work-up with either acid or base 
s the silicon-oxygen bond in the product but the value of silyl end ethers is that they can 
go synthetically useful reactions other than just hydrolysis. Addition of the silyl enol ether 
d from acetophenone (PhCO M e) to a disubstitutcd enone promoted by titanium tetra- 
de is very rapid and gives the diketonc product in good yield even though a quaternary carbon 
is created in the conjugate addition. This is a typical example o f this very p«iwerful class of con- 
addition reactions.

yl ketene acetals are even more nudeophilic than ordinary silyl enol ethers and react sponta- a
dy with acyl chlorides. The intermediate enol ether o f the acid chloride was not isolated hut T»-« цпбми «n<i w*ciw.»»ы
rrted Jircctly into a methyl ester with methanol.

&.cca«
2 Iw n  ГО*С

2. M#OM

•e mechanism, in the absence of a catalyst, can be written as a cyclic process involving direct 
fer of silicon from the nucleophile to the rlectrophile but it might actually be stepwise The soft
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nature of the siM  enol ether is demonstrated by the choice ol soft double bond over hard carbonyl 
carbon as the electrophihc partner even though the carbonyl compound is an acid chloride.

' A
Lewis acid catalysis (T iO ^ ) is normally req u ired  for silyl en o l e th er reactio ns 
Conventional Lewis acid catalysis using a mixture o f titanium tetrachloride and titanium isopropox 
ide is used to promote the addition of the silyl ketene acetai to methyl vinyl ketone. The key step in 
the mechanism is the conjugate addition o f the silyl ketene acetai to the enone to form the bond 
shown in black in the product. The catalysis allows the reaction to proceed at much lower tempera
ture. -78 *C. Do not be confused by the second SiM ej group This is not an O-SiMej group but a C- 
SiM ej group and plays no active part in the reaction.
M«,SIO

L m »3 a.KaCO* HjO .

1. ТКЯ4 - TK WM»«. CMjCb
3 hour*, -та *c

51% цеИ

The electrophile coordinates to the Lewis add first producing an activated enone that is attacked 
by the silylatcd nucleophile. It is difficult to determine at what stage the trimethylsilyf group moves 
from its original position and whether it is transferred intramoleiularty to the product. In many 
cases the anion liberated from the Lewis acid (С Г , RCT, Br ) is a good nucleophile for silicon so it is 
reasonable to assume that there is a free tnmeihylsityt species (M ejS iX ) that captures the titanium 
enolate (Chapter 28).

K*co,

The mechanism can be drawn in a more concise form as shown in the frame. This gives the 
essence of the reaction but the details of the transfer of the T iX* and SiM ej groups are not shown and 
are in any case uncertain. The C-SiMej group survived the m ild basic treatment that cleaved the silyl 
enol ether formed by initial conjugate addition.

It is even possible to use a silyl enol ether to create a new C-C bond that joins two new quaternary 
centres. In this example the silyl ketene acetai does conjugate addition on an unsaturated ketone 
catalysed by the usual Lewis acid (Т 1СЛ4) for such reactions.

77%yM d

Sequential (tandem) conjugate additions and aldol reactions build complex 
molecules in a few steps
The silyl end ether that is the initial product from conjugate addition of a *dyi enol ether or siM ketene 
acetai need not be hydrolysed but can also be used in aldol reactions This example uses tntyl peri hi о
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y l - Ph « 0 , which is a convenient source of the trityl cation, as catalyst rather than a metal 
rwis ackL The very stable P h jC ' cation carries a fu ll positive charge and presumably function* 
me way as a Lewis acid. The combination of a silyl ketene acetal, cv Johexenone. and benialde- 
es a highly ihemo»elcctive and stereoselective conjugate addition-aldol .sequence.

PtifC C K >4 cat.

CH^CI,
13 homt. -70 *C

*1

9 2 *  f i d

chemoselective (Chapter 24) conjugate addition o f the silyl ketene acetal on the enone is 
d to direct aldol reaction with the aldehyde. Then an aldol reaction of the intermediate silyl 
er on the benzaldehyde follows. The stereoselectivity results, firstly, from attack o f benzalde- 
the less hindered face o f the intermediate silyl enol ether, which sets the two side chains nans 
yclohexanone, and. secondly, from the intrinsic diastereoedertiviry of the aldol reaction (this 
d in some detail in Chapter 54). This is a summary mechanism.

-1

iety o f electrophilic alkenes w ill accept enol(ate) 
rophilcs
plest and best Michael acceptors arc those ajl-unsat urated carbonyl compounds with exposed 
«ted carbon atoms, such as rxo-methylene ketones and lactones and vinyl ketone*, and we 
in the next section that these need to have their high reactivity moderated in most applications.у СC
e Michael acceptors react with most enol equivalents to give good yields o f conjugate addi- 
•ducts. Before discussing them we sh J l  first briefly discuss other good Michael acceptors that 
ю  important but have their use». Esters are good Michael acceptors because they are not very 
•hilic. Unsaturated amides are even less electrophilic and w ill even give conjugate addition 
s with lithium  enolates.

6 6 0 *yw td

else fails the trick to persuade a stubborn enolate to do conjugate rather than direct substitu- 
ч add an extra anion-stabilizing substituent in the a  position. Here is a selection of reagents 
ihis. In each case the extra group (C O jK t, SPh, SOI»h. SO jl*h. SiMe>. and B r) can be removed
■ coiuugate addition is complete.

Tb* fed ОШ У м  to m
•mute *houfci lemwd you of 9ч w w
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f | f f f f 
S ^ n

СОИ» S**b ^ S P t , SOjPh SJMej Bf

However, most ajl-unsaturated ketone scan be made (o do conjugate addition by suitable choke 
of cnol(ale) equivalent and conditions. Now we need to look at the best Michael acceptors, their 
reactions, and how to make them.

The Mannich reaction provides stable equivalents of exo-methylene ketones 
The key substrates for conjugate addition are the a£-unsaturated carbonyl compounds. When the dou
ble bond is inside a chain or ring these compounds are available via a wide variety of routes including the 
aldol reaction and are generally stable intermediates that can be stored for use at w ill When the double 
bond is exo to the ring or chain (exit- methylene compounds), the unhindered nature of the double bond 
makes them especially susceptible to anack by nucleophiles (and radicals). This reactivity is needed for 
conjugate additions but the compounds are unstable and polymerize or decompose rather easily

ю Manruch salt unstable enone
The preferred synthetic route to these important intermediates is the Mannich reaction (Chapter 

27). The compound is stored as the stable Mannich base and the unstable enone released by ehmina 
tion of a tertiary amine with mild base. The same conditions are right for this elimination and for con- 

j vi " i n o ^ w "  jugate addition. Thus the exo-methylene compounds can be formed in the flask for immediate reaction 
with the enol(ate) nucleophile The overall reaction from amino carbonyl to 1.5-dkarbonyi appears 
to be a substitution but the actual mechanism involves elimination and conjugate addition.

<Srr ^
119 and eerlkf In t**» cbefHtr

Using the Mannich reaction in conjugate addition
Either the tertiary amine or the quaternary ammonium salt can be stored as a stable equivalent of the 
exo-methylene compound In our first example, the Mannich base with dimethylamine is first 
methylated with methyl iodide and then added to the conjugate addition reaction. Elim ination of 
trimethylamine, which escapes from the refluxmg ethanol as a gas, reveals the exo-methylene ketone 
in which the methylene group is exo to a chain. Fast conjugate addiuon of the stabilized enolate of 
diethyl malonate produces the product.

- X T

Y '
' 0M« О NaOEt, EtOH OMe 0
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C ketones with exo cydic methylene» can be prepared in just the um e way and used m иlu. 
line is often used as a convenient secondary amine for the Mannich reaction and the result- 
то-ketones can be methylated and tin d e ry  elim ination addition reactions with stabilized 
such as that derived from ethyl acetoacetate. This starting material was prepared from nat- 

and the mixture of diastereoisomers produced is unimportant because the product is
rd in a Robinson aimelation (see below).

AS лNaOCt, CtOH

i  saturated nit rile* are ideal for conjugate addition
ile group is not as reactive towards direct attack by nudeophiles as its carbonyl cousins but is 
able to stabilize an adjacent negative charge in the style of enolates. Alkenes coniugated with 
ire thus activated towards nudeophilu attack without the complications of competing direct 
i to the activating group.

regiosdectivity o f enolate formation is governed by the usual factors so that methyl 
forms the more stable enolate with sodium metal. This undergoes smooth and 

addition to acrylonitnle. which is unsubatituted at the f) position and so very

759

£

ЭС тапка* 
90 *C

•окупи
cyanide group can also act as an anion-stabilizing group in the nudeophile. In combination 
ester group, the enol liable proton is acidified to such an extent that potassium hydroxide can

•CO,Et КОМ. f BuOH

NC СО,П

amino acid, glycine, would be an ideal starting material for the synthesis of more 
ated amino acids but it does not easily form ends or enolates. The methyl ester of the ben 
de i mine has two electron-withdrawing groups to hdp stabilization of the enolate and conju- 
lition  of acrylomtrile is now possible. The base used was solid potassium carbonate with a 
ary ammonium chloride as phase transfer catalyst. Simple hydrolysis of the alkylated prod 
s to the extended amino add.

Acrytonitrie C H 2« C H C N  >• o ne  of 
the best Michael acceptors for 
enoHete)». The reaction i» known 
a% c y a n o v th y te tlo n  M H adds a
-CH ĈH ĈW roup to the 
епоЦМе).

HyCOs. EtjBnNC I
V e C S  7 0  T

- у х г - х -
90% r* a
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N it ro  is m ore p o w erfu l than  carb o n y l in  d ire c tin g  con jugate ad d itio n
W e have seen how two ester groups in fumarate diesters encourage conjugate addition, but 
what if there are two different groups at the ends of the Michael acceptor? Then you must make 

diertyi fuwarate * judgement as to which is more elytron-withdrawing One case is clear-cut. The nilro group 1» 
worth two carbonyl groups (p. 000) so that conjugate addition occurs (I to the nitrn group in this 
case.

0 r ° . - - ^ O ^
COjEt

Conjugate addition followed by cydization makes 
six-membered rings
The product of Michael addition of an enolate to an а$- unsaturated carbonyl compound w ill nor
mally be a 13-dicarbonyl compound. The two reactive carbonyl groups separated from one another 
by three carbon atoms present the opportunity for ring formation by intramolecular aldol condensa
tion. If  one of the carbonyls acts as an electrophile while the other forms a nucleophilic enolate. this 
cydization gives a sit-mem be red ring.

Y - ^ r —
Drawing out the curly arrows for the formation is not easy as the chain has to fold back on itself 

which is hard to represent in two dimensions. However, remembering that the actual structure of a 
su m  ember ed nng is a chair is extremely helpful. By using the structure of the product as a template 
for the transition state and reactive conformation of the starting material a clear representation is 
achieved.

In shape of product

The precise nature of the carbonyl groups determines what happens next. If  R is a leaving group 
(O R. d ,  etc), the tetrahedral intermediate collapses to form a ketone and the product is a I.J-di- 
ketone. The synthesis of dimedone (later in this chapter) is an example of this process where 
an alkoxy group is the leaving group. Alternatively, if  R is an alkyl or aryl group, loss of R u not 
an option and the cydiration is an intramolecular aldol reaction. Dehydration produces an a.£- 
unsaturated ketone, which is a stable final product.

Y  • <1P s , — X X .  

Y - ^ r  —  X X .
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4^oo#

target molecule: 2.40

We can apply these ideas to the synthesis of the herbicide 2.4-D (2,4-dichlocophcnoxyacetic acid). 
The то й  reasonable disconnection of an ether is the C-O bond because we know that ethers can be 
made from alkyl halides by substitution with an alkoxide anion. We don't at this stage need to decide 
exactly which alkyl halide or alkoxide to use, so we just write the synthons.

Once the retrosynthetic analysis is done, we can go back and use our knowledge of chemistry to 
think of reagents corresponding to these synthons.! lerc, for example, we should certainly choose the 
anion of the phenol as the nucleophile and some functionalized acetic acid molecule with a leaving 
group in the a  position.

equtvel it reagents

Jy Jr.
® / C  O *

We can then write out a suggested synthesis in full from start to finish. It isn't reasonable to try to 
predict exact conditions for a reaction: to do that you would need to conduit a thorough search of the 
chemical literature and do some experiments. However, all of the syntheses in this chapter are real 
examples and we shall often give full details of conditions to help you become familiar with them.

Jr^-J
2.4-0

•  Som e defin itions of term s used In syn thesis

• target molecule (o r T M )
• retrosynthetic analysis 

or ret rosyn thesis
• retrosynthetic arrow

• disconnection

• synthon

reagent

the molecule to be synthesized 
the process o f m entally breaking down a 
m olecule into starting m aterials 
an open-ended arrow, ^  , used to indicate the 
reverse o f a synthetic reaction 
an im aginary bond cleavage, corresponding to 
the reverse of a real reaction 
idealized fragments resulting from  a disconnec
tion. Synthons need to be replaced by reagents in 
a suggested synthesis
a real chem ical compound used as the equiva
lent o f a synthon
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Choosing a d is c o n n e c t io n

The hardest (ask in deM*ning • retrosynlhet к analysis is spotting where lo mike the disconnections 
We shall offer some guidelines lo help you, but the best way lo learn is through experience and 
practice The overall aim of rctrosynthetic analysis is to gel back lo starting materials that are avail
able from ihem icl suppliers, and lo do this as efficiently as possible

*  Guideline 1

D is c o n n e c t io n s  must correspond to known, reliable reactions

Wc have already mentioned that disconnections must correspond to known reliable reactions and 
it's the most important thing to bear in mind when working out a retTOsynthesis. When we disconnect 
ed the ether 2,4-D we chose to disconnect next to the oxygen atom because we know about the synthe
sis of ethers. We chose not to disconnect on the aryl side of the oxygen atom because we know of no 
rchable reaction corresponding lo nuclcophilk attack of an alcohol on an unactivated aromatic ring

P Phad , a, n 11 m (is m г nnn ш i—»l nnI - DM uvKC О» Н Я П Я Я е ! no

j c r " - = = * j 6
•  Guideline 2

For compounds consisting of two parts joined by a heteroatom, disconnect next to 
the heteroatom

In all the retrocynthetic analyses you've seen so far there is a hctcroatom (N  or O ) loining the rest 
of the molecule together, and in each case we made the disconnection next to that N or О This 
guideline works for esters, amides, ethers, amines, acetal*. sulfides, and so on, because these com
pounds are often made by a substitution reaction.

Chlorbenside is used to kill ticks and mites. Using Guideline 2 we can suggest a disconnection 
next to the sulfur atom; using Guideline I we know that we must disconnect on the alkyl and not on 
the aryl side.

» j C r "  . X X
We can now suggest reagents corresponding to the synthons, and propose a synthetic scheme

'X X '-J ^ X — ‘X X ~ ^ X X

X T '

You гыяЛОпЛ hawe eipeeted to 
predrt that sodium «thorn»
woutd be the base used for this 
reaction, but you should 
been aware that a base it 
needed, and h««« had eomeidra 
of the bate strength required to 
deprotonete ettMoi
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. О -------------- . О "
l*r|e: motecute 2.40

We can apply these ideas to the synthesis of the herbicide 2,4-D (2,4-dichlorophenoxyacetic acid). 
The most reasonable disconnection of an ether is the C-O bond because we know that ethers can be 
made from alkyl halides by substitution with an alkoxide union. We don't at this stage need to decide 
exactly which alkyl halide or alkoxide to use, so we just write the synthons.

Once the retrosynthetic analysis is done, we can go back and use our knowledge of chemistry to 
think of reagents corresponding to these synthons. I lere, for example, we should certainly choose the 
anion of the phenol as the nucleophile and some functionalized acetic acid molecule with a leaving 
group in the a  position.

J f Jx-
synthon ©

C K ^ C O jH  w „  T a a ^ ^ c o p t

We can then write out a suggested synthesis in full from start to finish. It isn't reasonable to try to 
predict exact conditions for a reaction: to do that you would need to conduct a thorough search of the 
chemical literature and do some experiments. However, all of the syntheses in this chapter are real 
examples and we shall often give full details of conditions to help you become familiar with them.

•  Som e definitions of term s used In synthesis

• target molecule (or T M )
• retrosynthetic analysis 

or retrosynthesis
• retrosynthetic arrow

• disconnection

• synthon

reagent

the molecule to be synthesized 
the process of m entally breaking down a 
molecule into starling materials 
an open-ended arrow, , used to indicate the 
reverse o f a synthetic reaction 
an imaginary bond cleavage, corresponding to 
the reverse of a real reaction 
idealized fragments resulting from a disconnec
tion. Synthons need to be replaced by reagents in 
a suggested synthesis
a real chemical compound used as the equiva
lent o f a synthon
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Choosing a disconnection
The hardest task in designing • retrosynthetic analysis is spoiling where to make lb» disconnections 
We shall offer some guidebnes to help you. but the best way to learn is through experience and 
practice The overall aim of retrosynthetic analysis is to gel back to starting materials thal are avail
able from chcmical suppliers, and to do this as efficiently as pouible

•  Guideline 1

D is c o n n e c tio n s  must correspond to known, reliable reactions

We have a lre ad y  mentioned that disconnections must correspond to known rduble reactions and 
it's the most important thing to bear in mind when working out a retrosynthesis. When we disconnect 
cd the ether 2,4-D we chose to disconnect next to the oxygen atom because we know about the synthe
sis of ethers. We choie not to disconnect on the aryi side of the oxygen atom because we know of no 
rduble reaction corresponding to nuclcophilic attack of an alcohol on an unactivalcd aromatic nng

•  Guideline 2

For compounds consisting of two part» joined by a hetcroatom, disconnect next to 
the hctcroatom

In all the retrosynthetic analyses you’ve seen so far there is a hcteroatom (N  or O) loining the rest 
of the molecule together, and in each case we made the disconnection next to that N or O. This 
guideline works for esterv amides, ethers, amines, acetals, sulfides, and so on. because these com
pounds are often made by a substitution reaction.

Chlorbctuidc is used to kill tides and mites. Using Guiddine 2 wc can suggest a disconnection 
next to the sulfur atom; using Guideline I we know that wc must disconnect on the alkyl and not on 
the aryi side.

bad choice of disconnection no 
я”  reliable equivalent reaction

pow M rO KW n

We can now suggest reagents corresponding to the synthons, and propose a synthetic scheme

You shouldn't have eipected to 
predict tha* todfttfw ethonoe
would be the base used *or this 
reaction, but you should too  
been aware that a base is 
needed, and have had oome dr» 
of tw  b n t strength required to 
deprotonate atNol.
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The retrosynthetic transformation of an acyt chloride to a carboxyl w. acid is not really a discon 
nection because nothing u being disconnected. We call it instead a functional group interconvrr 
lion, or FGI. as written above the retrosynthetic arrow. Functional group inter con versions often 
dix.onnei.tion* because the sort of reactive functional groups (acyi chlorides, alkyl halides) we w*n, 
in starting materials are not desirable in compounds to be disconnected because they pose chemosc- 
lectivity problems. They are also useful if the target molecule contains functional groups that are not 
easily disconnected.

By using an appropriate reagent or series of reagents, aim oat any functional group can be convert
ed into any other. You should already have a fan grasp of reasonable functional group mterconver- 
sions. They mostly fall into the categories of oxidations, reductions, and substitutions (Chapters 12.
14.17. and 24).

A m ine synthesis using functional group intcrconversions
The synthesis of amines poses a special problem because only in certain cases is the obvious discon
nection successful.

M iu a M M h O w n u n  problem is that the product u usually more reactive than the starling material and there is a
iA danger that multiple allcyialion will take place.

The few successful examples you have seen <0 far in this chapter have been exceptions, either 
for stenc or electronic reasons, and from now on we advise you to avow! disconnecting an 
amine in this way. Sometimes further alkytation is made unfavourable by the increased stenc 
hindrance that would result: this is probably the case for the cetaben ethyl ester we made by this

Г ^ Л в  Г ! ™ -X

If the alkylating agent contains an inductive electron-withdrawing group, the product may be 
les.c reactive than the starting material benrylamine was only alkylated once by the alkyl bromide in 
the synthesis of IC I-D7II4 on p. 000 because of the electron-withdrawing effect of the aryloxy
gr**up
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alternative*? There Jie  iwo main ones. and bolh involve tuiKlwnal *ioup inter 
W b ' '  J  C h the n*O m  «mint being converted lo a lew reactive denvative before divionnec 

a * * " " " "  u ,0 convcrt the «пипе to an amide and then di^onneil that. The reduction

С Л Г .О  « .in . - Ч«Й* « “ * • «  *>"'

" - Y
•‘x V 4 T

Y
UAIH4 1  BH,, THF

Notice that we wrne
f t *  reduction ebove

are taliung about the

fom glo do et this step.

This approach wai used in a synthesis of this amine, though »n this case catalytic hydrogenation 
was used to reduce the amide.

R»C*Mu cr
0 "  • л

c / -

O '1,
M2. catalyst

C r A
cr-

The second alternative it to convert to an imme. which can be disconnected to amine plus car
bonyl compound. This approach is known as reductive amination. and we discussed it in detail in 
Chapter 14.

Г
amtowt: eynthesls 2 (reductive emmet tor)

М. Я ?  Г е Л

or Ms, cat.

Ocfentanil it an opioid painkiller that lacks the addictive properties of morphine Disconnection 
of the amide gives a secondary amine that we can convert to an imine for disconnection to a ketone 
plus 2-tluoro aniline.

— ^ X C O  - v -

The synthesis is straightforward: a reductive amination followed by acytation of the only 
remaining NH group. The tertiary amine in the left-hand ring interferes with neither of these 
reactions.

t
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o o  —  _ o c o

There are several conceivable routes to the neuroactive drug fenfluramine—one analysis, whuh 
uses both the amide and the imine FGI methods, is shown below and this was the route used to make 
the drug. Notice that the oxime was used instead of the imine. Nf-unsubstituted imines are verv 
unstable, and the much more stable, indeed isolable oxime serves the same purpose. Oximes are gen
erally reduced with LiAlH4.

лтнпс, rctrosyiOictic 

ffnflufjrwie.

f S  9 ни*он ( | ^ N  I*4  ** Аса
--- ► тм
u a m 4

You should now be able to suggest a plausible analysis of the secondary amine terodilin. This is 
the structure; write down a retrosynthetic analysis and suggested synthesis before looking at the 
actual synthesis below.

You should find yourself quite restricted in choice: the amide route clearly works only if there 
is a C H j group next to the nitrogen (this comes from the C=0 reduction), so we have to use an

rruosy**h*rtic L ' '  FCI reduction C«N Imine Ph 0 I

J i X J <  —
In the synthesis of terodilin, it was not necessary to isolate the imine— reduction of imines is 

»ow on «ms fjsler ,han rw*uct*on ol ketones, so formation of the imine in the presence of a mild reducing agent
(usually NaCNBI I * or catalytic hydrogenation) can give the amine directly.

Two-group d isconnect ions are better than one
This compound was needed for some research into the mechanisms ol rearrangements. We can dis
connect on either side of the ether oxygen atom, but (h) is muih bettor hetause (<*) does not corre
spond to a reliable reaction: it might be hard to control selective alkybtion of the primary hydroxyl 
group in the presence of the secondary one.
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- O .
Y 4* . Л

You might think that the OH 0И Be more ingenious? A
ШШГ— ”  _  ,v . I would be ■. 1 much better solution

bes. reagent to 1u « a .< lK  ^  woul,,D<» * v / 4  is  to use in  epoxideeM1ivalentofthesr"lhon: fh  .  to use m  cpow t
Nucleophile attack on «he less hindered terminal caibon atom of the epoude gives us the type of 

compound we want, an d  this was how the target molecule was made.

K .

In using the epoxide we have gone one step beyond all the disconnections we have talked about so 
far, because we have used one functional group to heip duconnect another—in other words, we noticed 
the alcohol adjacent to the ether we wanted to disconnect, and managed to involve them both in the 
disconnection. Such disconnections are known as two-group disconnections, and you should always 
be on the look-out for opportunities of using them because they are an efficient way of getting back 
to simple starting materials. We call this epoxide disconnection a 1 ̂ -disconnection because the two 
functional groups in the two-group disconnection arc in a 1,2-relationship.

Drug molecules often have 1,2-related functional groups: 2-amino alcohols form one important 
class. Phcnyramidol, for example, is a muscle relaxant. A simple two-group disconnection takes it 
straight back to 2-amino pyridine and styrene oxide.

" X I  v O
NaNH,. NHj(l)

79* )fl>W
Notice that we have written ‘1,2-dDC’ above the arrow to show that it’s a two-group (‘dDC’) discon

nection—we've also numbered the carbon atoms in the starting material to show the 1,2-relationship 
It may seem trivial in such a simple example, but it’s a useful part of the process of writing retroeyn 
thetic analyses because it helps you to spot opportunities for making two-group disconnections.

Propranolol is one of the top heart drugs
The Zeneca drug propranolol is a beta-blocker that reduces Mood pressure and is one of the top 
drugs worldwide. It has two 1,2-relationships in its structure but it is best to disconnect the more 
reactive amine group first.

-  ♦ *r*H ,

The observant among you may 
now be questioning why this

amine by alkytebng a primary one

or thing we adused against on 
p. 000. Alkylations wrth epondes 
usually stop after the Irst step 
because the Inductively electrorv 
withdrawing hydroxyl poup In the 
product makes it less 
nucleophihc than the starting 
material. In the synthesis of IO- 
D7114 on p. 000, It’s this same 
effect that prevents the amme 
being multiply aJfcytated
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The sccond disconnection can’t make use of an epoxide, but a simple ether disconnection ukCi L s 
back to I -naphthol and epichlorohydrin, a common starting material for this type of compound

Epchtorohydnms a useful starting materiel for 1.2.>«ubst*ui»d compounds. The epoadt is mo* etocfroptviic 
than the C-CI bond, and the mechanism of the ftrst step of the synthesis is surprising.

—  ~ '" y [  —
Mow would you verify this e*penmenta»y? Thmfc about wtia* would happen if the epichlorohydrin were
enantiomeric ally pure.

M oxnidazole can be made w ith  ф icЫ o ro h yd rin
Moxnidazole is an antiparasitic drug, and our next target molecule is an important intermediate in  
its synthesis. The obvious first disconnection is of the carbamate group, revealing two 1.2 relation
ships. A 1,2-diX disconnection gives an epoxide that can be made by alkylation of morpholinc with 
epichlorohydrin.

(MeOfeCO

A t the carbonyl oxidation level another synthon is needed fo r 1,2-diX disconnections

lust as epoxides are useful Г a  halocarbonyl compounds arc useful
reagents for this synthon: •  reagents for the carbonyl equivalent: ©

We can consider disconnection to this synthon to be a two-group disconnection because the a  
halocarbonyl equivalents are easily made by halogenation of a ketone, ester, or carboxylic add (see 
Chapter 21) and the carbonyl group adjacent to the halide makes them extremely reactive elec- 
trophilcs (Chapter 17).

Nafimidonc is an anticonvulsant drug with an obvious two-group disconnection of this type. 
пЛ тЮ опо; retrotyrtfheOc analysts

00̂  ~ CO1’ • ЬоЧ

(MaO)jCO



Two group disconnections are better Dion one

n i p ly  mad* by chlorination, and substitution is rapid *nd efficient even

Г о с / OQ̂  — СсУ̂
,, . . W ow  w u needed by IC1 when they were drvrlopmg t ihromboune antagonist 

TwTpoup disconnection gives a 2-halo sldehyde that c»n be made from isobutyraldehyde.

Ь * - - Ь - Т £  T - r
The synthesis requires a normal bromuution of a carbonyl compound in acid solution but the 

neit step u a moat unusual 4,2 reaction at a tertiary centre. Thu happens because of the activation 
by the aldehyde group (Chapter 17) and is further evidence that the functional groups must be 
thought of as working together in this type of synthesis, 

to М Ф г*  No, MO,

у - - ^ - Х у ~ - & 7 С

I 3 -Disconnections
In Chapter 10 you saw how ajl-unsaturated carbonyl compounds undergo conjugate additions— 
reactions like this.

S 'o K ,  -- - И̂ 4̂ "  -- -
Two-group ^-disconnections are therefore possible because they correspond to this forward 

reaction. These Michad acceptors have an electrophilic site two atoms away from the carbonyl 
group, and are therefore the reagents corresponding to this tynthon.

»a.
This type of reaction is available only when the alkene u conjugated to an electron withdrawing 

group—usually carbonyl (Chapter 10) but it can be nitro. cyamdc. etc. (Chapter 23). Thu discon
nection is available only at this oxidation levd unlike the last We can do a two-group 13 -disconnec
tion on this sulfide, for example.
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Remember that not all nucleophile» will successfully undergo Michael additions—you mutt bc 
this in mind when making a 1,3-disconnection of this type. Most reliable are those based on mt^' 
gen, sulfur, and oxygen (Chapter 10).

To summarize...
Before we leave C-X disconnections and go on to look at C-C disconnections we should just review 
some important points. We suggested three guidelines for choosing disconnections and now that 
you have met the principle of two-group disconnections, we can add a fourth:

1. Disconnections must correspond lo  known, reliable reactions
2. For compounds consisting of two parts joined by a heteroatom, disconnect next 

to the Heteroatoin
3. Consider alternative disconnections and choose routes that avoid 

chem osdectivity problems— often this means disconnecting reactive groups 
first

4. Use two-group disconnections wherever possible

Two-group disconnections reduce the complexity of a target molecule more efficiently than one- 
group disconnections, and you should always be on the look-out for them. You will meet more two 
group disconnections in the next section, which deals with how to disconnect C-C bond*.

C-C disconnections
The disconnections we have made so far have all been of C-O, C-N, or C-S bonds, but. of course, 
the mod important reactions in organic synthesis are those that form C-C bonds. We can analyse 
( X  disconnections in much the same way as we’ve analysed C-X disconnections. Consider, for 
example, how you might make this simple compound, which is an intermediate in the synthesis of a 
carnation perfume.

The only functional group u the triple bond, and we shall want to use the chemistry of alkynes to 
sho* iu  where to disconnect You know that alkylation of alkynes is a reliable reaction, so a sensible 
divim iKctiun is next to the tnpk bond.

w i khhii етфтт* .  I* »  am me and ketone functional groups, and 1.3-disconnection takes us back to pipendme and 
unsaturatcd ketone.

■_ Our second example is an amine structurally similar to the 'deadly nightshade' drug. atrop,,,.
— ! аУ  1 wh*<h has the ability to calm involuntary muscle movements. There is a M  relationship between \ Kr

Don't be tempted to try using ft 
heloketcmes as equivalents for 
this synthon! They are hard to 
make and highly unstable and 
they undergo r*w J L ice
elimination Chapter 19). stropne fim 

synthesis
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Alkynes are particularly valuable as synthetic intermediates because they can be reduced either to 
л  or lo  1М 1И  d o u b le  b o nds.

И/— у, ■н.ц»*» я. д  "*•WH,>I)
« 1Л— ~

I t 't  o fte n  • good  id e a  10 s ta rt re tro iy m h c tK  analysis of target molecules containing isolated 
d o u b le  b u n d s b y  co n s id e rin g  FG1 to the alkyne because C-C disconnections can then become quite 
easy.

Thi» its-alkene is a component of violet oil. and is an intermediate in Ihe synthesis of a violel oil 
component. FCI lo the alkyne reveals two further disconnections that make use of alkyne alkyla 
lions The reagenl we need for the lint of Iheae is. of c ourse, the epoxide as there u a 1,2 -relanonship 
between the OH group and Ihe alkyne.

►
There are. of course, many other 
ways of disconnecting double

important disconnection of

carbonyl croups. Chapter 31 la 
devoted to the alternative

double bonds and controlling

The next example is the pheromone of the pea-moth, and can be used to trap the insects (see the 
introduction to Chapter 24). After disconnecting the ester, FGI on the tram double bond give* an 
alkyne.

Disconnection on either side of the alkyne leads us back to a bromo-alcohol alkylating agent. In 
the synthesis of the pheromone. it turned out to be best if the hydroxyl group was protected as its 
THP ether. You should be able to think of other alkyla non-type reactions that you have met that 
proceed reliably and therefore provide a good basis for a disconnection—the alkytalion of enolates 
of esters or ketones, for example (Chapter 26).
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loo* bach to Chapter 3% Ш you SoM

This next « le t wu needed for a synthesis of the sedative rftglctimide (see later Uw the fill synthesis | 
The ethyl group is disconncctrd because it can be readily introduced by a&ylation of the ester enolate

r -
We have labelled the disconnection 1,2 C -C  because the new C-C bond u forming two atoms 

away from the carbonyl group. To spot disconnections of this sort, you need to look for alkyl groups 
in this 2-position.

Aril done is a drug that prevents polio and herpes simplex viruses from ‘unwrapping* their DNA. 
and renders them harmless. It has just the structural characteristic you should be looking for a 
branch next to a carbonyl group.

With two carbonyl groups, the alkyiation should be particularly straightforward since we can use 
a base like methoxide. The ether disconnection is then immediately obvious. In the synthesis of aril- 
done the alkyl iodide was used for the alkylaiion.

‘J U U
We introduced the chemistry of malonale esters in Chapters 21 and 26 a» a um (u1 way of control

ling the enoH ration of carbonyl compounds Alkyiation followed by decarbovvljf ion means that we 
can treat acetoaceute and malonale esters as equivalent for these synthons.
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^^■м. A e B0Av/°,B -‘^ „ Л в
, киоп,  „  , n important industrial prt^urwr lo P carotene ч и п »  A and other 

„ J jT I^ ljo ^ ^ o n n n t iM i using the carbonyl group gives a ivnthon In, which a pood reagent

v* ill Ik  a « tc » a c .c ta ic

Havingread Chapter 27, you 
should be able to suggest why the 
enolate of acetone itself would 
not be я good choice in this

Thu organopho»phoro» im pound. bellosil. и а С»1'  channel Ыоскег. You haven't met nun» 
phosphorus compound» yet. but you should he able lo reason that a good disconnection will be Ihe 
G-P bond by analogy with the sulfides you met earlier in the chapter We could use bromide as a 
leaving group, but alkyl bromides are inconvenient to disconnect further, so we go back to the more 
versatile diol— in the forward synthesis we shall need a way of making the Ol I group» into good leav 
ing group». There is Mill no obvious disconnection of die diol. but FC.I to the ester oxidation level 
reveab a malonate derivative.

Cr*

Ови|,

In the synthesis, the diol was converted to the bts-tosylate (see Chapter 17 if you’ve forgotten 
about tosytates and mesylates) and reacted with a phosphorus nucleophile.

BOJC4ŝ CO,E»

Notice how we disconnected the phosphorus based functional groups straight back to alcohol» 
in the retrosynthetic analysis, and not, say, to alkyl halides. Oxygen-based functional groups 
(alcohols, aldehydes, ketones, caters, and acids) have one important property in common— 
versatility. They are easily converted into each other by oxidation and reduction, and into other 
groups by substitution. What is more, many of the C-C disconnections you will meet correspond 
to reactions of oxygen-based groups, and particularly carbonyl groups. Faced with an unusual 
functional group in a target molecule the best thing to do is convert it to an oxygen-based group 
at the same oxidation level— it usually makes subsequent C-C disconnections simpler. So we add 
a new guideline.

•  Guideline 5

Convert to oxygen-based functional groups to facilitate C-C disconnections
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Looking fo r 1,2 C -C  disconnections
In each of the cases you have met to far, we have used a functional group present in the molecul' 
help us to disconnect the C-C bond using a 1.2 O-C disconnection. You can look for 1,2 C-< j u°  
connections in alkynes, carbonyl compounds, and alkylated aromatic rings And, if the targrt isn'( 
carbonyl compound, consider what would be possible if functional groups such as hydroxyl grnUp* 
were converted to carbonyl groups (just as we did with bdfosdil).

All of these disconnections relied on the reaction of a carbon electrophile with a nucleo 
phiHc functional group. The alternative, reaction of a carbon nucleophile (such as a Grignard 
reagent) with an electrophilic functional group, allows us to do C-C disconnections on alcohols 
For example, this compound, which has a fragrance reminiscent of lilac, is a useful perfume for 
use in soap because (unlike many other perfumes that are aldehydes or ketones) it is stable to

•p -  A
We look to the one functional group, the hydroxyl, to tell us where to disconnect, and disconnec 

tion next to the OH group gives two synthons for which sensible reagents are a Grignard reagent and 
acetone. The perfume is made from benzyl chloride and acetone in this way. Notice that we label 
these disconnections 1,1 C-C because the bond being disconnected *  attached to the same carbon 
atom as the hydroxyl functional group.

This similar alcohol has a peony-likc fruity odour’ and could be disconnected in three 
ways.

frurty peon» perfume: n<roa»nth<t»t  analysis

" \ / e <—1
I 1.1 c-c I r  1ДС-С

» Ц |Д » «...
Disconnection (c) leads back to a ketone, which is cheaply made starting from acetone and 

bencaldehyde, and this was the route that was chosen for the synthesis.
к а т  «tfbOTM i<rt4* * « rv ia  и л

01 опци**па FH V tr .

C t ©
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Avi1аВаЫ а s ta rt in g m aterial*

„ « « М П » » p(aleohoi M riroyrtr I
tO h etp yo u flrta fM lfD rw h tfls.an d iS  double bond. 0» afcy« halide) are usually avalaM *.

This is  Im s  bus lor hearty branched compounds. 
•Uai^ lcham  compounds with those

cu p  to e«0it ormoreTha sHy way Is be absoMory stss you can to* fencttonai roups * e  
is to took up s compo**4J Л a
and this Is <й»а» a chemist would do when *jnctlonet roup from live to etrw-memt>ered are
a M M k lf possible altsmattvs tynthebc routes A also scalable 0* course, many other compounds 

—  « M M * be coodnSerfthuntfcisth* а— >аш><аH h ap W  а»«аИ а Ы е
compounds

to? so fsr m th»s chapter w

Vouw* ^«nalartto ap«*w»** <*««•» * * * * " ' s^-Ma)

«re avertable »»e*or*oas> uni and- 
И Г  — voucouM consid*

S K U d b » » tn r t «
SS «AJn- Ли, Ac Ac«

a » и. м., r  a « и, m«. Et 

Som e starting m aterials becom e availab le because other chem ists have m ade them

Our next target u ал allyhc alcohol (hat produce the perfumery compound 'mold leaf alcohol' by a 
rearran g em en t ,tep Two disconnections are possible. but one at them. (a), leads hack to a Grifnard 
reagent that can be made by FGI on the violet oil component who« synthesis «re described on p. 000

1.1 C-C

The synthesis was best carried out using the alkyl magnesium iodide and the iodide was made 
from the alcohol via the chloride.

1. SOCb L  M r Ct>0

« « 4 /

Linalool is another perfumery compound Disconnection of the vinyl group leads to the ketone 
you met on p. 000, best made by alkyiation of acetoac elate, an acetone enolate equivalent.

~  ^  A ~ .  . A
On an industrial scale it was best to introduce the vinyl anion synthon as acetylene and then 

hydrogenate the alkyne. The unsaturated ketone was chosen as the starting material because its syn
thesis was already known
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Double discon nection* can be a short cut
Tertiary alcohols with two identical groups next to the hydroxyl group are often nude by attack 0f 
two equivalents of a Grignard reagent on an ester. The synthesis of the antihistamine compound fct1 
piprane provides an example: the tertiary alcohol is a precursor to the drug and can be disconnect] 
to ester ♦ Grignard reagent because of the two Ph groups. The ester required has a 13 function 
group relationship, and can be disconnected to amine plus Michael acceptor.

«X о
The fact that Grignard reagents add twice to esters means that disconnection of a ketonr 

in this way is often not reliable. We talked about a few ways of doing this type of reaction in 
Chapter 12.

. - k . J. R’Mgtb

An alternative a  to Ал) convert to the alcohol oxidation level, then disconnect. Thu m i the 
meth<id thoaen for this Karting material for the >ynth«i> of chlorpherlianal 
d'lonihtdlauil itertin  ̂ntetertali ivtfotyiHh

cMorphedianol starting material: synthesis

б^сУт^сЛЗ
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H o n o r  and acceptor synthons
. _ lholl, and ,i'i uselul to be ib k  to classify I hem as done* or acceptor 

Youv* no- mrt I * " ' ” ;’'  ™|arued synthon .  donor synthor. and give it the symbol d 
We caU •i « ^  ̂  мсчЛОГ fynthoM and art given the symbol V .

Poi.uvety P « *4 « “  У* .wording to where Ihe functional group I» in relation to the
-  the d u ^ o , below. which..... espor.d, to an ,ldrhvde. we call an

Г'* СП”  rise II is M  acceptor that camel a functional group on the same carbon as Its reactive 
^raUson.b^ *  (rn|hon ^  „  u ,  dcrror whose reacting i l l ' is in (he 2-portion rela

S p S g T J S S S S S s a r - ^ - 1

E i  .Д'-» X »  Д у '-
_ -- — _ шЛ__ .s,~,

X  X  ^  л .
This terminology is useful because it reduces synthons to the bare essentials what polarity they 

are and where the polarity is sited The actual functional group they carry IS, as you now appreciate, 
less important because FGI will usually allow us to turn one FG into another.

•  Synthons are classified  as a (accep to r) or tf (donor)

• A number shows the position of the acceptor or donor site relative to a func
tional group

• An a1 synthon is a carbonyl compound and a d2 synthon an enolate

Two-group C-C disconnections
13*Difunctionalized com pounds
It’s not only Grignard reagents that «nil react with aldehydes or ketones to make alcohols: enolates 
will too—we spent Chapters 27 and 28 discussing this reaction, the aldol reaction, us variants, and 
ways to control it.

X - ^ - \ Z 2 <\ —  J L £
• n o te ** * ) 44Ы  product

The aldol reaction is extremely important in organic synthesis because it makes compounds with 
two functional groups in a 1.3-relationship. Whenever you spot this 1.3-relationship in a target mol
ecule—think aldol! In disconnection terms we can represent it like this.

^  X .  X
• n o itff (tf3) K to n a  (a1)

We call this disconnection a two group C-C disconnection, because we are using the OH and the 
C=0 groups together to guide our disconnection. The disconnection gives us a d; synthon for which 
we shall use an enolate equivalent, and an a1 synthon. for which we shall use an aldehyde or a ketone

t
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Chapter 27 has many examples and perhaps gingero! is ihe best. As soon as you * c lhc f 
relationship, ihe disconnection should be obvious.

_____С

The flhydroxy carbonyl products of aldol reactions are often very easily dehydrated to give u.ft 
unsaturated carbonyl compounds and. if you spot an а Д  unsaturated carbonyl group in the mole
cule. you should aim to make it by an aldol reaction. You «rill first need to do an FGI to the 
(5-hydroxy carbonyl compound, then disconnect as before.

MqrfMta

This aldehyde is an intermediate in the synthesis of thc tranquillizer oxanamide. Because both 
components of the aldol reaction are the same, no special precautions need to be taken to prevent 
side-reactions occurring. In the synthesis, the dehydration happened spontaneously.

Because the disconnection of uruaturated carbonyl compounds is so common, it’s often written 
using 4 shorthand expression.

The next compound was needed for an early synthesis of carotene. Again, it's an a£-unsatura(cd 
ketone so we can  disconnect using the same ’«.0' disconnection.

A
A ^ A

The aldehyde generated by this tint disconnection is also ajl-unsaturatcd. so we can do another 
a.f) disconnection, back to a ketone whose synthesis we have already discussed (p. 000).

An aldol reaction using the enolate of acetaldehyde and requiring it to react with a ketone 
is doomed to failure: acctaldchydc itself is far too good an dcctrophilc. In thc forward synthesis, 
therefore, this first step was carried out at the ester oxidation level (using a Reformalsky reaction), 
and the ester was subsequently converted to the aldehyde by a reduction of the kind discussed in 
Chapter 24.

A ~ A . '
There was no problem with selectivity in Ihe second aldol reaction because the aldehyde is not 

cn.tillable The Rctnrmalafcy reaction in this sequence illustrates Ihe (act dial. Ы  course, aldol-lype
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f ,m Jjt,o n  level a. well and »ou should equally кк.к lo diKonnect .  
reactions l»*PP*n ‘ or m tnln in this way lust remember to look for IJ-  tf you to* i understand **.
f> HTd-«r ЦГО-Р* o x yg e n W d  one. and disconnect then, to d̂  piu,
rtW jom h,P» ,nc « . a . .

»ymbon> W4J nct(lcli by Id  when chemists there were developing j  ihromboune
the neit , lo( loinuIloo. You o a  immediately spot the 1,3-ielattonship between

r ^ T h W ^  Г « Ф . -  U - d iO d b o *™ *» , i. .ailed far.
E ------

-
cOjCt

A good equivalent for the ‘ester enolate d’’ synthon is a (t dnarbonyl compound, because it с 
em ly I*  disconnected to diethyl malonale and an alkyl Л mg agent

i= = L _

>. NaOM. hMt

This unsaturated amide is known as anflumide and is a musde relaxant. Disconnection 
of the amide gives an acid chloride that we can make by FGI from the acid. You should then spot 
the ajS-uruaturated carbonyl disconnection, a masked 1,3-diO disconnection, back to m-fluoro 
benzaldehyde.

гХ^кх^^ч<] —<3

Д Х » , -  у "
Again, the forward reaction was best done using malonale chemistry but the variant with malonic 

acid was used. The cydopropyl amine unit (here as an amide) is present in many biologically active 
compounds and the free amine is available.
Onfcjnwd*: synthesis

Д Х  С  Л - Г О
Functional group relationships m ay be concealed by protection
The analgesic doxpicominc is a more difficult problem than those you have seen so far. At first sight 
it has no useful disconnections especially as there are no carbonyl groups However, removal of the 
acetal reveals a 1,3-diol that could be formed by reduction of a much more promising diester.

t
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СуЗг OJC- Cue;
u S * " » .

CO rf,

The diester has a 1,3-diCO relationship and could be disconnected hut we have in mind using 
malonate so we would rather disconnect the alternative 3-araino carbonyl compound (ihc 
Me2N group has a 1.3*relationship with both ester grotips) by a 1,3-diX disconnection giving лп 
unsaturated ester. This ajl-unsaturated ester disconnects nicely to a heterocyclic aldehyde and 
diethyl malonate.

S  "ш ____
► The synthesis is shorter than the retrosynthetic analysis and involves only
It Is interest mg to note that acetalt. usually employed for three steps. Good retrosynthetic analysis, using two-group disconnections,
protection, can be useful m the# o**> nght *s in this drug, should lead to short syntheses.

dovptcormnc ayr*hes<s .  0

( Х . £ г а л , - > c v e  s  ° y °
Чод , - A n «*-

Aldol-style disconnections w ith N  and О  in  a 1,3-relationship: I
Another important class of compounds that undergo aldol-type additions to aldehydes and ketones 
is nitrites. Because nitriles can he reduced to amines, this reaction provides another useful route to 3- 
amino-alcohols.

I ' " 4*  h> y ~

This reaction, coupled with the reduction of cyanohydrins (Chapter 6), means that compounds 
with either a 13* or a 1,2-relationship between N and О can be made from cyanides.

- V -

Venlafaxine is an antideprcssant and. like many neuroactive agents, it is an amino-alcohol. In this 
сак, the two functional groups arc 1,3-rdalcd, so we aim to use a I J-diO  disconnection. Usually.
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--------- к .m i«  .o an alcohol .о im p l.fy .•« d»connec„on. but Ьт ^ '1 4  -he oppo.
you w o u M cm  avo|d ,h,  „ „ d  tor this t it n  step. A prelim inary removal ot thc two
tun ity f**T USing J
v  Megrour» ,»IK tn “ rr

In thc forward synthesis. it turned oat that the nitrile reduction was best done using hydro
gen and • metal (Rh) catalyst. The final methylation of the primary amine had to be done via 
the inline and iminium km (ice Chapter 24) to prevent further unwanted alkytatn.ru The 
reagent was an всей  of formaldehyde (methanal CH j-O ) Problem n  offers a chance to try this 
mechanism.

о  о —  о
Aldol-sfyie disconnections w ith N  and О  in  a 1,3-relationship: I I— the M annich 
reaction
Another important reaction for making amines with a 1,3-relationship to a carbonyl group is the 
Mannich reaction. You met thi* in Chapter 27 as a way of doing otherwise unreliable aldol additions 
to formaldehyde. Because the amine is introduced directly and not by reduction of a nitrile. it can 
have two alkyl groups from the start. Compare this scheme with the one above using a nitrile group 
as the source of the amine.

r  «  j r .  —  r
_ > e ' T - f t j ' T * , ---- > • <**"> • — .

Our example is dobutinol—an antitusshre (cough medicme). A preliminary 1,1 C-C disconnec
tion of the tertiary alcohol is necessary to provide a 3-amino ketone that we can make by a Mannich

x r ^ — x f  A . - Y :
CHtO
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dobuOnol: ***»«*••

V h - A .  Д Х -  — j t x t V .
You can immediately spot the 1.3 relationship in this analogue of the antidepressant. msoxetin, 

but. unfortunately, it can't be disconnected straight back to an amino-akohol because that woul̂ i 
require nudeophilic substitution on an electron-rich aromatic ring. We have to disconnect the ether 
on the other side, giving an alkyl chloride.

c~ ° " ”  P  FBI 9 u < «  0 ♦ M.,NH

^ .  CHjO
Using guideline 5 (p. 000) we want to convert the halide to an oxygen-based group, and a sensible 

solution is to choose the ketone. 1.3-Disconnection of this compound corresponds to a Mannich 
reaction. This is another case where FGI of the amine to an alcohol is not desirable, because the 
Mannich reaction will produce the amine directly.

•

f f  | base
n r '-2. *00, Ш

The Claisen ester disconnection: a 1,3-diO relationship needing two carbonyl groups
l.t-Diketones can be disconnected in a similar way. this time the disconnection corresponds to a 
Claisen condensation, but it's still 1,3-diO, and again you need to look out for the 1.3 relationship 
The synthons are still d2 plus •' but the a' synthon is used at the ester oxidation level. This diketonc 
is the starting material for the synthesis of the antidepressant tazadolene. W ith 1.3 diketones, there's 
always a choice where to disconnect, and you should be guided by which disconnection ( I)  corre
sponds to the most reliable reaction and (2) gives the simplest starting materials. In this case, it’s 
much better to disconnect back to cydohexanone. 
tuadoltns starting material retro*yrth«<ic anrfysta

D y o  ^  i ^ L  Л »
Uiadobne

The synthesis is interesting because, after the acyiation of the enamine. the amino group is intro
duced by a dever reductive amination with hcn/yiamine (Ph C lIjN H ,) that forms the C-N bond, 
reduces the ketone, and hydrogenolyses the N-benryl bond (Chapter 24). Detiydrahon and double 
alkyiation then give tazadolene.
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fPp$~
Thc IJ-dicarbonyl relationship may " » ! « « «

^  i .  W
r _b K a a lo m  disconnection* or FGIs 
m„  be needed before the U -d iO  C-C 
ji„onneclKm  Bropirimme is a bromine-
^ _____ _ antiviral and anticancer dm*.
The bromine atom can be put in last o f all 
b* «kctrophilic bromination

D is c o n n e c tio n  of two C - N  bonds removes a m o Je iu lc  o l g u a n id in e  a n d  

idation'hip with a straightforward disconnection
reveals a 1.3 dicarbonyl

on O il 0 Q tt Ю

v v \  ==* «А
end use acyi chlonde

In the event, the I.J-drarbonyl was made using malonale chemistry with an unusual twist the 
lithium derivative gave C-acylation in good yield. Simply reflunng the product with guanidine 
formed the heterrvycle and bromination gave bropirimme

It s »

Л Х
1Д*0

.s/"40

U W  f „,c « *
-  ^  - i r
===s> , X -  ̂  — £

tS^N utonM : use the СШ ил condensation

Л А  Д  «Л»•  ^ a u  a n i  rMnfuto n* > c tn  M lnlalr rm ^ ialfn l
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1,5-Reiated functional groups
This compound has a 1.5 rather ihan a I J  relationship between iwo carbonyl groum. Di.com,,

‘•sssassr x «
0

The synthesis will be successful only if  ( 1) the right reagent enolires and (2) the nudeophi. I 
undergoes conjugate (and not direct 1,2-) addition to the unsaturated carbonyl compound (Chaptfr I  
29). Malonate derivatives enolize easily ami do Michael additions and are therefore a good choicc lot I  
this type of reaction.

|
COfCt

Michael addition of enolates to ajl-unsaturated compounds is a good way of making 1.5-difund ю i 
alized compounds, and you should look lor these 1,5-$relationship* in target molecules with a vie* t<> I 
making them in this way. Our example is roglctimidc, a sedative that can be disconnected toa 1,5-diestcr 
Further 1.5-diCO disconnection gives a compound we made earlier by ethybtion of the ester enolate |

0,Et

The synthesis was то й  efficient with an unsaturated amide as Michael acceptor.

'  c r ~ - s -  7^ ;  C r ^ 7 -
‘Natural reactivity’and'umpolung’
Cast your mind back over the synthons we have used in these two-group C-C disconnections.

Л  ^  a J L
a* (eqmvairfrt to d* (equtvelent to a* (equrv̂ ent to

atdohyda or katonai enolate of и№  or Net one) ajkmaluratad сжЪогту* compound*)
Notice that the acceptor synthons have odd numbers; the donor synthon has an even numl»*-' 

donor and acceptor properties alternate along the chain as we move away from a carbonyl group 
This ‘natural reactivity* of carbonyl compounds explains why we find it easy to discuss ways of mak
ing 13- and 1.5-difunctionalized compounds, because they arise from a* ♦ d2 and from a* ♦ <1 
Reagents corresponding to synthons like d1 or a2 arc rarer, and therefore compounds with 1.2- or 
1.4* related functional groups require special consideration retroeynthetically.

'Natural reactivity’ and umpolung' 799

You have in «act met one example of each of the unnatural’ synthons with a* and d1
Such «ynlhons are given .hr C m w  rum, Hmfuhm,. m „n.ng l№ v  polantv' .
ural reactivity.« reversed. and umpolung reagent. arc the ley ,h<. j  ,  ”deeto fd  rompotindl J  and 1.4-difunc-

®CN
1

^аупвмп

A ,

W c du ll faiish this chapter by looking at disconnections of I J .  and 1,4-difunctioruliied com
pounds because thee require us to use reagents with umpolung equivalent to d1, d\ a; . and a* syn
thons There are very many reagrnu for these synlhons—if you are interested to learn more, consult

aHproalirrd book

1,2-D ifunctional com pounds
You met ways of т а к т *  IJ-dlfunctioiulized compounds when wc first talked about two group dis 
connections, and wc used an epoxide as an a*’ synthon Epoxides are. of course, also 1,2 functional- 
izrd, and in foci this is often Ihe key to making 1.2-functionalized compounds use something with 
the I J  retationship already in place. You saw lots of examples of thu type of strategy earlier in this 
chapter. Perhaps Ihe simplest approach is eiectiophllic addition lo aftencv If Ihe alkene is made by a 
W ktig reaction, the disconnection u (eventually) between the twn functionalized carbon atoms in 
the target molecule. This example shows dlhydroxylation as the eiectrophihc addition bul there is 
•ho epoxidation. brommatmn, and bromination in water lo give Br and OH as ihe functional

groups

A normal C-C disconnection is also a possibility, but disconnection to the 'natural' a1 synthon 
and the umpolung d! is necessary. One very useful umpolung reagent is cyanide, and you can see it 
in action in this synthesis of the tranquillizer phenaglycodol. The tertiary alcohol with two R groups 
the same should prompt you to think of doing a double Grignard addition to an ester. FGI then 
reveals the nitrile functional group necessary for a 1,2-diX disconnection to cyanide plus ketone.

The starting material is obviously available by a Fnedel-Crafts acylation of chlorobenzene and 
the rest of the synthesis follows. Note that the nitrile can be converted directly into the ester with 

j *cidic ethanol and that an excess of Grignard reagent is needed because the free OH group destroys
1 Wme of it.
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1,4-D ifunctional com pounds
There are more possibilities here and we shall finish this chapter with a brief analysis of them to show 
you how much of this subject lies beyond what we can do in this book. If  we start with a 1,4-diur 
bonyi compound we might consider first disconnection of the central bond.

0 0 a**|Mhon u(teoHx-.loecie, *•

а а Л .  • Y ^ f s V
-use*****)

We can use an enolate for one reagent but the other will have to have umpolung. This is not a very 
serious kind of umpolung as an a-bromo carbonyl compound will do the job nicely if wc select our 
enol(ate) equivalent carefully. In Chapter 26 we suggested enamines for this job. The symhevs 
becomes:

synthesis of 1,4-dlM tont в , г  ®  1

г —
•namme •* ivaflant

If wc attempt the disconnection of one of the other bonds, two possibilities are available becausc 
the two fragments are different. We can use cither a d1 i  aJ strategy or an a1 * d5 strategy In each 
case we have one natural synthon and one with umpolung.

Д  * e " Y ’ ~ ' Y ’
d* synthon: umpotac a* synthor

J U  r  -  Y
d* synthon: umpotunf a1 synthon 

These strategies are more difficult to realize with the reagents you have met so far but conjugate 
addition of a cyanide to an unsaturated carbonyl compound would be an example of the d1 ♦ a' 
strategy. We have included these to try to convince you that there is no escape from umpolung in the 
synthesis of a 1,4-dicarbonyl compound. If you were making this keto-ester you would have to 
understand two of the three strategies.

Another фргмсП uetng the n*ro group

t .♦ ^COjCt

COjCt

o *
enamne *torom

There к  one way to avoid umpolung and that is to make the disconnection outside the I A rela
tionship. As it happens, we have already seen this strategy in acti6n (p. 000). It involves J 
Friedel-Crafts acylation of benzene (Chapter 22) with a cyclic anhydride and leads directhr to this
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is. • short route. Thu strategy и available only if there happens to be a starting maleri 
duct by quite a« by quue ----

to w it any particular casealfvauai»'1 -------- *

s. Q j t ^ —  Q
fcZj. c|ur|tt „  „ „ n t  to give you |u« the bant ideas of retrosynthetic analysis They are impor 

Ью Ш с they reinforce the concept that the combination of dectrophile and nucleophile is the 
U" 1 loTthe understanding of organic reactions Synthesis and reactions are two sides of the lame
S l  Fioo1 now wc shall use thc methods introduced in this chapter when we think that they will 
M p  you to devrlop your understanding.

Problems
1. Suggest ways to make these two compounds. Show youi du «. The natural ptoduci nuciferal was synthesized by the route 
„oned ioni and don't forget to number the relationships ------ -— 1 *■—summarued here.

“ - y 0 » l

c r r ^
J .  The reactions to be discussed in this problem were planned to 
give syntheses of these three target molecules.

COjMe
In the event, e«u.h reaction gave a different product shown Mow. What 

I  wrong? Suffirst syntheses that would give the target molecules.

2 . Propose syntheses of these two compounds. explaining your 
choice of reagents and how the necessary selectivity is achieved £г\лСг\

„  X .
(•) Suggest a synthesis of the starting material A.
(b) Suggest reagents for each step.
(C) Draw out the retrosynthetic analysis giving the disconnec
tions that you consider the planners had in mind and label them 
suitably.
d) What synthon docs the starting material A represent?

K. A synthesis ot the enantiomeric ally pure ant pheromone is 
required. One suitable starting material might be ihe enantiomer- 
icaUy pure alkyl bromide shown Suggest a synthesis of the 
pheromone based on this or another starting material.

—

(S H - H rt pharomonc

a. Show how the relationship between the alkene and the car- 
boxytic acid influences your suggestions for a synthesis «*f these 
unsaturated acids.
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7. How would you make these compounds? 1 Ar1*  AlClj 2 Аггм Aid,

оЪ сУЬ §Г^
«. Show how the relationship between the two lunrtionJ group. t t .№ l U * I7 ",h“ “  fm * *  Ш уЬ,,Л « к
influences your suggestions for a synthesis of these diketones.

». Suggest syntheses for these compounds. (Hint. Look out for a 
M-dicarbonyl intermediate.)

9хЬ 6̂ -
J C -

I t .  Suggest a synthesis of this 
diketo-ester from simple starting 
materials.

U . Explain what is happening in this reaction. Draw a scheme of 
retrosynthetic analysis corresponding to the synthesis. Mow 
would you make the starting materials? Q ph

12. These di ketones with different aryl groups at the ends were 
needed for a photochemical experiment. The compounds could 
be prepared by successive Friedci-Oafts acytations with a diacid 
duhlonde but the yields were poor. Why is this a bad method? 
Suggest a better synthesis.

Suggest reagents for the reactions marked T  (several steps may be 
needed) and give mechanisms for those that are not.
14. Suggest syntheses for these compounds.

c P ~
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Connections

Building on: 
• caAony* <J-™|»‘nr cM . cM 3 ,«  cM4
• Klnattc i«w) thermodynamic control 

k ftl3 l
• w rn u  i.actlon  Chl4
• Сая|ЩЧ» «ddlUon chiO
• St*r#och«inl*try ch ie
• O lniln jtlen rnacdone c h lf
• Reduction cK24

.  am n bu, «• "*«• > •  <***<>'*>

Arriving *t:
• What makes С and I  alkenes 

differ ant?
• Why E/Z  control matter*
• Eliminations are not stereoselective
• Cyclic alkenes are cJs
• Equilibration of a ll ones gives Pan*
• Effects of ll^ it and how we see
• jut la oMtnation and the WKtlg 

reaction at work
• Reliable reduction of alkyncs

Looking forward to: 
e Diastereoselocthrtty ch33-ch34 
e PericycAc reactions ch35-ch36 
e Fragmentations ch38
• Radicals and cartoenes ch3^-dv*0
• Main group chemistry ch4S-cM 7
• Asymmetric synthesis ch45
• Polymerization ch52
e Organic synthesis chS3

The properties of alkenes depend on their geometry
You have met alkenes participating in reaction» in a number a t  chapterv but our ducuuion .if hu» 
to make alkenes has so far been quite limited. Chapter 14 was about elimination reactions, and there 
you met E l and E J reactions.

J< *  - ■ * * —  0̂ 'N O J ^ ’ Л
In Chapter 14. you met an important reaction known as the W ittig reaction, which also forms 

alkenes.

6—6 —

D ifferent physical properties: m ale ate and fum arate

The»* two compound* (Д  « J  (O O m ethyl but2 can be DtmMhyl m aleale Is a boutf m i* a ba*ng pom  of
•W dw aie. are commonly «mown as Am et-y make ale and 202 *C «m en s а» Ч в * С ) whtfe dw ethH  fumarate <t a 
У 1)11* * *  They provide a tefcngeum ple of how crysiafcne compound wnh a metlmgpwn» of 103 104 *C. 
<*ffefent the phyved properties of geometrical Itom ern

_ _____< ***trettme i
"•а И Х  I

^C O jIk
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In this chapter we shall talk about reactions similar to the ones on the previous page and we shall 
be interested in how to control the geometry of double bonds. Geometrical isomers of alkenes are differ 
ent compounds with different physical, chemical, and biological properties. They are often hard t0 
separate by chromatography or distillation, so it is important that chemists have methods for making 
them as single uomers.

Why is double bond control importsnt?
The activity of the fungicide diniconazole is dependent on the geometry of its double bond: the /. 
isomer disrupts fungal metabolism, while the 2-isomer is biologically inactive.

If insect pests can be prevented from maturing they fail to reproduce and can thus be brought 
under control. Juvenile insects control their development by means of a ‘juvenile hormone’, one of 
which is the monoepoxide of a triene.

\y  ' rnMr

the 2. f, rtnene: activity • 100

Synthetic analogues of this compound, such as the trienes, are also effective at arresting insect 
development, providing that the double bond geometry is controlled. The Z.E.E geometrical isomer of 
the triene is over twice as active as the ££,E-isomer. and over 50 times as active as the £&Z- or 
Z.E.Z-isomer*.

• 10001

2J.E<itene: <2 1.СЛЛШne <2

We shaM see later how to make

These are, of course, just two out of very many examples of compounds where the Er and Z-iso- 
mers have sufficiently different properties that it’s no good having one when you need the other.

Chemical reactions on E- and 7-isomen usually give the same type of product, though often with 
different stereochemistry. The two geometrical isomers may also react at very different rates. For 
example, the reaction of these conjugated E- and Z-enonn with alkaline hydrogen peroxide gives in 
each case an epoxide, but with different stereochemistry and at very different rates.

fc*.*so
H*0a

Epoxidation of the F-enone is complete in 2 hours and the epoxide can be isolated in 78% yield 
The reaction on the /-enone is very slow— only 50% is converted to the epoxide under the same



Elim ination reactions are often unselective 80S

^  | weck The mechanum involves conjugate addition and ring closure with cleavage of 
C“ n« w * 0 ' °  bond (Charter 23). The closure of the three membered nng в  fast enough to preserve
the sterwhemistry of the intermediate enolat.^

Elimination reactions are often unselective
уи  Chapter I»  that elimination reactions can be used to male alkenes from alcohols using
a c id  o r fro m  alkyl halides using base. The acid-catalysed dehydration of tertiary butanol works well 
because the double bond has no choice a h  tut where to form But Ihe «me reaction on i-hutanol is 
q u ite  u n se lective  as you would expect, the more substituted alkene is formed (almost solely, as it 
h ap p en s) bul even then it’s a mixture of geometrical isomers.

f "  H,S0« I pH

*°'C --
HaSO.

lO O K iM ld

In Chepler 19 we explained wnyrwie 
wbrtttuted double bond* are f Timed 
preferential* (p. 000) and e*ty 
f-ekcnes are rnore stable than 
2-Ф+г*ш (p 000».

How, then, can we use elimination reactions to give single geometrical isomen? You have, in fact, 
already met one such reaction, on p. 000, and in this chapter we shall cover other reactions that do 
just this. These reactions fall into four main classes, and we shall look at each in turn before summa
rizing the most important methods at the end of the chapter.

•  W ay* of making tingle geom etrical Isom ers of double bonds

1. Only one geometrical isomer is possible (for example, a cis double bond in a six 
membcred ring)

2. The geometrical isomers are in equilibrium  and tlie more stable (usually £) is 
formed 

1. The reaction is stereoselective and the £-alkene is formed as the main product 
by kinetic control 

4. The reaction isstereospecific and the alkene geometry depends on the 
stereochemistry o f the starting materials and the mechanism of the reaction

In  three- to seven-membered rings, on ly as-alkenes are possible 
In Chapter 28 you met the Robinson annelaUon as a method of making cytlohexenones The product 
of the elimination step contains a double bond, but there is no question about its geometry because in 
a stx-membered ring only a cis double bond can exist—a tram one would be far too strained.

( ! L — cbtrssss- jpgf]
OH ^  (H i 8 5 * yield

The same is true for three-, four-, hve-, and seven-membered rings, though frum-cydoheptcne 
been observed fleetingly. An eight-memhered ring, on the other hand, is just about laigc enough

Some people call geometrical 
isomers dtastereolsomerv which 
they are In a sense: they arc 
stefeoisomers that are not mirror

th is usage the chapter sine* fi

im plications o f th read

■
MatoT*
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to accommodate a trims double bond, and frnns-cyclooctene is a stable compound, though still less 
stable than cu-cyclooctene.

Beware! The terms c»s and fr*n* 
do not always translate directly 
into/and Consider the 
preparation of an enamaie from 
cyclohexanone, which forma a 
double Oond that you'd probaWy 
call c»s (it 's In a nng). But applying 
the rigorous rules la*d down for 
C/7 nomenclature (p. ООО), Й Is 
£. As for the useful terms syn and 
ant/(Chapter 16). there are no 
h0d rules for deciding v*iether a 
double bond is d% or frans.

You may think that this method is rather too trivial to be called a method for controlling 
the geometry of double bonds, as it's only of any use for making cyclic alkenes. Well, chemists 
are more ingenious than that! Corey needed this tis-alkenc as an intermediate in his synthesis of 
the juvenile hormone we talked about above (it forms the left-hand end of the structure as shown 
there).

Г * "  2 N  1 4i

•  bond ГЬД С**

Ozone it  a rcac-n! tor the oi 
cleavage of C*C double bonds. The

He realized that the Zdouble bond would be easy to make if he were tu start with a cyclic molecule 
(in which only cis double bonds are possible) which could be ring-opened to the compound he 
needed. This is how he did it.

** Г У *  Л»
«UOH.NH*»

Birch reduction (Chapter 24) of a simple aromatic ether generated two cis double bonds (noticc 
that one of these is actually E ). The more reactive (because it is more electron-rich) of these reac ts 
first with ozone to give an aldehyde-ester in which the Z  geometry is preserved. NaBH4 reduces the 
aldehyde group to a hydroxyl group, which needs to be got rid of: a good way to do this is to tosylate 
and reduce with L1AIH4. which substitutes H for OTs. The LiAlH* also docs the job of reducing the 
ester to an alcohol, giving the compound that Corey needed.

" " S  н .аи^  ho^ N  T.c i^  ими, X

'■сорь

It is not necessary to have an all-carbon ring to preserve the cis geometry of a double bond, 
lactones (cyclic esters) and cydic anhydrides are useful too. A double bond in a five- or six-mem - 
bered compound must have a cis configuration and compounds like these are readily made 
Dehydration of this hydroxylactone can give only a cis double bond and ring-opening with a nucle 
ophile (alcohol, hydroxide, amine) gives an open-chain compound also with a cis double bond. The
next section starts with an anhydride example.

(?) ы the Eq u ilib ratio n  o f alkenes to  the therm odynam ically m ore stable isom er
Acyclic F-alkencs arc usually more stable than acyclic 7-alkencs because they are less sterically hin
dered. Yet 7-alkenes do not spontaneously convert to Ь'-alkenes because the я bond prevents free 
rotation: the energy required to break the Я bond is about 260 kl mol 1 (rotation about a О bond
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_ - ^  ,0 t l m ot'1) You mjy therefore And the following rrsuh mrpnimg Dimethyl 
• "V  t " «  сд«1у maJc by refluving maleic anhydride in methanol with an add catalyst

M e O H , H a iO a
/ С О  aM»

This reactions, of course, 
another simple e*amf>l* of the 
type «we have just been 
discussing- the 7-aikene anses 
from the cyclic starting material.

If  the product u  isolated мгацф! away, a liquid boiling at 199-202 *C is obtained This l> dimethyl 
maleatc. H o w w r. if the product is left to stand. crystals of Jtm ctv  /umaru/е (the E-isomer of 
dimethyl maleatc) foera. I low  has the geometry been inverted so easily'

A due is that the process is accelerated enormously by a trace of amine Michael addition of this 
amuie. or of methanol, or any other nucleophile, provides a chemical mechanism by which the * 
bond can be broken. There is free rotation in the intermediate, and re-elimination of the nucleophile 
can give either E- or Z-alkene. The greater stability and crystallmity of the E alkene means that it 
dominates the equilibrium. Michael addition therefore provides a mechanism for the equilibration 
of 2-alkenes to E-alkenes.

fcftf rotation *• ih»\ **arm*c»aw

| j ^ ~ —  f j f -  — ^ - 1_  
^ 0^ / N x M d e  Hu^/N lO jM e Ш О £Г

Forth»» reason, it can be very 
difficult to make Sal

Similar mechanisms account for the double bond geometry obtained in aldol reactions followed 
by dehydration to give a,0-unsat urated carbonyl compounds. Any Z-alkene that is formed is equili
brated to Eby reversible Michael addition during the reaction.

0 И»СН0и 

h»oh
H«0

664 retd. 100% £ 85% ytofc). 100% f
The double aldol product from acetone and benzaldehyde, known as dibenzylidenc acetone 

(dba), is a constituent of some sun-protection materials and is used in organometallk chcmistry as a 
metal ligand. If is easily made geometrically pure by a simple aldol reaction—ogam, reversible 
Michael addition equilibrates any Z product to £

X f "
86% y*M. >97% I

A PhCMO

N,0 90-95% ywW. 100% i  t

Equilibration of alkenes not conjugated w ith  carbonyl groups requires different 
reagents
Iodine will add revenibty not only to Michael acceptors but also to most other alkenes. It can there
fore be a useful reagent for equilibrating double bond geometrical isomers
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However, in neither this E2 reaction nor the E l reaction on p. 000 is the stereoselectivity Vfry 
good, and in this reaction the regiosdectivity is bad too. The root of the problem is that one of ^  
group» lost u always H (either as HBr or H 20  in these cases), and in most organic molecules 
are lots of II*  to choose from!

Both stereo- and rcgiosdcctivity are better in E lcB  reactions, such as the opening of this unsatu 
rated lactone in base. The double bond inside the ring remains Zbut the new one, formed as the ring 
opens, prefers the £ geometry. The transition state for the elimination step already has a product hkf 
shape and prefers this for simple stenc reasons.

MaOH

2 . M ® . H .0 “" O X *

OWWi is an alternative name for

afcene аул»***». usuaNy
by the formation of both о and с

The Julia olefination is regiospecific and connective
Tha ro d  ion it an elimination—the phenylsulfonyl (PhSO j) and benzoate (PhCO ,) groups in the 
Malting material are loat to lorm the double bond—but *  m completely rcgioadectivc. Only the 
alkene shown u formed, with the double bond joining the two oaitxxu that earned thc PhSOj snc 
PhCOj group,. This elimination is promoted by a reducing agent, usually sodium amalgam (a soiu 
non of sodium metal in mercury) and works for a variety of compound! providing they have j 
phenybulfonyl group adjacent to a leaving group It it called the lu ll, old iaauon after Marc lulu 
( IW 2-) who did hit PhD at Imperial College, London, with Sir Derek Barton and now works at thr 
tcole Normale in Pari» and ia best known for hu work on uilfoncs

Иа/И*

Thc moat common leaving groups are carboiylatci luch at acetate or benzoate, and the «tarn г t 
mater tab are very eaady made At you will tee in Chapter 46, tuUonei are easily deprolonated neit lo 
the sulfur atom by «rang bate, like butyflithium or Grignard reagents, and the sulfur-etabtlui 
anion will add lo aldehyde A simple cstenfication step, which can be done in thc tame reaction ves 
id  at the addition, introduces thc acetate or benzoate group. This it how thc tuning material for thr 
elimination above was made.

О Г - О г Ч б :1' 1^ = з - С Р с
iM * ihe attar directly

The short sequence of steps (starting with sulfone plus aldehyde and leading through to alkene) 
known as the Julia olefination. It is our first example of a connective double bond synthesis- и 
other words, thc double bond is formed by joining two separate molecules together (thc aldehyde



T h e  Ju lie  olefmation is reglospecific and connective *11

. Vm. w ill Ix  reminded of the n w  important connective double bond forming

f t S X  w..<* «-*»• i— “  ** *+ ” ■
The. lu lU o lr fn a llo n  is stereose lective
H „  a rc  tb c  resu lt»  of a  few in .p l .  lulu, oleftnjnoiu

1.Е1МСВ/

2. С«МцСМО 
1. Ac,0

Notice that dcprotonations « n  be with BuLi or EtMgBr and th* the acybbon step works w*h acxtk 
anhydride or with benaoyl Lhloe.de. As you ^an see, they a ir all highly stereoaeieitive lo. the E-isomer. 
,nd the lutuoleftrulion is one of the most important ways of nuking Edouble bonds ̂ onneclivety

91% f* a  Car*

' T SO и * 2. *CHO T 5
S. PhCOCI 1 6&i ТО-ЖП 90 10 c z

The Julia olrhnat ion is stereoselective and n o t ste reo sp erific
The reason for the F. selectivity lie» in the mechanism of the elimination. The first step is believed to 
be two successive electron transfers from the reducing agent (sodium metal) to the sulfone. Firstly, a 
radical anion u formed, with one extra unpaired electron, and then a dunion. with two extra elec
trons and therefore a double negative charge. The dunion fragments to a transient carbamon that 
«xpels acetate or benzoate to give the double bond.

B Ha® _  (T P  Na® ----.  Pt,SOj
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►
A smgje-step E2 elimination 
would have to go vis an anti- 
pen planar transition state and 
would be stereospecific. You wiH 
be abie compare this
stereoselective Julia olefination 
with the stereospeeifc Paterson 
elimination shortly.

The** ««action* fafl M o data (4 ) of the 
tot on p. 000.

We know that there must be an anion intermediate because the elimination is nof 
in other words, if doesn't matter which dia stereo isomer of the starting material you use (all of ^  
examples in this section have been mixtures of diastereoisomers) you always get the E-alkene 
uct. The intermediate anion must have a long enough lifetime to choose its conformation for elilTl

W -

butti atari >4| materials

*a/nf

}

so а ыпргюп atennediaia ш

in* MW P*Ot1jY.

Stcreospccific eliminations can give pure single isomers of 
alkenes
You met a stereospecific elimination in Chapter 19. The requirement for the H and the Br to be anti- 
periplanar in the E2 transition state meant that the two diastereoisomers of this alkyl bromide elimi 
nated to alkenes with different double bond geometries (p. 000).

t» gfva thin лЬаг» v>a iht* rnathariUm

redraw start»* r.i*»ed*J 
и are br arc arrt-periplmar

eHmmjtee tc. frv  tfis aftete via tNs mecnamam-V — Л redrew iianmg material sc 
H «rd Br «re апЪ-pef piarnr

However, reactions like this arc of limited use— theu success relics on thc bases lack of choice of 
protons to attack: provide an alternative H and we are back with the situation in the reaction on 
p. 000. l.ogic dictates, therefore, that only tnsubstituted double bonds can be made stereospecifica 
in this way, because the reaction must not have a choice of hydrogen atoms to participate in the 
elimination. The answer is, of course, to move away from eliminations involving H, as we did with 
the lu lu  olefination. Wc shall look at this type of reaction for much of the rest of this chapter.

The Peterson reaction is a stereospecific elimination
There are many reactions in organic chemistry in which an Me3Si group acts like a proton—Chap '11 
47 will detail some more reactions of silicon-containing compounds, lust as acidic protons arc 
removed by bases, silicon is readily removed by hard nucleophiles, particularly F~ or RO", and thi* 
can promote an elimination. An example is shown here.



г The Peterson reaction is a stereospectfic elim ination

\ У  » «  У*И

Т Ы  reaction u  known 01 the Peterson reaction It is rather like those wt discussed right at the 
„n in e  ol 111» chapter—eliminations of alcohols under acidic conditions to give alkenes But, 

I(.JllK ,ns, it is fully regioselective (like the luha olehnation), and so is particularly useful 
"  Jjja n g  double bonds where other elimination methods might give the wrong regioisomet or 
m ix tu re s  of regioisomers In thu neM example only one product u to.med. in high yield, and it has 

oocyd is double bond, lust think what would have happened without the silicon atom I ignore 
Ц к one attached to the oxygen— that’s just a protecting group) This compound is, in fact, an inter 
mediate IT a synthetic route to the important amtcancer compound Taxol

§V~~
You're probably spotted that this is another connective alkene synthesis. The Peterson reaction is 

i particularly useful for making terminal or exocydic double bonds connectively because the starting 
material (the magnesium derivative shown above) is easily made from available M ejSiC I^Br. The

I reaction is also stereospecific, because it is an E2 elimination proceeding via an anti-peripbnar tran
i sition state. In  principle, it can therefore be used to make single geometrical isomers of alkenes. the 

geometry depending on the relative stereochemistry of the starting matenal. However, this use of the 
Peterson reaction is limited by difficulties in making diastcrcoisomerually pure starting materials.

to £v»j Ы Ц те  tN e irttchen tfn

There is another, complementary version of the Peterson reaction that uses base to promote the 
elimination. The starting materials are the same as for the acid-promoted Peterson reaction. When 
base (such as sodium hydride or potassium hydnde) is added, the hydroxyl group is deprotonated.
*nd the oxyanion attacks the saluon atom m tram olem larly. Elimination takes place this time via a 
W'pcnplatuir transition state— it has to because the oxygen and the silicon are now bonded togeth
er, and it is the strength of this bond that drives the elimination forward.

А и *Г » *01*0П *г V *  tNS т ь с bbntrn  _  в в т т л е л  to f K - i»»

t

813
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The key intermediate* in the synthesis of the E- and Ihe Z-isomers of capsaicin were Ihe F. an<1 
unsaturated esters shown below. By using a Wittig reaction with an unstabiltzed ylid it was рогмц 
to make the Z-isomer selectively, whilst the lulia oiefination gave the E-isomer.

How can the Z  selectivity in W ittig reactions of unstabilized yhds be explained’ We have a mort 
complex situation in this reaction than we had for the other eliminations we considered, because w( 
have two separate processes to consider formation of the oxaphosphetane and decomposition of the 
oxaphosphetane to the alkene. The elimination step is the easier one to explain— it is stereoepr, m, 
with the oxygen and phosphorus departing in a syn-penpbnar transition state (as in the base-cau 
ysed Peterson reaction). Addition of the ylid to the aldehyde can, in principle, produce two dia*tcr( 
omers of the intermedute oxaphosphetane. Provided that this step is irreversible, then the 
stereospecific ity of the elimination step means that the ratio of the final alkene geometrical isomers 
will reflect the stereoselectivity of this addition step. Thu is almost certainly the case when R is not 
conjugating or anion-stabilizing, the tyn diastcreoisomer of the oxaphosphetane is formed prefer сn 
tially. and the predominantly Z-alkene that results reflects this. The Z  selective W ittig reaction there 
fore consists of a к met u ally controlled stereoselective first step followed by a «tereospeufu 
elimination from this intermediate.

Why la form ation o f the ayn  oxaphosphetane favoured?

Tb* queeuon Is the «cAfect o# mucti debate. becauee tie boiew that. W the yWd and cwbon»! compound react

3. PhCOCI 4. Na/Hg 70-»0% yield. (90:10 U )

Mm n» *e<xr«try it  determ ined by the e e re osoloctM ty of 
* *  oiec»>oephatene*o»ming *tep «aech fv e s  «ее 

Seelereolsom er of oaa(*ioe<*wUne as toe Mnetfe product

«tan* In one step, they



perhaps th e  most important way of making alkenes -the W ittig reaction 817

The E le c t iv e  W ittig  re c lio n
, ^  thal i,  ytidi whose anion IS  stabilized by further conjugation, usually within a 

S U b ih " У " • j v cncs on reaction with aldehydes These yltds are also enolates and were
carbonyl trour- »iv t r  
fu s se d  in Chapter 27.

PhCHO
W r- M  100» J

, these stabdiied yltds really are «able—thu one, for cumpic, can be recrystallited from water 
«■ if  stability means though that they are nor very reactive, and often it is better not to use the phos- 

.....salt but a phoaphonate instead.

« jL X . —  “  ■sM '-
phosphorate o tm  can be deprotonated with sodium hydnde or alkoxide anions to give enolate 

type anions that react well with aldehydes or ketones to give E-alkenes. Alkene-forming reactions 
with phosphonates are called Homer-Wadsworth-Emmons (or Horner-Emmons, Wadsworth- 
Emmons, or even Homer-Wittig) reactions This example u a reaction that was used by 
some Japanese chemists in the synthesis of polyionimine, a natural insect repellent produced by 
millipedes.

So why the change to E stereoselectivity when the yiid is stabilized? Again, chemists disagree about 
the details but a Hkely explanation is that the extra stability given to the ylid starting materials makes 
the reaction leading to the oxaphosphetane reversible Stereoselectivity in this step is therefore no 
longer kinetically controlled but is thermodynamically controlled reversal to starting materials pro
vides a mechanism by which the oxaphosphetane diastereoisomers can interconvert. Providing the 
rate of interconversion is faster than the rate of elimination to alkene, the stereospecihc step will no 
longer reflect the initial kinetic ratio of oxaphosphetane diastereoisomers. It is not unreasonable to 
suppose that the thermodynamically more stable of the oxaphosphetanes is the frum diastereoiso 
mer, with the two bulky groups on opposite sides of the ring, and that elimination of this gives E- 
olkene. What is more, the rate of elimination to give an E- alkene ought to be significantly faster than 
the rate of elimination to give a Z-alkene. simply by virtue of steric crowd mg in their respective tran
sition states. The anti diastereo isomer is therefore 'siphoned off to give E-alkene more rapidly than 
the tyn diastereoisomer gives Z-alkene. Meanwhile equilibration of the two oxaphosphetane 
diostereomers via starting material replenishes the supply of ann diastereo isomer, and virtually only 
E- alkene is produced.
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E - and Z-alkenes can be made by stereoselective addition to 
alkynes
In (his last section of the chapter we shall leave elimination reactions lo look at addition reactioni 
Alkynes react with some reducing agents stercollectively to five either the Z  double bond or the E 
double bond. Some of these reactions were described briefly in Chapter 24.

Z selective reduction of alkynes uses Lindlar’s catalyst

LMara cauty»t * 
P4, CaCO ,. 
P*OAe),

тмумм,лг
This pure Z-alkene was needed for studies on the mechanism of a rearrangement reaction. In 
Chapter 24 you met catalytic hydrogenation as a means of reducing alkenes to alkanes. and we intro
duced Lindlar's catalyst (palladium and lead acetate on a support of calcium carbonate) as a mean* 
of controlling chemoaelectivity so that aAynes could be reduced to alkenes What we did not empha 
size then was that the two hydrogen atoms add 
to the alkyne in a ijm fashson and the alkene pro
duced is a Z-alkene. The stereoselectivity arises 
because two hydrogen atoms, bound to the cata
lyst, are delivered simultaneously to the alkyne.

You can compare this method of forming Z- 
alkenes directly with the Wittig reaction in these 
two syntheses of another insect pheromone. that 
of the Japanese beetle.

In this case, the Wittig reaction is not entirely Z-sdectivc. and it generates some f-isomn 
Lindlar-catalysed reduction, on the other hand, generates pure Z-alkene. 

bond toy W *n« r*Ktxjr 7 double bond by reduction of afcytx?

J O - - и,
► 10-15% t  Imhw yw!*d Z л о те , o r*,

___

For a biologically active sample of this pheromone. it is better that the stereochemistry is the sam< 
as that of the natural compound—the £ doubk bond isomer is more or less inactive. Even mor<



£- end Z-alkenes can be made by stereoselective addition to alkynes

nt »  the configuration at the chiral centre in the pheromone— «hr wrong rnantiomn is not 
l^porta ^  lt д!*о inhibits the malr beetles response to the natural stereoisomer In Chapter 

3 k  ,*boul ofmak,n*1 cnantiomers selectively.

£  «elective reduction o f alkynes uses sodium  in  liqu id  am m onia
11*  best w a y  of ensuring ann addition of hydrogen across any triple bond u to treat the aikyne with 
sodium in liquid ammonia.

The sodium donates an electron to the LUMO of the triple bond (one of the two orthogonal 
orbitals). The resulting radical anion can pick up a proton from the ammonia solution to give a vinyl 
radical A second electron, supplied again by the sodium, gives an anion that adopts the more stable 
mint geometry. A final proton quench by a second molecule of ammonia or by an added profon 
source I f-butanol is often used, as in the Birch reduction) forms the E-alkene.

NN^I)

An alternative, and more widely used, method is to reduce alkynes with L1AIH4. This reaction 
works only if there is a hydroxy or an ether functional group near to the aikyne. because it relies on 
delivery of the reducing agent to the tnple bond through complexation to this oxygen atom.

LIA IM ,

____  Ш5\ у«М f

Making alkenes by addition to alkynes offers two distinct advantages. Firstly, although the reac 
bon is not connective in the sense that the Winig and Julia reactions are. the starting materials can 
often be made straightforwardly by alkyiation of alkynyl anions. Secondly, the same aikyne can be 
used to make either E- or Z-alkene— an advantage shared with the Peterson reaction but here the 
Marting material is much easier to make. In some early work on sphingosine (a constituent of cell 
Membranes), some Swiss chemists needed to make both E- and Z-isomers of the naturally occurring 
compound This was an easy task once they had made the aikyne.

A d d itio n  o f nucleophiles to alkynes
rer,T* *nd rather surprising, approach to Z-alkenes sometimes gives excellent results particular 

*" **** addition of nucleophiles to butadryne. The base catalysed addition of methanol gives an

t
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excellent yield of Z-1 -methoxybut-1 -en-3-yne. This reaction it so easy to do that thc product ia av4,j 
able commercially.

Notice that methanol adds once only, you would not expect nucleophiles to add to a simpi* 
alkyne and it is the toniugalion that makes addition possible. Mcthoxide ion adds lo one o( ih( 
alkynes to give a conjugated anion.

. У 8—
The anion is linear with thc negative charge dclocalizcd along thc conjugated system and the 

charge is therefore in a p orbital in the plane of thc molecule. The other p orbital tt involved in x 
bonding as wdl hut at right angles to the plane of thc molecule. When the anion reacts with a mole 
eule of methanol, protonation occurs on thc lobe of thc p orbital away from thc McO group and the 
Z-alkene is formed. This product is mentioned in other chapters of the book: now you know why it u

•  Summary of methods for making alkenes atereospedflcaCy

Here is a summary o f the most Important methods for making double bonds 
stereo selectively.
To make m (Z)-alkenes
• W ittig  reaction of unstabHiztd ylid
• Constrain the alkene in a ring

• syti addition o f hydrogen across an 
alkyne

• Peterson elim ination

To make tains (E)-alkenes
• W ittig  reaction of tUUrihzedyiui

• Equilibration to the more «table 
isomer

• Julia olefination
• Sim ple unsdective elim ination 

reactions
• trans selective reduction of 

alkyne
• Peterson elim ination

In this chapter we have dealt for thc first tunc with thc problem of producing compounds as single 
stereoisomers—the stereoisomers concerned were geometrical isomers of alkenes. The next two 
chapters will look in more detail at making stereoisomers, but we shall move out of two dimension* 
into three and consider reactions that have diastereosdectnnry. Thc two subfects arc closely related 
since often single diastcrconomcrs arc made by addition reactions of single geometric*! isomers of 
double bond* and. as you saw with the Peterson and Wittig reactions, tingle diastcramomcrx can 
lead sterrospciifwaDy to single geometrical isomers
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Р г о Ы с ш я р р р * ^ ^ ^ ^  ~  7
• the structure of the product of this reaction from the О О 90>Me

*  n J  e x p la in  th e  ste re o c h e m is try . < -o m p o u n d  A  has & h  U 95  V , C O ^ I .  f

н т Т < м  J j 7  н и . i m  pp-» < JH.a./»H. ) . i «  p * « . о н . /  ] —  /
l * r  M  a n d  ~ Hr). H O  P-P-m ( IH . dd. Л 0  and 4 V - J  V - J
H d .andSJ- 'PP™  I'H .dq ./IO andSH r) 

л U.uu.г. N«NH,

■ A single HwllHinfr--- "  in**rt rh" l,monc w“  prfT"ed
in fhf following way. Which isomer is formed and why? Outline a 
s y n t h o n  о  I one other isomer

7 Isoeugcnol. the flavouring principle of dova, occurs in the 
plant in both the f  (solid) and 7. (liquid) forms How would you 
prepare a pure sample of each and how would you purify each 
from any of the other isomer1

Я I low would you prepare .vim pics of both geometrical isomers of 
this compound» £OjM • Thermal decomposition of this lactone gives mainly the Z-

alkene shown «nth minor amounts of the E-alkene and an 
unsaturated aod Suggest • mechanism for the reaction that 

4 Decomposition of this diazocompound in methanol gives an «H e in s these results, 
unstable alkene A (CeI I , 40 ) whose NMR spectrum contains these A
signals: &ц 3.50 p.p.m. (311, s), 5.50 p.p.m. (IH , dd, / 17.9 and 7.9 ***
Hz). 5.Ю p.p.m (IH . ddd. / 17.9, 9.2, and 4.3 H i). 4.20 p p jn . I___ I
(IH , m), and IJ-2.7  p.p.m. (8H. m). What is its structure and ^ B u
geometry' You are not cxpected to work out a mechanism for the 
faction.

jmM mywtd

M>CT| • What controls the double bond geometry in these examples? In
—  »  the second example, one alkene is not defined by the drawing.C >-"’

• Why do these reactions give different alkene geometries?

бгсУ̂ сУ"
• Here is a synthesis of a prostaglandin analogue Suggesi 
r«*gents for the steps marked T , give mechanisms for those not so 
^fked. and explain any control of alkene geometry.

4 ^  2 HHto*. tea

t



1# Treatment of this epoxide with base gives the same £-alkenc 12 Comment on the difference between these two reactions, 
regardless ofthe stereochemistry ofthe epoxide. Comment. О 0

I  K .C Q , j 0 ' C0,M* 0 ' C0'M'
Г>^-еоЛ (юн

822 31 • Controlling the geometry of double bonds

11 Which alkene would be formed in each of the following
reactions? Explain your an sw cT  mechanistically. _ ^ * х ^ 'со*яя* и<°  m

И »,Р0  PliSOj
o  “ - Г0'М’ "■Pt « А у 'С0,М

L 1 J Give mechanisms for these stercosperitic reactions on single 
geometrical isomers of alkenes.

i .



Determination of stereochemistry by О  ̂  
spectroscopic methods

Connections

B uild ing on:
.  о * * " "* "* "*  itn ic tu w , t h3
• preton HMR spectroscopy c h ll 
.  Review erf spectroscopic method.

ch !5
• Stereochemistry ch l6
• Conformation ch l8
• Controlling double bond geometry

ch31

A rriv in g  at:
• How coupling varies with the angle 

between bonds 
e How ring sUe affects coupling 
e How electronegative atems reduce 

coupling
e How * systems Increase gomlnal 

coupling
e How protons attsched to the same 

carbon can be different, and can 
couple to one another 

e What homotopic, enanttotoplc, and 
dlastereotoplc mean 

e  The nuclear Oveftiauser effect: what It 
Is and how to exploit К

Looking forward to:
• Controlling stereochemistry with rings

ch33
e  Dlastereoselectlvtty ch34 
a Saturated heterocycles ch42
• Asymmetric synthesis cM  5 
e Organic synthesis ch S3

Introduction
From time to time throughout the book we have spread before your eyes some wonderful structures. 
Some have been very large and complicated (such as palytoxin, p. 000) and some small but difficult 
to believe (such as tetra-f-butyl tetrahedrane, p. 000). They all have one thing in common. Their 
structures were determined by spectroscopic methods and everyone believes them to be true. Among 
the most important organic molecules today is Taxol, an anticancer compound from yew trees. 
Though it is a ‘modem’ compound, in that chemists became interested in it only in the 1990s, its 
structure was actually determined in 1971.

No one argued with this structure because it was determined by reliable spectroscopic methods— 
NM R plus an X-ray crystal structure of a derivative. This was not always the case. Go back another 25 
Vfsrs to 1946 and chemists argued about structures all the time. An undergraduate and an NM R 
■Pectrometer o n  solve in a few minutes structural problems that challenged teams of chemists for 
*rc*n  balf a century ago In this chapter we wdl combine the knowledge presented systematically in 
СЬаР « т З . II,a n d  15, add your more recently acquired knowledge of stere«»cbemistry (Chapters 16, 
•*. snd 31), and show you how structures are actually determined in all their stereochemical detail 
usinf  *11 the evidence available.
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sim ple natural products

сМОИКОГвМ» *

best »< pm ent for £2

иг ?
V tf Of*. !t4>V m Jk lf  <  UP
thet* Uoixis w« par *1*

In  general, we «rill not look at structures as complex as Taxol. But it is worth a glance at this sta*f 
to see what was needed. The basic carbon skeleton contains one eight- and two six-membered ring* 
These can be deduced from proton and carbon N M R. There is a four -membered heterocyclic ring-, 
a feature that caused a lot of argument over the structure o f penicillin. The four-member ed cyd^ 
ether in Taxol is easily deduced from proton N M R as wc w ill see soon. There are ten functional 
groups (at least— il depends on how you count) including six carbonyl groups. These are easdy seen 
in the carbon N M R and IR  spectra. Finally, there is the stereochemistry. There are eleven stereogem, 
centres, which were deduced mostly from the proton N M R and the X-ray crystal structure o f a dose. 
ly related compound (Taxol itself is not crystalline).

New structures arc being determined all the time. 'A  recent issue of one important journal 
( Tetrahedron U tten  No. 14 of 1996) has a paper on Taxol but also reports the discovery and strut 
ture determination o f the two new natural products in the margin. Both compounds were discnv 
ered in ocean sponges, one from Indonesia and one from a fungus living in a sponge common in the 
Pacific and Indian oceans. Both structures were determined largely by N M R and in neither case w u 
an X-ray structure necessary. You should feel a bit more in tune with the chemists who deduced 
these structures as they look much simpler than Taxol or even than penicillin. W e hope you w ill feel 
by the end o f this chapter that you can tackle structural problems o f this order of complexity with 
some confidence. You «rill need practice, and in this area above all it is vital that you try plenty of 
problems. Use thc examples in the text as worked problems: try to solve as much as you can before 
reading the answer— you can do this only the first time you read because next time you w ill have 
your memory as a prompt.

The stereochemistry at two o f the stcrcogrnk centres of chlorocarolide was unknown 
when this structure was published— stereochemistry is one of the hardest aspects o f structure 
to determine. Nonetheless, N M R is second only to X-ray in what it td b  us o f stereochemistry, and 
we shall look at what coupling constants (/  values) reveal about configuration, conformation, 
and reactivity. The first aspect we consider is the determination of conformation in six-membered 
rings

3/values vary with H -C -C -H  dihedral angle

1Ф Remember

Parallel orbitals interact best.

In  the last chapter, we looked at some stereospecific elim inations to give double bonds, and you 
know that E2 elim ination reactions occur best when there is an anti-penplanar arrangement 

between the proton and thc leaving group.
In  the N M R spectrum, coupling between protons arises 

from through-bond and not through-space interactions: tram 
coupling in alkenes is tnger than cis coupling (see Chapter 11. 
p. 000). So the same arrangement that leads to the best reac
tion ought also to lead to thc Largest coupling constant. In 
other words, if  we replace *Br* in the diagram with a second 
hydrogen atom but keep the orbital alignment the same, we ought 
to get the biggest possible coupling constant for a saturated 
system.

Thc usual description of thu situation is m terms o f the dihe
dral angle between the H-C-C-H bonds. The dihedral angle i* 
obvious in the Newman projection as it is the angle between the 

two C-H bonds projected on a plane orthugonal to the CM  
ihe** (m  C-H bond. In  a Newman projection this plane is the plane o f the paper 
bones it 180* and here the angle is 180“ .

tno o't-fa-s -netting up 
those bonds ше pâ aaoi
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coup**

When the dihedral angle is zero, the two C-H bonds arc again in the same plane but not perfectly 
rallel The coupling constant is again large, but not so large as m the previous case. In  fact, the 

|3oarrangem ents *re VCT?  ***“  ш  an^ ,rem  J ° uble bonds, but the С atoms are tetrahedral not

t :  „ « y  guess that, when the dihedral angle is 90*. the coupling constant is лето. W hat happens 
between these extremes was deduced by Karplus in the I9b0s and the relationship is usually 

known as the Karplus equation. It is easiest to understand from a graph of / against dihedral 

angle
Examine this graph carefully and note the basic features as you w ill need them as we go through 

the chapter. These features are:
e Coupling is largest at 1*0* «he Har*us >*Лоп*ир: M  * 

when the orbitals o f the two 
C-H bonds are perfectly paral
lel

• Coupling is nearly as large at 0*
««hen the orbitals are in the 
same plane but not parallel

• Coupling is xero when the 
dihedral angle is 90*— orthog
onal orbitals do not interact

a The curve is flattened around 
<T, 90*. and 180*— / varies little 
in these regions from com
pound to compound

• The curve slopes steeply at about 60* and 120*— /varies a lot in this region with small changes of 
angle and from compound to compound

• Numerical values of / vary with substitution, ring size, etc., but the Karplus relationship still 
works— it gives good relo/rve values
These ideas come to life in the determination of conformation in six-membrred nngs. Trans 

diaxial hydrogen atoms arc aligned with a dihedral angle of 180* and give the largest / values.
The other two situations, where one or both hydrogen 

atoms are equatorial, both have angles of about 60*, though 
axial/equatorial couplings arc usually slightly larger than equato
rial/equatorial ones.

Now for some illustrations. The simple cyclohexyi ester has fust one substituent, which we 
expect to be equatorial (Chapter 18). The black hydrogen therefore has four neighbours— two 
axial Hs and two equatorial Н». W e expect to see a triplet from each and that the axial/axial coupling 
constant w ill be large. In  b e t there is a IH  signal at 6 4.91, it is a tt (triplet of triplets) w ith / = 8.8 
*nd 3 i Hz. O nly an axial I I  can have couplings as big as 8.8 Hz, so now we know that the ester is 
equatorial

Ry contrast, the next ester, which also has only one substituent, has a IH  signal at 6 6.0p.p.m 
which is a simple triplet w ith /=3.2 H l W ith no large couplings this cannot be an axial proton and 
the tubtnturut must now be axial. It so happens that the small equatorial/axial and equatorial/equa
torial couplings to the green hydrogens are the same. This is not so surprising as the dihedral angles 
•re both 60*

None of the dihedral angles in a six-membered ring are 90*. but in some bicydic 
systems they are. Norbornane type structures (b»cyclo[2.2.0]heptanes). for example, 
typically have couplings of 0 Hz between the protons shown in Mack and green 
because the H-C-C-H dihedral angle is 90*.

The determination o f conformation by N M R may more importantly allow us to

«►> О н bonds t it  eclipsed * 
the plane o l ihe paper -

ed. d**drai an0e 60* 
>-6Hi

N N
W

As • reminder. the dtoedrai angle 
Is most easily visualized by 

the C-C bond lytng 
along the spine of a partially 
opened book. If the C—H bonds

the other on the other, then the 
(fthedrsi angle is the enpe 
between the pagps of the book.

------ 1
I - 10-12

ISO* 
9J  - 10-12 Н»

Jtrguatofiai Hs
r — 7 ~ ~ *  * * * *

A " --- - t«r
V - м »

«  m < in  tc м  ляы

t
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►
You can draw a general 
conclusion from Оме observation: 
an NMR *<nai w raurfHy м  wide 
as the sum of an «scoupitnf*. In 
any g-v̂ n compound, an a4ai 
proton wM have a much wider 
tifsM  than an equatorial proton
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determine (on figuration Ml the same time. This often occurs when there are two or more substituents 
on the ring. Here is a simple example: you saw in Chapter 18 that the reduction of 4-f-butyicvU( 
hexanonc can be controlled by choice o f reagent to give cither acts or a tram  alcohol. It is easy to |сц 
them apart as the r-butyl group w ill always he equatorial.

И aval И

OH

ощнЛега! Он

The N VIR spectrum of the green H is quite different in  the two cases. Each has two identical axial 
neighbours and two identical equatorial neighbours (tw o arc shown in black— there are two more ai 
the front l. Each green I I  appears as a triplet of triplets. In  the as alcohol both coupling,' are small 
(2.72 and 3.U0 Hz) but in the tram  alcohol the axial/axial coupling is much larger (11.1 Hz) than the 
axial/equjiorial (4 J  Hz) coupling.

Hydrogenation of the double bond in this unsaturated acetal gives the saturated compound as •» 
single isomer. Hut which one? Are the two substituents. Me and O FJ. cm or transi

N1 '

cis acetrt trains sM<*«#d au>iw
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«м3 05. 
ye end

The шггсштлпсс of Ihe iwo black hydrogens in the NM R spectrum reveals the answer and also 
what conformation the molecule adopts. There is a IH  signal at 3.95 p .p jn . (which is there 

fore next to oxygen) and it tt a double quartet. It must be the hydrogen next to the methyl group 
. 0f the quartet coupling. The quartet coupling constant has the norm al' / value of 6.5 H i.
The doublet coupling is 9 H i and this is loo Urge to be anything other than an axial/axial coupling.
Thu hydrogen» axial.

There is another I I I  signal at 4.40 p.p.m. (next to two oxygens) which is a double doublet with /«
9 and 2 H i). This must also be an axial proton as it shows an axial/axial (9 H i) and an axial/equator- 
id  coupling. W e now know the conformation of Ihe molecule.

Both black hydrogens are axial so both substituents are equatorial That also means in this case 
that they are cis. But note that this is because they are both on the same, upper side of the ring. not 
because they are both equatorial! The hydrogen at ihe front has two neighbours— an axial (brown)
H, / *  9, and an equatorial (green) H , /= 2 Hz. AH this fits the Karplus relationship as expected. You 
may have spotted that the H  at the back appears to be missing a small coupling to its equatorial 
neighbour. No doubt it docs couple, but that small coupling is not noticed in the eight lines of the 
double quartet. Small couplings can easily be overlooked.

When this compound is allowed lo stand in slightly acidic ethanol it turns into an isomer. This is 
the tram  compound and its N M R spectrum is again very hdpful. The proton next to the methyl 
group u more or less the same but the proton in between the two oxygen atoms is quite different. It is 
at 5.29 p.p.m. and is an unresolved signal of width about 5 H i In  other words it has no large cou
plings and must be an equatorial proton. The conformation of the tram  compound is shown in the tm  и

IH. *). «ц 4 4 0 . 1И. ad. 
6.5 h i  7 9 « mi 2 Hi

XNow for a surprising product, whose 
Structure and stereochemistry can be deter
mined by NM R. Norm ally, reaction of a 
symmetrical ketone such as acetone with 
an aromatic aldehyde and base gives a 
double aldol condensation product in good 
yield.

But in one particular case, the reaction 
between pentan-2-one and 4-chlorobenz 
aldehyde, a different product is formed The 
mass spectrum shows that two aldehydes 
have reacted with one ketone as usual, bui 
that only one molecule of water has been lost.
Some of what we know about this compound 
is shown in the scheme.

The I JC  N M R spectrum shows 
that there is one ketone carbonyl 
poup. as expected, but no alkene 
carbons There is only one set of ,SC 
signals for ihe 4-Q-phenyl ring and 
only two other carbons. This must 
mean that the molecule is sym
metrical

The three molecules must be joined up somewhere in
* « region marked. But how can we lose only one molecule 
«w ater and keep the symmetry?

The proton N M R spectrum gives the answer Both 
groups are stdl there, and they are identical, so we 

,Wo identical M eC II fragments. These CH protons 
* "* * ) are double quartets so they have another ncigh-

HjO

Д Г
NaOH
H*0

A - Cl ,H 1BCM>1 k , 7.73  (9M. si
4 49 t2H d . J 10 .4 l

■n.0 . 199 -190  *C 2 99  (2W. <S*. У 10 .4 . 9  6 )
Л  1 7 0 6 .1900  cm 1 : 0 9 <6H d. J 6 .6I

A must be «ymmetncai

fanned up № <*t on

I  2 .9 9 , dq

- h
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Me and Ar barm

bour. ihe only rem aining«liphatic proton (actually again two identical protons, in green) at &ц 4.49 
p.p.m. These protons must be next to both oxygen and the aromatic ring to have such a large shift 
But there is only one spare oxygen atom so the protons at 4.49 p.p.m. must he next to the same ory 
gen atom— the structure is shown on the previous page.

A ll that remains is the stereochemistry. There 0
are four stcreogemc centres but because o f the syra- M_ ** II *  
met 17 only two structures are possible. Both methyl 
groups must be on the same side and both aryl 
rings must be on thc same side.

The coupling constant between the hydrogen 
atoms is 10.4 Hz and so they must both be axial.
This means that the molecule has this structure and it is the tram  compound: all the substituents are 
equatorial so it is thc most stable structure possible

O nly fully saturated six-membered rings are really chairs or boats. Even w ith 
one double bond in the ring, the ring is partly flattened: here we w ill look at 
an even flatter example. A unique antibiotic has been discovered in China 
and called ‘chuangxinmycin’ (meaning ‘a new kind o f m ycin’ where mycin *  
antibiotic) It is unique because it is a sulfur-containing indole: few natural 
products and no other antibiotics have this sort o f structure.

The structure itself was easy to elucidate, but the stereochemistry of the two 
black hydrogens was not so obvious. The coupling constant ( ’ /) was 3.5 Hz.
During attempts to synthesize the compound. Kozikowski hydrogenated the 
alkene ester below to give an undoubted пз product.

*ju  - 4.1 h i СОчН Ч и  ■ Hz
и<

я ш  briVMtuci trim ttwosonv

The '/coupling between the black hydrogens in this compound was 4.1 Hz, much the same as in thc 
antibiotic and. when the ester group was hydrolysed in aqueous base, the mam product was identical to 
natural diuangxmraycin. However, there was a minor product, which was the tram  isomer It had V
6.0 Hz. Note how much smaller this value is than the axial/axial couplings of 10 Hz or mote in saturat
ed six-membered rings. The flattening of the ring reduces the dihedral angle, reducing thc w/c of /.

Stereochemistry of fused rings
W here nngs are fused together (that is, have a common bond) determination of conformation may 
allow the determination of ring function stereochemistry as well. Both isomers of this buyclic ether 
were formed as a mixture and then separated.

ф  ф
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Г.* ПП* fUVO*

One p W on  * ' th'  »и,К,,ОШ  ?  V
clearty и. the N M R spectrum as **** , Л - ^ 1

T T Z a  to two oxygen «tom . (.IK *™ . / ^ о^ Т ^ о^ У  ы « *н »«№ «  Ч-C Z Zo-Z /  
Jn black on the confoemational diagrams T  V l ’ t f t T  ^
. nui.dcl. In  one compound I  I I I  

7 ^ . ,  f *  7.1 Hz. and in the o«h»r a nan. » *  waion 
. „b lt t  /-  I J  H i. W hich U which?

Thr coupling is to  the green proton in each case and the dihedral angles are 180“ for ihe tram  
ram pound but only 60* for the cu one. so the smaller coupling belongs to the ns compound We 
^ d is c u s s  below why the «butulr values are so low; this example illustrates how much easier 
stereochem ica l determination is if  you have both stereoisomers to compare.

In  the пей «am ple, unlike the last o n e , ___  M
„  eventually proved possible to make both О рьеио ^
compounds in high yield. But first the I I I  -------- I I I
tlo rr  reaction o f an amino-ketone with N NaOH 'V ^
ben/aldehyde in base gave a mixture of H ^
diast ereo isomers of the product.

In  unravelling the mechanism of the reaction, chemists protected the nitrogen atom with Boc 
(Chapter 25) before the reaction with ben/aldehyde and found that a new product was formed that 
was dearly an E-alkene as its N M R spectrum contained *-73 ( »H. d. / 16). Thu is too Urge а он» 
pling constant even for axial/axial protons and can be only tram coupling across a double bond 
They quickly deduced that a simple aldol reaction had happened

Q k A  —  C jXA  .==. О - Д ^
When the Roc protecting group was removed, the cyd iiation reaction occurred under very mild 

conditions but now a nnfU  diastereouomer of the product was formed.

NaHCO, Oj u J
This isomer had one proton lhat could be dearly seen ai &ц 421 p.p m.— well away from all the 

rest. This is the proton marked in Mack between nitrogen and the phenyl group 
biet with / *  6 and 4 H r  Neither o f these is large enough to be an axul/axul 
within the range for axial/equatorial and 4 H i for equatorial/equatorial coupling 
must have the conformation shown in the margin.

Treatment of this product with stronger base (N aO H ) isomenzed it to a compound in which 
the same proton, now at 6ц ^ и
3.27 p.p.m., was again a double 
doublet but with /= 10 and 5 H i.
It ia now an axial proton so the Й I к /  J.
new conformation is th ii. H И

Notice that we have confidently assigned the configuration of these compounds without 
<*er being able to 'tee* the ydlow  protun at thc ring function. Since nitrugen can invert rapidly, 
we know that this decalin-like structure w ill adopt the more stable tram  arrangement at the nng 
junction.

r i r O ^ ' l l  p. 000

.It  «rasa double dou Jp » i
coupling but 6 Hz ia 
ling  The compound

compound in which



•30 32 • Determination of stereochemistry by spectroscopic methods

jeo  .e  -60*

H The dihedral angle is not the only angle worth measuring
W e should also consider how the two C-H  bonds are spread out in space. The dihedral angle is wh 
we see when we look down the «pine of the book in our earlier analogy (p. 000)— now we want to 
look at the pages in the normal way. at right angles to the spine. as if  we were going to rrad the book 
W e can show what we mean by fixing the dihedral angle at 0* (the С—11 bonds arc in the same place i 
and looking at the variation o f / with the ring size o f cyclic alkenes.

<  <ц , o j  C X
.Л

4k.
1ХГ 

Jrn 0.5-f .5
72* 

i -  5 0-7.0
tO’

Jm  8.5-1 t.O
51*

} •  8.0-12.5

MO* *4 - 8 0 *

The wider apart the hydrogens are spread, the smaller the coupling constant. Remember, the 
dihedral angle stays the same (0*)—we are just varying the angle in the plane. A dramatic fflustration 
of this comes w ith the product of dehydrogenation o f the natural product guaiol w ith elemental sul 
fur. From the brown, smelly reaction mixture, guaiaxulene. a deep blue oil. can be distilled.

S.O 20 1.0 p pm

Some assignments are dear. The 611 doublet and the 111 septuple! are the isopropvl 
group and the two 3H singlets belong to the two methyl groups—we can't really say 
which belongs to which. The IH  singlet must be the green hydrogen as it has no neigh 
hours and that leaves us with two coupled pairs of protons. One pair has / *  4 Hz and 
the other / *  I I  Hz. W e expect to find larger coupling where the H-C-C-H angle is 
smaller, so «re can say that the 4 Hz coupling is between the pair on the five-member г о 
ring and the 11 Hz coupling is between the pair on the seven-memhered ring.

W hen protons on a double bond in  a ring have neighbours on saturated carbon, 
the coupling constants are all small and for the same reason— the angles in the plane 
o f the ring are approaching 90* even though the dihedral angles are 45-60* in these 
examples. A bizarre result o f this is that the 5/ coupling between the red and black 
hydrogens is often about the same as the allylic (4f) coupling between the red and the 
green hydrogens. An example follows in a moment.
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wc shall icc W e

Vicinal (3/) coupling constants in other ring sizes
Thr spreading out* dfcct also affect* vicinal (’ /) couplings in simple saturated rings. No other nng 

ha* well defined a conformation as that of the u i mcmbered nng W e can « ill n«Mc useful
-  ^  w< move from ь to 5 to 4 to 3. Briefly. in five-membcrcd rings. <u and rram couplings are 
T |hr In  four- and three-membcrcd rings cis couplings are larger (ban frans. But in all 

the absolute values of / go down as the nng gets smaller and the C-H bonds *т* ш  
move. Indeed, you can say thal a/l coupling constants are smaller in small rings, as 
д е«1 to examine these case* a bit more.

Three-m em bcrcd  rings
Three-membered rings ere flat with all Kinds eclipsed so the dihedral angle is 0* for ns Hs and 100" 
for tram  Hs. Looking at the Karplus curve, wc expect the л» coupling to be larger. and it is. A good 
example i» chrysanthcmtc add. which is part of the pyrethrin group of insecticide found in the 
pvrcthrum plant. Both as end tram  chrysanthemic sods arc important

In both isomers the coupling between the green proton on the nng and its red neighbour on the 
double bond is 8 Hz. In  the a* compound, the green proton is a triplet so the as coupling in the nng 
is also 8 Hz. In  the traiu  compound it is a double doublet with the second coupling, tram  across the 
nng to the black H . of 5 Hz.

The most important three-membered rings are the epoxides You saw in Chapter 11 (p. 000) that 
electronegative atoms reduce coupling constants by withdrawing electron density from the bonds 
that transmit the coupling inform ation'. This means that epoxide couplings arc very small— much 
«nailer than those of their closely related alkenes for example. Compare the four coupling constants 

in the diagram: for the epoxide, all couplings arc small, but 
a* coupling is larger than tram  coupling In alkenes. frum 
coupling is larger Chapter 11, p. 000) The table summa 
rires the coupling constants for alkenes. epoxides, and 
cyclopropane*.

C oup ** constants J.Mz
The epo^dcs have much smarter 
coupMng constants because: (1 ) 
the C-C born) Is I oncer; (2) there

and (3)the 'spreadingout' effect 
of the small ring comes into play

e natural product cenSenm is an anMNotfc соитиец-оитипе* Ч А У

I happens to the couping constant between the Ы
t  hydropen* as tNs sequence develops.

_ У У *  t-

’СОШ>



32 • Determination of stereochemistry by spectroscopic methods

Four-mcmbcrcd rings
A sim ilar situation exists with four-membered rin p — the cis coupling is larger than the trum  bu, 
they are generally both smaller than those in larger rings. A good example is the am ino Jk id m  t^c 
margin, the skeleton o f the penicillins. The N M R spectrum contains three IH  signals in  the m idj|t 
regions. There is a singlet at &h *•* 5 P-P-m. that clearly belongs to the isolated green proton and t\v0 
doublets at &h 4.55 and 5.40 p .p jn . that must belong to the black protons. The coupling constant 
between them is 5 H i and they are curelated.

There are now Urge numbers of (1-lactam antibiotics known and one fam ily has the opp1K,lc 
(tram ) stereochemistry around the four-membered ring. The typical member is thienamycin Yve 
w ill analyse the spectrum in a moment, but first look at the differences— apart from stereochrm 
istry— between this structure and the last. The sulfur atom is now outside the five-membered ring 
the acid group is on a double bond in the same ring, and the am ino group has gone from the P-|dc. 
tam to be replaced by a hydroxyalkyl side chain.

T  um ing to the spectrum and the key question o f stereochemistry, this is what the M erck discover 
ers said in  their original article: ‘ *H N M R spectra of thienam ycin (and derivatives)...  show small vit . 
inal coupling constants / £ 3 llz  for the two 0-lactam hydrogens. Past experience with 
penicillins... shows the си relationship Ы  the 0-lactam hydrogens to be always associated with thf 
larger coupling.' As we have just seen penicillins have / ~ 5 H i for these hydrogens.

The N M R spectrum of a thienam ycin derivative 
ith  protecting groups on the amine and car- 

boxylic acids is shown below. Try your hand at 
interpreting it before you read the explanation 
below. Your aim is to find the coupling constant 
across the four-membered ring.V 1"o '  Д protected iN en jm ycm  denvM ivr

/N r"''"'"’ __
The simple answer is 2.5 Hz. The 

signals at 3.15 and 4.19 p.p.m. are the 
protons on the 0-lactam ring and the 9 
Hz extra coupling is to the O i;  in the 
five-membered ring. If  you went into 
this spectrum in detail you may have 
been worried about the 12.5 and espe
cially the 18 H i couplings. These are 2J  
fgem inal) couplings and we w ill dis
cuss them in the next section.

NM R spectrum of thienamycin derivative In CDjOD

<й«). p.pjw
Integration Multiplicity i

i

138 ЭН 4 65
2.95 2M m not resolved
3.08 IN dd 9.18
3.15 IH dd 2.5.7

3.35 IN dd 8.18
3.37 2H m not resolved

4.13 IN 7.8.5

4.19 IN dt 2.5.9
5.08 2H s -
5.23 and 5.31 2M AB system* 12.5
5.80 IN bmed -
7.34
1 See p. 000for dl

10N m 

scusslon Ы AS systems.
not resolved

•л»**ж пеМ  -ч protom  

The full assignment is shown above.
W e should emphasize that a coupling constant of 5 or 23 Hz in isolation would not alio* 

us to assign stereochemistry across the four-membered ring but, when we have both, we can 
say with confidence that the larger coupling is between cis lls  and the smaller coupling between tnirt* 
lls .
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■«-m fnibercd rings
visualize (his conformation of a five-membercd tin* simply aw ih au  cvJohenane with on г 

V«* “ *  U iu t  Bui this picture is simplistic Vvauu- ihe five membered ring fin  г» <r ather ihan 
carbon .tom s can be the one out of the plane ЛИ the hydrogen atoms ire  .han* 

Dipt) jn  y iy  , nd the N M K spectrum 'sees' a time-averaged result Commonly, both cu and
^ „T o ’uplmgs .re  .bout *-» H i in th i. ring . i«

The best ДиАration of the «im ilarity o f cu « id  Iran, couplings tn 
fcr-metnbercd rin f* is a structure that was incorrectly dcducrd for 

srrv reason, Canadensolide и »n antlfunga) compound found in .  
fcrnciHiu-t. mould. Th* gro» structure was quite easy lo  deduce from 
ihe mass spectrum, which gave ihe formula С ,,Н ц 0 4 by exact mass 
^term ination; thc infrared, which «howed (at 17*0 and 1667 cnC1) .  
conjugated 5-ring lactone; and some aspects of the proton N M R The 
proposed structure is *hown alongside

The stereochemistry of the nng (unction Hs (shown in Ыаск and green) и not in question They 
are  certain to be cis a* it is virtually impossible for two five membered rings to be fused frem The 
Hrreochemistry in question involve* the third stereogemc centre on the left hand ring The coupling 
constant between the black and green Hs is 6.8 Hz, whde that between the green and brown Hs is 4 5. 
b  the different enough for them to be trans* The original investigators decided that it was.

The mistake emerged when some lapanese chemists made this compound by an unambiguous route 
The NM R spectrum was quite like that ofcanadensolide. but not the same. In particular, the coupling 
between the green and brown Hs was 1.5 Hz— quite different! So they also made the other possible 
diastereoisomer and found that it was identical to natural canadensolide. The details are in thc margin

An example o f vicinal coupling in structural analysis: aflatoxins
W e  can bring together a lot of these points in the structure of one compound, the dreaded artatoxin 
Aflat ox in В | в  an example.

The four red protons on saturated carbons in the five- 
membered ring in the margin appear as two triplets: 2 61 
(211. I. /5 Hz) and 6ц 3 42 (2H . t. /5 llz ) The its and tram  
couplings are the same. The yellow proton on the left, on the 
junction between the two five-membered cyclic ethers, is a 
doublet &h 6.89 ( IH , d, /7 Hz). This is, of course, the ciscou- 
pling to the black hydrogen. The black hydrogen has this 
coupling too, but it appears as a doublet o f triplets with a 
triplet coupling of 2.5 Hz: 6h 4.81 ( 1H, dt, /7 ,2.5,2.5 Hz). 1Ъе*е small couplings can only be to the 
t"o  green hydrogens: the 3/and V  couplings are indeed the same.

Finally there is another strange coincidence— each green hydrogen appears as a triplet with 2 5 Н/ 
couplings. Evidently, the usioupling acTO&s the double bond is also 2.5 Hz. W e expect as coupling in
• cydopentcnc to be small (it was 4 Hz in thc azulene on p. 000). but not that small— it must be the 
electronegative oxygen atom that is reducing the value still further.

Coupling In  fu ran a

- couplings «

You cm  conHrc* fount* of M s by

•H l  0
iJH .t 4m 2.9 (2H.m)
J ? * и и *,s.22 

IIM , dd.
J 4.5. 6.ft>

Chafer 20: they occur In moutda. 
including thoee that flrov* on

poisons are among the n»o*t lose 
compounds in n n .

t
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Geminal (2/) coupling
For coupling lo  be seen, the (wo hydrogen atom* in question must have different chcm R.il \|„f,s 
For */ coupling» the two hydrogen atoms are on the same carbon atom, so in order to du*U4 
geminal coupling we must first consider what leads the two hydrogens o f a C H j group to have dif. 
ferent shifts.

To introduce the topic, an example. It may seem to you that any six-membered ring might ihow 
different chemical shifts for axial and equatorial groups. Rut this doesn't happen. Consider the result 
of this Robinson anndation reaction.

*F>tc QM%

The two methyl groups at C4 give rise to a single signal in the , JC  N M R at 27.46 p.p.m. Even 
though one of them is (pseudo)axial and one (pseudokquatorial, the molecule exists in solution as a 
rapidly equilibrating mixture of two conformations. The axial green methyl in the left-hand cor 
former becomes equatorial in the nght-hand conformer, and vice versa for the black methyl group 
This exchange is rapid on the N M R thne scale and the equilibrium  position is 5<h50. Tim e averaging 
equalises the chemical shifts of the two methyl groups, and the same is true for the C H 2 groups 
around the back of the ring.

However, the enone is not the only product o f this reaction. A methanol adduct is also formed by 
M ichad addition o f methanol to the conjugated enone.

This product has two methyl 
signals at 26.1 and 
we examine the molecule 
formational analysis 
the first product we

s two methyl «  J J  V е 
34.7 p.p.m. If
lecule by con- M r— “V - ------------
as we did for | 0M« M" V  ^
t see a sim ilar M* OMe

Sim ilar but not the same. This time, the two conformations are not identical One has the 
OM e group equatorial and the other has it axial. Even the two methyl groups do not entirely change 
places in the two conformations. True, the green methyl is axial on the left and equatorial on the 
right, but it has a gauche (dihedral angle 60”) relationship with the OM e group in botfi confer- 
mations. The black Me group u gauche to OM e on the left but anti-pcnplanar to the OM e grour 
on the right. W hen two different conformations, in each o f which the black and green methyl group' 
are different (that is, they don’t just change places), are averaged, the two methyl groups are n«x 
equalized.

Perhaps a simpler way to discover this is to use a configurational, rather than a conformation-*, 
diagram. The green methyl group is on the same face o f the molecule as the M cO  group, while tbc 
black methyl group is on the other face. No amount of ring flipping can make them the same. They 
arc duutereotopu. a term we shall define shortly. And so are all three C H : groups in the ring. The 
green Hs are on the same face of the molecule as the M cO  group while the black Its  arc on the other 
bee.

A proton N M R example confirms this, and here is one from an odd source. There arc fungi that 
live on animal dung, called coprophilous fungi. They produce antifungal compounds, presumably <<>
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« „„p e titio n ! Anyway, in IM S n re n n . апШипца! lom pound. wetc diw m rrrd in a (un»u» 
fiphi ° ^ ^ т т т ( , dun*. They were named coniochaetone» A and В and their structures were
livu if <

■--- ■ with the uiual airay of
Hine are ►hown b d . ~ . and Ibcy reveal K inMderaNe deu.l

and N M R spectra. The proton spectra. run on a 600 M H i

П‘«*.......

b
2.41 (ЗИ)

1 A
С «upline
a

c—a—ImO—

2.3» ;3H)
5.43 (1M)

18
Coupling
a
ddd.;i.4.3.3.7.8H/

f.70(2H) m 2 4» {IN ) 
2 03(1H)

n*

m

1.07 (2И) m 310(1H) dddd. >1.4,6.1.9 4 1» Hz

2 81 (IN ) <**../51.9 3 .18 Hi

§.77 (IN ) broads 6.70 (IN ) broads

1 * 0 * broad* 8.82 (IN ) broad a

12.21 (1И)* a 12.26 (IN )* s

t>A

J&
4 *2  70(2H .m |

4* 3-07 ДИ, w)

0».мИШ

Some of the spcctrum is essentially the u m t for 
the two compounds, but other parts are quite d if
feren t. Comoihactonc A has a very simple spec
I rum. very emsDy assigned

Coniochaetone В is rather more interesting.
The apectrum is much more complicated, even 
though it has only one more C-H than 
coniochaetone A. The reason is that addition of 
that H atom creates a stereogemc centre and makes 
the top and bottom faces of the molecule different.
Both C H j groups bccomc diastereotopw.

The green Hs are coupled to each other (/ ~ 18 
Hz) and to cach of the Mack Hs with a different 
coupling constant. One ol the green hydrogens 
abo shows a long-range I4/~ 1.4 Hz I W  coupling 
to the red II .  The Mack Hs are too complex to 
analyse, even at 600 MHz, but the different cou
plings to the red hydrogen are shown by the signal 
M 5.43 p-p.ni.

Diastereotopic CH2 groups
The green protons ui the last example couple to one another, so they must be different. Until this 
chapter, you may have thought it self-evident that two protons attached to the same carbon would be 
•fcntical. but you have now seen severJ examples where they are not. It is now time to explain more 
ngOrou&ty the appearance of C H j groups in N M R spectra, and you w ill sec that there are three possi
bilities. To do this, we shall have to discuss some aspects of symmetry that build on what you learned 
•**Qkapter lb.

P***. an example in which the two hydrogens are indeed the same. W e may draw one hydrogen 
<° m‘ng towards us and one going away, but the two Hs are the same. This is easy to demonstrate If 

colour one H black and one green, and then rotate the molecule through 180". the black H 
*PP*ar$ m the place of the green H and vice versa. The rotated molecule hasn't changed because the 

(OM e here) arc also the same

6 a j (in . <fcxi. j 1 a. u .  7м ил
1 4,2.4» (IN . ml 

] 4,2.03 (IH . mi

J T t  & 1»(IN . 4M I, J 1.4, 5  1. 9.4. 1» H i) 

2 81 (IN. 4*1 J U » i  U  иг

J C
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To understand this discussion. it 
Is very Important that you 
appreciate points such as this 
Ш СЬ we covered In Chapter 16. 
You may need to refresh your 
memory of the stereochemical 
points there before you read

&

о

ISO * rotation
—  V
**• М т С Г ^ О Ш

J C

If  wc had given out uncoloured models of this molecule with this book, and asked each reader t0 
paint one 11 green and one 11 Mack, we would have no way at all o f giving instructions about whî h 
to paint what colour. Rut it wouldn’t matter because, even w ithout these instructions, every reader 
would produce an identical model, whichever way they painted their I Is.

The correct description for this pair of hydrogen atoms is homotopic. They are the same (homo) 
topologically and cannot be distinguished by chemical reagents, enzymes, N M R machines. (>r 
human beings. The molecule is achiral— it has no asymmetry at all.

•  Homotopic groups

Homotopic groups cannot be distinguished by any means whatsoever, they are 
chemically entirely identical.

W hat happens when the other two substituents are different? At first sight the situation does n<* 
seem to have changed. Surely the two hydrogens are still the same as one another?

In  fact, they aren't— not quite. If  we had given out uncoloured models o f this molecule and ju.\t 
said ’paint one H  green and one H  black', we would not have got just one type o f model.

and S0%  looking like this:W e would have got about 
50% looking like this. J C J C
Rut this tim e, we could give instructions about which 11 we wanted which colour. To get the first 

o f these two, we just need to say Take the M cO  group in your left hand and the Ph group in your 
right, kink the carbon chain upwards. The hydrogen coming towards you is to be painted black.' All 
the models produced by readers would then be identical— <u long us the reaAert knew their left from 
thetr nght. This is a very important point: the green and black hydrogens in this molecule (unlike the 
first one) can be described only in phrases incorporating the words ’left’ or ‘right*, and are distin 
guishable only by a system that knows its left from its right.

Human beings are such a system: so arc enzymes, and the asymmetric reagents you w ill meet in 
Chapter 45. Rul N M R machines are not. N M R machines cannot distinguish right and left— the 
N M R spectra o f two enantiomers are identical, for example. It is not a matter o f cnantiomcrs in the 
molecule in question— it has a plane of symmetry and is achiral. Nonetheless, the relationship 
between these two hydrogens is rather like the relationship between enantiomers (the two possible 
ways o f colouring the Hs arc cnantiom cr»—m irror images) and so they are called CMatiotopu 
Enantiotopic protons appear identical in the N M R spectrum.

•  Enantlotoplc groups

Enantiotopic groups can be distinguished by «ystems that can tell right from 
left, but are still magnetically equivalent and appear identical in the NMR 
spectrum.

The third situation usually arises when the molecule has a stercogcnic centre. As an example * e 
can take the M ichael product from the beginning of this section.

It is now very easy to distinguish the two hydrogens on each ring carbon atom and. if we 
want to give instructions on how to paint a model o f this molecule, we can just say 'Make all 
the I Is on the same side of the ring as O M e green, and the ones on the opposite side to OM e bla*. к 
W e do not need to use the words nght' or ’left’ in the instructions, and it is not necessary to



Diastereotopic CH2 groups 837

right from your •** lo  ,el1 ,hc lwo ,yp“  of H* ,r> rI ° ,d,n' n' reagents and
kr*,w ycUl. M  „  These Н» are different in the wav that diastereoisomeri are different 

m l0 ~ r j(ttto to rK  vsTr cipecl them lo  have different . hcmi. л shifts in lh< proton NM R 
god they

<Г<Т>К »|ГК  в  true of the methyl groups: they loo arc diastereotopic and we expect them to have

ф ЛскМ  shifts-

0 Qlaetereotoplc K~up.
D iM tereotopic groups are chem ically d ifferent they can be distinguished even by 
system s that cannot te ll right from  left, and they appear at d ifferent chem ical shifts
in the N M R  ф е и  rum .

How to tdl if protons are homolopic, cnantiotopic, or diastereotopic
W hat«  have said so h r eip laim  lo yiiu why homotopu and enantmtopic group, appear identical in 
Ф е NM R spectrum, but diastereotopic protons may not. Now we w ill give a quick guide to deter 
mmtng what sort of pair you are dealing with in a given molecule

4V  key is to turn your molecules into two molecules Replace one of the Hs (w ell assume we re 
looking at Hs. but the argument works for other groups too— M t groups, for example, as in the last 
oam ple above) with an imaginary group C .  W rite down Ihe structure you get. with itereochem 
Btry shown. N o t. w rite down the structure you get by replacing the other H with the group G Now 
the more difficult N t: identify the ttcrrochem ical relationship between the two molecules you have

X .

NMR machines can tail the 
difference. hid it бое* not follow 
that they w * There are many 
evampte* of protons that его 
differed but nave the same 
chemical shift (toluene. PhMe. 
shows a sinflet m the NMR for a* 
Us aromatic protons even thou£i 
they are of three different kind»).

Фф Щ  different 

very different chemical shifts.

a If  they are identical molecules, the lb  are homolopic 
e If  they are enantiomery the Hs are enantiotopic 
a If  they are diasatereoisomers. the Ms are diastereotopic 

This is really just a simpler way of doing what we did with 
black and green above, but it is easy to do for any molecule 
Take thc first of our examples, and replace each 11 in turn 
b jii.

These two molecules are identical, because just turning one 
over give* the other, the protons are homotopic. Now for the 
next example.

The two molecules are not identical: to make one into the other you need to reflect in the plane of 
the paper, so they arc enantiomcrs. and the Hs are auwtwtopH. There ii another term we must intro
duce you to in relation to this molecule, which w ill become useful in the next chapter, and that is 
P M U n T . The molecule we started with here was not chiral— it had a plane of symmetry. But by 
«banging just one of the Hs lo a different gioup we have made it chiral Molecules that are achiral but 
can become chiral through one simple change are called prodiiral

Now we w ill choose one of the three pairs of Hs in the cyclohexanone example The starting mol
ecule is, of course, now chiral, and the two molecules we get when we replace each H by G are now 
^**ter coisomer s one has G and OM e лип. the other iyn, and the pairs of hydrogens are

J C
J C

№
finally, one Iasi look at symmetry in the three molecules W c w ill consider two planes as potential 

Pknes of symmetry— the plane that bisects thc H-C-H  angle of the two Hs we are interested in (this 
U the plane of the paper as we have drawn all three molecules), and a plane at right angles to that 
plane, pasting through the carbon atom and both hydrogen atoms This second plane is marked on 
«be diagram, in  yellow.

Т Ь » molecule, the most symmetrical of the three, is achiral. The central carbon atom ts complete- 
jr  nonstercogenK.. Both planes are planes of symmetry and the hydrogens are homotopic. They are 
chemically and magnetically equivalent. M ao 'У omie
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V"KM T ' H i

It is not usuaNy easy to decide 
which proton g»es rise to which 
ntfial Th<»i» not important *» 
assigning the structure. but may 
be Important m птр\жц

discuss ho* to assifithe 
protona shortly In relation to the 
conformation of «lnwombered 
nngs. and then again late' using 
the nudear Owerhauser effect.

This slightly less symmetrical molecule is not chiral but prodtiraL The carbon atom i* a pr  ̂ I 
chiral (o r proctereogenic) centre. The plane o f the paper is still a plane of symmetry, but the у*Ц<  ̂
plane conUining the two H  atoms is not and the hydrogen atoms are enantiotopic. They arc i 
ncticalhy equivalent and can he distinguished only by human», enzyme», and other aaymnu,,, 
reagents.

This least symmetrical molecule is chiral as it has a chiral (uereogem c) centre. The carbon 4l0nj 
we are discussing is not a stereogenic centre but is again a prochiral centre. Neither plane is a pl«uu. tif 
symmetry and the hydrogen atoms are diastereotopic They are chem vally and magnetically difffT. 
ent and can be distinguished by N M K or by chemical reagents.

Look back at the structures we have just been discussing and you should see that both the enoi* 
used to produce this molecule and comochaetone A h ive a plane o f symmetry bisecting their (Щ , 
groups while coniochaetone В  docs n o t This ghrcs another easy way o f telling if  a pair o f groups w, 
appear different in the N M R spectrum. If  the plane passing through the carbon atom and bisecting 
the H-C-H  bond angle (the plane o f the paper in these diagrams) is a plane of symmetry, then th( 
two Hs (which are reflected in that plane) are magnetically equivalent. ( If  they also lie in a plane of 
symmetry, they are homotopic; if  they don’t, they are enantiotopic.)

The shape o f the NM R signal
A prochiral C H 2 group with diastereotopic Hs isolated from any other Hs w ill give rise to two sig
nals. one for each H . and they w ill couple to each other so that the complete signal is a pair of dou 
Wets. You would expect geminal coupling constants to be larger than vicinal ones simply because the 
Hs arc dotcr— wc arc talking about 2/mstcad of * J couplings. A typical vicinal ( ’ /) coupling constant 
for a freely rotating opcn-chain system without nearby dcctroncptive atoms would be 7 H r. A typi 
cal geminal (2/) coupling constant is just twice this, 14 Hz.

The chemical shift differences (Д6) between Hs on the same carbon atom tend to be small
— usually less than I p.p.m.— and the coupling constants / tend to be large so the signals usual I v 
have ДА - I  and arc distorted into an AB pattern. The signal may have any o f the forms indicate.', 
here, depending on the relative sixes o f ДД (the chemical shift difference between the peaks! 
and/.

Л *«  0

The coupling constant is always the difference in  Hz between the two lines o f the same colour in 
these diagrams, but the chemical shifts are not so easily measured. The chemical shift o f each proton 
is at the weighted mean of the two lines— the more distorted the signal, the nearer the chemical ihift 
to that o f the larger inner line.

Examples o f A В systems from diastereotopic CH2 groups
It is time to look at some examples. The insect pheromone frontal in can be drawn like this.

There u  nothing wrong with this drawing except that it faib to explain why the black and green 
hydrogens are different and give a pair of doublets at Дц 3.42 and 2.93 p.p.m., cad i I I I .  /7 Hz (an Л В



Di astereoloptc CH2 groups 839

V
the proton N M R. These protons must be diastereotopic. A conformational diagram

should help. ^  a(om4 are on a diaxial bridge across the six-membered ring. Under the black H 
V,W tom. while under the green I I  is a three-carbon link. If  there were a plane of 

u лп “ *y^ J cfn f a x  two Hs. it would have to be the plane marked by the dashed yellow lines 
0 * " * cXrr ^ jucram . This is not a plane of symmetry and the two Hs art diastereotopic They have /
* lh f C u r v  so they give a Simple AB system. The coupling constant here is small for */— only 7 

should no» surprise you Mnce we have a hve-memhered nng jnd a nearby oxygen

и л и  pdnoptn apply to орет chain compound». 
h и  amino acids. A ll of th t ammo acids in prolorn 

- iv iirv  arc th iral. Glycine has a prcKhir.l C l I,  »roup 
. ( , J  un*let UI the N M R spectrum as tht Hs art 

« Л й о р к -  Sim ilarly, th t N-beniyl derivative of glyune 
has a second prochinl C H j group (N C H jFfc) that gives 
another singlet in the N M R spectrum as these Hs too are

у  v  у
H / r S o ^ l  и / N r ^ C O J

М м Ц  (frctne

The plane of the paper is a plane of symmetry for 
both these C H j groups in the way they are drawn here. 
The N-benzyl derivatives of the other amino aculs are 
quite different. Each shows an AB signal for the N C H jPh  
group because these molecule* have stereogenic centres 
and there arc no planes of symmetry. The Hs of the

- y  v - y

4an«te

In the way in which the molecule is drawn, the brown H is on the same side as the Me group and 
the yellow H on the other It does not matter that there is free rotation in this molecule there is no 
conformation you can draw in which the important plane, passing between the diastereotopic Hs 
through their carbon atom, is a plane o f symmetry.
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ThcABX system
It U more common to find diastereotopic C H 2 groups w ith neighbours, and the most common s.l(j 
ation is that in which there is one neighbour, giving an A BX  system. W e w ill outline diagram m 4 U 
ly what we expect. Let’s start w ith the A B system for thc diastereotopic C H j group and the singly Г 
thc neighbour, which we call 'X* because it’s at a quite different chemical shift.

Now we must add the coupling between A and X  and between В  and X  Since A and B ^ e  differ 
ent, there is no reason why /AX and fox should be the same. One is normally larger than the other, 
and both arc norm ally smaller than /AB, since /AX and fox are vicinal 3/couplings while /Ан is a gem 
in a l2 J  coupling. W e shall arbitrarily put /дх > fox m this example.
д в A В

11
You can read /дх and fox from the AB part of the signal quite easily by measuring the distance between 

each pair o f lines, in Hz. If  you want to read them from the X part, remember that it is made up like thu.
Л. 4a

<ouc* w(h A —*4 H*—

_L ---  _U_ JL
In  the signal for X , the larger coupling, /дх, is the spacing between lines 1 and 3 or between lino  2 

and 4 while thc smaller coupling, /цх, is the spacing between lines I and 2 or 3 and 4. Naturally, /д* 
and fox are the same whether you measure them in  the A B signal or in the X  signal.

W hen aspartic acid is dissolved in  D 2O  
with NaOD present, all O l I and N112 protons 
are exchanged for deuterium atoms and do 
not show up in the spectrum— the molecule

V V
- т е

M M

200 MM* r  DjO/NaOO *лтi
-1— '— 1— '— 1— 1— 1— '— 1— ■— 1— ■— 1— •— 1— ■— 1— ■— 1— ■— 1— ■— 1------
1.4 4 .2  4 .0  3 .8  3 .6  3 .4  3 .2  3 .0  2 .B  2 .6  2 .4  2 .2  p P »"• 

The spectrum consists of a beautiful A BX system w ith the brown proton as a double doublet at 611 
3.45 p.p.m. and the black and green protons as an A B pair between 2 and 3 p.p.m. The coupl" ? 
between red and green is typ ical 15 Hz.



Geminal coupling in slu-membered rings 841

M ore com ple* exam ples
h ,» s„ „ „ d  all along that diastfrrotopit C H ; groups may b» «paratcd in Ih t proton NM R bul 

у/e h a «  ^ )UJ, happen lhal the chnnnal ihift Jiffc icn .r u m o  giving an ifllrm  It u not 
И  p m lk t which diaslercotopii С И , group» w ill bt rcvealtd in Ih t N M R sp^lrum  as ЛВ 
Р ° " i and which as A j. Both may even appear in the same molecule. А» an example, consider the 

[ jhown bekm. The brown hydrogen ha» a >cry complicated signal coupling to four other
yhe spectrum for these four hydrogens ь  also complicated hut may be simplified by irra 

T i n *  the brown hydrogen to remove any coupling to il Then wc «.an dearly *ce that one O lj  
^ ^ ^ ih o w i itself as diastereotopu while the other does not hrom the chemical shifts we may (fuess 
Jl^tThe O IjO  group is the A2X system at 3.7 p.p.m. and that it u  the one in the ring that gives the 

ABX system.

) , |  J.7  J . S  J . J  p p m .  

м п м  «в** Ы 300 ш *1 ш т  «цчл«*«

As a general guide, СН 2 groups close to a stereogemc centre are more likely to be revealed as 
diastereotopic than those further away. Those in part of a structure with a fixed conformation are 
more likely to be revealed as diastereotopic than those in a flexible, freely rotating part of the mole 
culc.

In  this molecule, all three marked C H 2 groups are 
diastereotopic, but it is more likely that the ones next to the 
Itereogcnu centre, whether in the nng or in the open chain.
«rill show up as AB systems in the N M R. The remote C H j 
group at the end of the chain is more likely to be A2 in the 
NM R, but one cannot be sure. You must be able to recognise diastereotopic C H 2 groups and to 
interpret AB and ABX systems in the N M R. You must also not be surprised when a diastereotopu 
CH2 group appears in the N M R spectrum as an A2 or A2X  system.

Ch30*f ЫГ.ОП, 
м  a unj0et end one •» *n

Geminal coupling in six-membered rings
W hile we were discussing coupling in rings earlier in the chapter we avoided the question of geminal 
coupling by never considering the C H ; groups in the ring. In  practice there w ill often be 
duster cot орн. C H 2 groups in six-membered nngs. As an example, we w ill look at a problem in struc
ture determination o f a rather complex 
molecule. It is pederin, the toxic principle 
Of the blister beetle PatiUrus fuxipn. After
ю те  incorrect early suggestions, the actu- он H
al structure o f the compound was eventu- 
•Dy deduced.

W e are not going to discuss the full structure elucidation, but w ill concentrate on the stereo 
cbemistry of the right-hand ring. You can see that there is a C H 2 group in this nng and it has. 
of course, diastereotopic Hs. At first the OH group was placed at the wrong position on the ring, 
out a careful analysis of the N M R spectrum put this nght and also gave the stereochemistry The 

** (green) protons on the ring gave these signals (left-hand part of the molecule omitted for 
d*rity).
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Ah l-85(lH.ddd. >5.10.12)
2.10<1H. ddd. J3 . 4.12)
3.75(1H. dd. У4.10)

3.85 (1M. ddd. J3 .5.8)
4.00 (IN  tfd. 7 3.7)

Three o f the protons have shifts 8ц 3—4 p.p.m. and are obviously on carbon* attached to oxv f̂|) 
atoms. The other two, 8ц «bout 2 p.p.m., must be the diastereotopic pair at С 5. The coupling or * 
Hz, which appears in both signals, must be the gemynal coupling and the other couplings arc foUr̂  
in the signals at 8ц 3.7S and 3.85 p.p.m. The signal at 8ц 3.75 О Me
p.p.m. has no other couplings and must be from G4 so that ^ ^
leaves 8ц 3.85 p.p.m. for the hydrogen atom at C6 which ia I n

also coupled to the hydrogen in the side chain. The 10 Hz o v -
coupling ia axial/axial but the others are all much smaller so 
we can draw the conformation immediately. И

There is just the one axial/axial coupling and so the left-hand side chain must occupy an исц| 
position. This is perhaps a bit surprising— it’s Urge and branched— but the molecule has m* chu*, I 
but to place one o f the two side chains axial.

A surprising reaction product
R - ^ C O *M « 

tO jM a

♦ CO,

♦ MeOH

Chapter 26 revealed that sodium
chloride can be a surprisingly pow- ..........— -»■ R ^ ^ X O jM o
erful reagent. It removes ester 
groups from malonatr derivatives like this.

However, using thu reaction to decarboxytate the malonate shown here did not merely reinovt 
the СО гМ с group. Instead, a compound was formed with a much more complicated N M R sped mm 
than that of the expected product (which was known as it could be made another way). The NMR 
data for both compounds are detailed below.

H,0. DMSO
product X

product X

Ct«MieM0,

product X 

CmHisW0,

«и 7.35-7.25 (3H.m) &c 189.1 *H 7.2-7.4 (5H. m. Pt>)
7.2 (2H.d. J7 ) 189.0 3.65 (ЗИ. s. OMe)
4.45 (lH .d . У14) 138.2 3.45(2H.t, >7)
4.3 (IH , 8. >14) 128.6 2.95-2.85 (2H.m)
3.8 (3H. %. OMe) 128.1 2.85-2.75 (lM .m )
3.45(1M. dd. J  7.10) 127.8 2.6(2H.t. J7 )
3.&(iH.d.>iO) 52.4
2.35-2.25 (IH . m) 46.45
1.9 (IH . dd. >5.10) 46.4
l.l(lH .t> 5 31.5

22Л
20.7



A surprising reaction product

"д product haft U»l M eOH but retained both carbonyl (roups (8 c I M l,  1640 pp.m
T h e v j t i v f i i  In (he 'H  N M R. the phenyl ring and one OM e group arc (till there Thc 

n T k a l'o r * i h » n g  about the 'H  N M R is thc presence of so many coupling». It looks as if all thc 
<JtjKT si'iking t|^ ||y durinct. Indeed we can sec one diastereotopic C ff2 at 4.45 and 4 Jp .p  m 
l ^ o g i  m' ^  ^  'norm al' value and would fit well for the N C H jPh  group. But note the 
* * * / * йцй! For Ю be so Urge Ihe nitrogen atom musl 0

«rn.de. which would also «p la in  the two ac id I  c0 ,Me
^rr^jM 'ie C-O  group» So we have the partial structure on > / У т ^  '  C* 1

* *  'ifth a t a  1еЛ »  C ,H , and this must be htted in where the dotted lines go lin e  геаюпаЫе mtci 
. ,n (h , NM R would be two diastereotopic C H . groups, one with : l  10 and one with J /

’"T iu , linked  by* C l I group
If  this i* the case, what has brought the values of J  down from 14 to 10 and even 5 Hz? 

Bectronegative elements can’t be the culpnts as the only one is nitrogen, but small rrngs could. If. in 
Д о , we simply »°»n these two fragments together in rather a surprising way (the dotted lines sh<m 
how), we get the correct structure.

H
In  this case, the geminal couplings do not help to assign the ctereochemistry— the three- and five 

membered rings can only be fused cis (just try making a model of the tram  compound!)— but they 
do help in assigning the structure.

W e should at this point just recap what we have done here— we made no attempt to work out the 
ftructure by thinking about what the mechanism of the reaction might be. W e used, purely and sim
ply, NM R to work out fragments of the structure which we then put together in a logical way. 
Considering reasonable mechanisms can be a help in structure determination— but it can also be a 
hindrance. If  the product is unexpected, it follows that thc mechanism is unexpected too.

For an example with a four-membered ring, we go back to f}-lactam i Л serious problem «nth 
0-lactam antibiotics is that bacteria develop resistance by evolving enzymes called (J-lactamases, 
which break open thc four-membered ring. In  1984. a team from Beechams reported the excit
ing discovery of some very simple inhibitor» of these enzymes all based on the core structure 
named davulanic acid. This too was a (V-lactam but a much simpler one than the penicillins we saw 
earlier.

The structure elucidation used all the usual spectroscopic techniques as well as X-ray crystallogra 
phy, but it is thc (H N M R that is particularly interesting to us here. Here it is, w ith the assignments 
shown.

§ § L  V . C-v fin. 4 .. 'C-M

t М-7С:2И.Й. J7.6. 18'
*.3  60<1M. ЛЛ, J2 S . 18) .

3.05 (1H. d, J 18) 1

S.M  ilH . t, j  ? *

От*

Notice the very large geminal coupling between the red and the black hydrogens (more of this 
“ J*1) and thc fact that the green hydrogens, though actually diastereotopic. resonate at the same 

m,cal sbift. The os coupling across the four-membered ring is larger (2.5 Hz) than the tram  cou- 
(0 Hz) as expected
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TheПcontribution to geminal coupling
W c began this chaptrr with a diagram ol Taxol. This molecule is 
rather too complex tor us to analyse m detail, but the geminal 
couplings of an important Jo se lv related compound are worth 
noting. Here arc the detail*

The coupling between the black Hs is 20 Hz while that 
between the green Hs is 6 Hz. This is a ralher extreme example as 
the green I Is arc in л four-memhered ring and next to an oxygen 
atom, so they are expected to show a small / value, while the
black Hs are in a six-membered ring and not next tobn electronegative element. Nevenhelev, 20 ц 
is a very large coupling constant. The reason is the adjacent я bond. If  a C H 2 group is next t0 ln 
alkene. aromatic ring, C= 0 group, CN  group, or any other к -bonded functional group, it w ill h4Vt 4 
larger geminal coupling constant. This effect is quite dear in both Taxol and clavulanic acid.

The oxidation of the bicydic amino-kctone shown in the margin demonstrates how useful rh J 
eflect can be. This is the Baeyer-Villiger rearrangement, which you w ill meet in  Chaptei 37 
mechanism is not important here: all you need to know is that it inserts an oxygen atom on one cuj, 
or the other o f the ketone O O  group. The question is— which side?

In  bet, both lactones were isolated 
and the problem then became which 
was which* In  both NM R spectra there 
were AB syvtems at 4.6-4.7 for du 
stereotopic C H 2 groups isolated from 
the rest of the molecule, with 21 = 11.8 
Hz. These arc clearly the black and 
green hydr«>gcm on the benzyl groups 
The coupling constant is reduced by 
the oxygen atom and increased by the 
phenyl's n contribution, so it ends up 
about average.

Both lactones also had dear A BX  systems in the N M R corresponding to the yellow, brown and 
orange protons. In  one compound 10.8 Hx and in the other J /= 18.7 Hz. The smaller value hat 
been reduced by neighbouring oxygen and this must be compound A. The larger value has been 
increased by the Я contribution from the carbonyl group and this must be compound B.

•  The size Ы 2./and 3J  coupling constant*

W e  have now  covered a ll o f the im portant in fluences on the size o f coupling 
constants. T hey are:

• d ihed ral angle: 3/ greatest at 180* and 0*; about 0 H z at 90*
• rin g  size, w hich leads to  ‘spreading out* o f bonds and low er 2J  and  low er 3/ in 

sm all rings
• electronegative atom s, w hich decrease 2/an d  3/ coup ling  constants between 

protons
• К  system s, w hich increase 2/ coup ling  constants between protons

The nuclear Overhauser effect
M any occasions arise when even coupling constants do not help us in our que*t for stereocheni1 1 
inform ation. Consider this simple sequence. Вrom ination of the alkene gives as expected rran> I 
tion and a single diasiereoisomer of the dibromide.

product A



The nuclear Overhauser effect

A - 5-1 ^
Nr»W>*l profetOon jf product

h The vicinal (*/) coupling constant between the two black Hs is 11 H i. This is rather large and can 
be explained by * predominant conformation shown in the Newman projection, with the two large 

oups (PbCO  and Ph) as far from each other as possible, the two medium groups ( B r) as distant as 
M tib lc . and the two black Hs in the places which are left. The dihedral angle between the black Hs is 
then ISO* (they are anti-periplanar) and a large / is reasonable

But now see what happens when we react the dibromide with piperidine A single diastereoisomer 
of an amine i* formed, and there is good evidence that it has the opposite configuration from the 
dibromide; in other words, replacement of Br by N has occurred w ith imrm ion

0

Newmwi aropeban of pouM r
cenfomiat'on of product

W e might expect that ihe conformation would now be different and that, since inversion ha» 
occurred, the two green H* would now be gauche instead of anti-pcnplanar. W ith a dihedral angle of 
tor the coupling constant would be much less. But it isn't. The coupling constant between the green 
Hs is exactly the same ( 11 I I I )  as the coupling constant between the black I Is in the starting material. 
Why? The new substituent (piperidine) is very big. much bigger than Br and probably bigger in three 
dimensions than a flat Ph group. The conformation must change (all we are doing u routing the 
back carbon atom by 120*) so that the two green Hs also have a dihedral angle of 180*.

‘ mofe *nous situation anses when we treat this product with base. An unusual elim ination 
product is formed, in which the amine group has moved next to the ketone. Ih e  reaction is interest 
Wg for this point alone, and one of the problems at the end of the i hapter acks you to suggect a mech 
amsm. But there is added interest, because the product u  also formed as a single geometrical isomer, 

or Z  But which one? There is a hydrogen atom at one end of the alkene but not at the other so we 
t use /coupling constants to find out as there aren’t any.

ItO ° ............. y . .

845



32 - Determination of stereochemistry by spectroscopic methods

► Why you can 't Integrate 
“ C NMR W i l l

you c a ii n u v M  ‘ *C a 
RM iM on o f'*C « «о». nut К  
fastest wrthlots of nearby 
protons. This is the reason that 
you «we often find that -СИ* 
groups show strong aiT'als mtt* 

NMR. mNto quaternary

quaternary carbons retax only 
slowly, so we don't dotect such 
an intense peak. Aflowmg plenty 
of time for ай**C atoms to relax 
between pulses £ves more 
proportlonatty sized peaks, but et 
the expense of a very long NMR 
acquisition time

W hat we need is a method that allows us to tell which groups are dose to one another in [r  
(though not necessarily through bonds) even when there are no coupling constants to help out v *  
fortunately, an effect in N M R known as the nuclear Overhauser effect allows us to do this.

The details o f the origin of the nuclear Overhauser effect are beyond the suipe o f thi> book. hu, 
can give you a general idea of what the effect is. As you learned from Chapter 11, when a proton \  . 
spectrum is acquired, a pulse of radiofrequency electromagnetic radiation jolts the spins of the pro,, 
in the molecule into a higher energy state. The signal we observe is generated by the we spins «Jr, 4 
buck to their original states. In  Chapter 11 it sufficed to assume thal the drop back down wAS 
neoua. just like a rock (ailing off a diff. In  fact it isn't— something needs to hdp* the protom to 4 *  
beck again— a process called relaxation And that ‘something’ a  other nearby magnetically 
nuclei— usually more protons. Notice nearby— nearby in space not through bonds. W ith  proton^ Гсц, 
alien is Cast, and the number of nearby protons does not affcrt the appearance of the N M R арехщ^ 

W e find that, although peak intensity ■ independent of the number of nearby protons, by ^  
methods whoa* description is beyond the scope of this book, it ia possible to make the intrru^ 
respond, to a small exlent, to those protons that are nearby. The idea ia that as certain proton* ц  
groups of identical protons) are irradiated selectively (in  other words, they are jolted into their h ^ . 
energy state and held there by a pulse of radiation at exactly the right frequency— not the broad риЦ 
needed in a normal N M R experiment). Under the conditions of the experiment, this causes prut,** 
that were relying on the irradiated protons to relax them to appear as a slightly more intense ( up t0| 
few per cent) peak in the N M R spectrum. This effect a  known as the nuclear Overhauser effect, and tt* 
increase in intensity of the peak the nudear Overhauser enhancement. Both are shortened to N’OF, 

A ll you need to be aware o f at this stage is that irradiating protons in an N O E experiment pv4 
rise to enhancements at other protons that are nearby in space— no coupling is required, and NOF. « 
not a through-bond phenomenon. The effect also drops off very rapidly, the degree o f e n h a n ce *  
is proportional to l/r* (where r is the distance between the protons) so moving two protons twic« 
far apart decreases the enhancement one can give to the other by a factor of 64. N O E spectra are uu* 
ally presented as differences: the enhanced spectrum minus the unenhanced, so that those proto* 
that change in intensity can be spotted immediatdy.

Applying N O E to the problem in hand solves the structure. If  the protons next to the nitroga 
atom in the pipendine ring are irradiated, the signal for the alkene proton increases in intenutv. я  
these two groups o f protons must be near in space. The compound is the E-alkene.

leads to nuclear олФ*.* ».• 
*nr»««c**4WK v* Hfn*rf Лл to
г+ V * pr̂ 'on

««ftab on  of four 
M black Ms i. so alkene r*»ust toe f

Data from N O E experiments nicely supplement inform ation from coupling constant* Ш 
determination of three-dimensional stereochemistry too. Reduction of this bicydic ketone with! 
bulky hydride reducing agent gives one diastereoisomer o f the alcohol, but which? Irradiation of «4J 
proton next to the O il group leads to an N O E to the green proton.

This suggests thal the two protons are on the same side o f the molecule and that reducU**1 ^  
occurred by hydride ddivery to the face of ihc ketone opposite the two methyl groups on thr 
membered nng.



Thc nuclear Overtwwser effect

l0ff complex example we can return to a lactone (shown in the margin! obtained by 
For a m ^  Y/tefduc ketone sim ilar to the one we mentioned earlier (p 000) When thu com- 

 ̂ ma4ie, two question* arose. W hat was the stereochemistry of the ethyl group, and 
P0**"^ *** j the N M R spectrum belonged to which hydrogen atom? In particular, was il 
^  bl tod»**inf uuh signals of the dustcrcotopK brown and yellow Hs» Three experiments 
P0* 1 j  out, summarized m the diagrams below Fust the C H 2 and then the C H j protons ol 
W e,< i . j  „ „ « m  were irradiated and the other protons were observed. Finally, the green proton was
the ethyi gr,,u»

*ed.

In the first experiment, enhancement of the signals of the black, yellow, and green Hs was 
ofecrved. The ethyl group can route rapidly on the N M R time scale so all the enhancements can be 
explained by the first two conformations. An N O E effect to the yellow but not to the brown H is par 
ticularly significant. Irradiation of thc methyl group led to enhancement of the yellow proton but not 
(he brown, dearly, thc ethyl group is in thc position shown

Irradiation of the green proton, whose stereiHhemistry is now clear, enhanced the orange proton 
and allowed its chemical shift to be determined. Previously, it had been lost in the many CHs in the
MPg4

W c shall finish this chapter by returning to Taxol once more The 
tricyclic compound drawn here was made in 1996 as an intermediate 
for Taxol synthesis. Thc stereochemistry and the conformation of the 
molecule were deduced by a scries of NO E experiments.

Four NOE experiments were carried out. summarized two at a 
time in thc diagrams on the right. Irradiation of the methyl groups 
established that thc black pair were on the same carbon atom and 
hence allowed assignment o f the spectrum Then irradiation of the 

methyl group on saturated carbon established thc 
f of thc green hydrogens and gave the stereochemistry at 

■0W centres.
Next irradiation of thc brown methyl group on a double bond

11 dote to the brown hydrogen and gave the stereo
chemistry at that centre. Finally, irradiation at one of the two methyl 
P®«P* of the CM ej group (yellow ) showed that it was dose to 

Rrecn hydrogens and hence all these three groups were 
* * * * *  *bc centre of the molecule. It's important here to draw 
^ y f a rmational as they do not look very close in the Hat

shown.
eperim ents fixed not only the stereochemistry at all the sterrogeiiK centres but also 

“ ** conformation of the central eight-membered nng to be deduced This ring is outlined in
0,11,4 diagram in the margin and has two chair like sections It is no tns-ial matter to work out 

^ “ •"formations without X-ray data and the NO E result tell» us about the more important con 
fives Г  ***M>lutton'  rather than in the crystal. The alliance between coupling constants and NOE 
Г a powerful method for structural determination
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To conclude...
As you Irjv c  this chapter, you should carry ihe message lhal. while X-ray crystallography is tb f f; 
appeal' w ith regard to determining configuration. N M R can be a very powerful tool too. Analys, " 
coupling constants and nudear Overhauser effects allows:
• determination o f configuration, even in noncrystalline compounds
• determination o f conformation in  solution

As you embark on the next two chapters, whsch describe how t*  make m oleculesetcrcoKlcctuc 
bear in mind that many o f the stereochemical outcomes were deduced using the techniques wr h4J ’ 
described in this chapter. \

Problems
Note. A ll N M R shifts are in  p.p.m. and coupling constants arc quoted in hertz. The usual abbreviations are used: d - doubly 
t с trip let; and q - quartet.
1 A revision problem to start you off easily. A  Pacific sponge 
contains 2.8% dry weight of a sweet smelling o il w ith the 
following spectroscopic details. W hat u  its structure and 
stereochemistry?
Mass spectrum gives form ula: C *H |jO  
IR  1680.1635 cm '1
5 ,, 0.90 (6H . d. 17), 1.00 (3H . t, /7 ). 1.77 (IH . m ), 2.09 (2H . t.1  
7), 2.49 (2 H ,q ./ 7). 5.99 ( IH . d. / 16). and 6.71 (IH . dt. / 16, 7)
<C 8.15 (q ), 22.5 (tw o qs). 28.3 (d ). 33.1 (t). 42.0 (t). 131Я  (d ).
144.9(d). and 191.6(a)

2 Reaction between this aldehyde and ketone in base gives a 
compound A with the *H N M R spectrum: 61.10 (9H ,s), 1.17 (9H, 
s). 6.4 (IH . d. / 15) and 7JO (IH . d. / 15). W hat is its structure?
(D on 't forget stereochem istry!) When this compound reacts with 
H Br it gives compound В  w ith this N M R spcctrum: 6 1.08 (9H . s).
1.13 (9H , s), 2.71 (IH . dd, / 1 A  17.7), 3.25 (dd, / 10.0, 17.7), and 
4.38 ( IH . dd. / 1.9,I0 J)). Suggest a structure, assign the spectrum, 
and give a mechanism for the formation of B.

4  Two diastereotsomers of this cyclic keto 
Lactam have been prepared. The N M R 
spectra have many overlapping signals but 
the proton marked in green can dearly be 
seen. In  isomer A it is 6ц 4.12 ( IH . q. /3 3 ), 
and isomer В  has 6h  3.30 (1H , dt. /4, U , 11).
W hich isomer has which stereochemistry?

t  How  would you determine the stereochemistry of these two 
compounds?

S In  Chapter 20 we set a problem asking you what the 
stereochemistry o f a product was. Now we can give you the N M R 
spectrum of the product and ask: how do we know the 
stereochemistry o f the product? You need only the partial N M R 
spectrum: 6|( 3 9 ( IH . ddq, / 12,4.7) and 4 3 ( IH ,d d . /11.3).

9 The structure and stereo
chem istry o f the antifungal 
antibiotic am bruticin was in 
part deduced from the N M R 
spectrum of this simple
cyclopropane. Interpret the N M R spectrum and show how it gi' 
definite evidence on the stereochemistry.
6h  1.13 (3H . d. /• ). 132 (311. U /7 ). 1.47 (9H . s). 1.71 (IH . U 
5). 2.2 ( IH . ddq. / 5 .12.7). 43 (2H . q. /8 ). 6.05 ( IH . d. /17), 
6.75 ( III,d d ./  17. 12)

7 One of the sugar components in 
the antibiotic kijanim ycin has the 
gross structure and N M R spectrum 
shown below. W hat is its stereo
chemistry? A ll couplings in I Iz. signals 
marked ’ exchange with D jO .
6m  IJ3 (3 H .d ./ 6 ). 1.61* (IH . broad s). 1.87 (iH .d d d .
3.5). 2.21 (lll.d d d ./14.3. 13). 2 J7  ( I I I .  d d ./10.3). 3. 
s). 3.47 (3H , s), 3 99 ( I I I ,  dq. / 10.6). I 33 (311. d. /6». 4 
ddd. / 3. 3. 3 3 ). and 4.79 (IH . dd. /3 3 . 13)

/'*• 
40 '
24, I I I
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•Л* structure o f a W ittig  product intended as a prostaglandin 
*  established by the usual method* except for themod* '

led to *n enhancement o f another signal at &|, 5 72 ( I I I,  t, / 
71)  but not to a signal at 8 „ 3.93 (2H . d. / 7.1). W hat is the
Stereochem istry of the alkene? How is the product formed?

9 Нои- would you determ me the 
gfcreochemistry of this cyclopropane? The 
NM R spectra of the three protons on the nng 
are given: &h  1.64 (IH , dd, /6. S ). 2.07 (IH .
6 U 6 .10), and 2.89 (iH .d d , /10,8).

U  A chemical reaction cm
produces two diastereoisomers S
afthe product. Isomer A has S| | *
3.08 (IH . dt, /4 ,9.9 ) and 4 J2  
(IH . d. / 9, 4) while isomer В
has ft»* 4.27 (IH , d. / 4). The other protons overlap. Isomer В is 
converted into isomer A on treatment with bate. W hat is the 
flfcreochemtstry of A and B?

11 Muscarine, the poisonous principle 
of the death cap mushroom, has the 
following structure and proton N M R 
^ectrum. Assign the spectrum. Can you 
see definite evidence for the 
•rreochemistry> A ll couplings in Hx;
■fnab marked • exchange with D jO .

*11 1.16 (3H, d. /6.5). U K  ( I I I .  ddd. /12.5, 9.5, 5.5), 2.02 (111, 
Щ  1 123, 2Л. 6.0). 3.36 (9H. s), 3.54 (IH . dd. 1 13, 9.0). 3.74 
OH, dd. 1 13. U » , 3.92 (IH , dq, /2.5, 6 5), 4 03 (IH , m), 4 30- 
OH. d. /3.5), « id  4.68 (IH , m).

12 An antifeedant compound that deters 
insects from eating food crops has the gross 
structure shown below. Some of the NM R 
signals that can clearly be made out are also 
given. Since N M R coupling constants are 
clearly useless in assigning the stereo
chemistry. how would you set about it?
5 ,, 2.22 (IH . d. /4 ). 2.99 (IH . dd. /4. 2 4). 4 J6  (IH . d, / I2 J) .  
4.70 (IH . dd. /4 .7 ,11.7), 4.88 (IH . d, / 12.3)

12 The seeds of the Costa Rican plant Ateleui berbery smithit are 
avoided by all seed eaters (except a weevil that adapts them for its 
defence) because they contain two toxic amino acids (IR  spectra 
like other amino adds). Neither compound is chiral. W hat is the 
structure of these compounds? They can easily be separated 
because one (A ) is soluble in aqueous base but the other (B ) is not 
A is C *l l9N 0 4 (mass spectrum) and has &c *4.0 (d ), 40.0 (t), 562  
(s), 184.8 (s), and 186.0 (s). Its proton NM R has three exchang
ing protons on nitrogen and one on oxygen and two complex sig
nals at 6|| 2.68 (411, A jB j part of A 2B2X  system) and 3.37 (X  part 
of A2B jX  system) with /*§ 93, /дх 9.1, and /цх small.
В  is C t H f N O j  (mass spectrum) and has 5 c  38.0 (d ), 41J  (t), 50.4 
(t), 752  (s), and 173.0 (s). Its proton N M R  spectrum contains 
two exchanging protons on nitrogen and 6h 1.17 (2H, ddd. /2 J ,  
6.2, 93 ). 2.31 (2H . broad m ). 2.90 (IH . broad t. /3.2). and 3.40 
(2H. broad s).
Because the coupling pattern did not show up dearly as many of 
the coupling constants are small, decoupling experiments were 
used. Irradiation at &ц 3.4 simplifies the бц 2.3 signal to (2H, 
ddd, / 5.8, 3.2, 2.3), sharpens each line of the ddd at 1.17, and 
sharpens the triplet at 2.9.
Irradiation at 2.9 sharpens the signals at 1.17 and 2.9 and makes 
the signal at 2 J I into a broad doublet, / about 6 Irradiation at 
2 J I  sharpens the signal at 3.4 slightly and reduces the signals at
2.9 and 1.17 to broad singlets. Irradiation at 1. 17 sharpens the sig
nal at 3.4 slightly so that it is a broad doublet. / about 1.0. sharp
ens the signal at 2.9 to  a triplet, and sharpens up the signal at 2.31 
but irradiation here had the least effect
This u  quite a difficult problem but the compounds are so small 
(C * only), have no methyl groups, and have some symmetry so 
you should try drawing structures at an early stage
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Connections

Building on:
• Stereochem istry ch l6
• Conformation»! analysis ch lS
• Determination of stereochem istry by 

spectroscopy ch32

Arriving a t
• Stereoselectivity In cyclic systems Is 

easy to undontamt
о Rattened four-and ftve-membered 

rings are attacked ant/to large 
substituents

о Rattened six-membered rin*s are 
attacked from an axial direction

• Bteycdc structures are attacked on 
the outside face

• Tethering together nucleophile and 
electrophlle forces one 
stereochem ical outcome

о Hydrogen-bonding can reverse the 
normal stereochem ical outcome of a 
reaction

Looking fo rw ard  to:
о D lastereoselectM ty ch34
о Asymmetric synthesis cM 5
• Organic synthesis eh 53
о PertcycMc reactions eh*S-ch3fe

Introduction
This chapter is about rings and stereochemistry. Stereochemistry is easier to understand in cydic 
compounds and that alone might make a separate chapter worthwhile. But there is something much 
more fundamental behind this chapter. Stereochemistry is better behaved in cydic compounds. 
Suppose you were to reduce this ketone to one o f the corresponding alcohols.

м /  N м / \  U €  H

There would be very little  chance of any 
control of stereochemistry at the new 
stereogenic centre (shown in Ыаск). A 
more or leu  50:50 mixture of the two 
d taster eoisomers would be expected.
However, if we p u i up the molecule into a
ring, things are suddenly quite different j ?  thevr м г%
(This is not. of course, a chemical reac
tion— just a thought proem !)

The cydic ketone has a fixed conformation controlled by the determination of the f-butyi 
group to be equatorial. Reduction can be contntlled to give almost exclusively either the axial or the
equatorial alcohol as we explained in Chapter 18. large reagents prefer to approach equal o r ia l l y __________________
while small reagents like to put the new O H group into an equatorial position. These are stereo- î>
w/r* live reactions, and. because the two different outcomes are diastereoisomers. we can caM them n m d ii *»***» on
diast ercosdect i ve.

N your пшпогу of CMpi*> IS  »
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The key to the difference is m the conformations. The cyclic ketone has one conformation and the 
two approaches to the fates of the ketone are very different. The open-chain compound has an indef
inite number o f conformations as rotation about all the C-C  bonds is possible. In  any one con forma 
bon, attack on one face of the ketone or the other may happen to be preferred, but on average there 
w ill be very little difference. There is all the difference in  the world between cyclic and open-chain 
compounds «rhen it comes to stereoselective reactions. This is why we have made this topic into two 
chapters: this one (33) dealing with nngs, the nett (34) w ith what happens without rings.

In  this chapter we shall look at reactions happening to cyclic compounds, reactions that close 
rings (cydizations), and reactions with cyclic intermediates and with cyclic transition states. W e shall 
investigate what happens to stereochemistry when two (or even more) nngs are joined together at a 
bond or at an atom. W e shall sec how stereochemical effects change as the nng size increases from 
three atoms to eight or more. You w ill find that you have met some of the reactions before in this 
book. This chapter collects them together and explains the principles of stereochemical control in 
cyclic systems as well as introducing some new reactions.

Reactions on small rings
Four-mem bered rings can be flat 
The smallest ring that we can conveniently 
work on is four-membcrcd. Saturated four 
membcrcd rings have a slightly bent confor
mation but four-membered lactones arc flat 
The enolates o f these lactones can be made in 
the usual way with ID A  at -78 *C and are 
stable at that temperature.

The formation o f the lithium  enolate is straightforward but it might be expected to be unstable 
because of a am ple elim ination reaction. It is not possible to make open-chain lithium  enolates with 
f) oxygen substituents like this because they do undergo elim ination.

- Д -
But, in the four-mem bered ring, the p orbitals o f the enolate and the C-O single bond arc orthog

onal (see drawing in margin) so that no interaction between them, and no elim ination, can occur. 
The enolate can be combined with dcctrophiles in the usual way (Chapters 26 and 27).
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I f  the (l-lactone has a substituent already then there may be a choke as to which face of the enolate 
is attacked by an dectrophile. Simple alkylation w ith a variety of alkyl halides gives essentially only 
one diaster eo isomer o f the product.

i.  IDA. -?• *C. TMF
« .0 ft ■ Me.

~  ;U  л
\  * * • ' ;  

>9t:2 Я trmns lo *Pr

The enolate. as we have seen, is planar, the 
phenyl group is in the plane (so it doesn't 
matter which of the two possible diastereo- 
isomers o f the starting material is used), and 
the isopropyl group is the only thing out of 
the plane. The electrophile simply adds to the 
face o f the enolate not blocked by the iso
propyl group. This is a very simple case of a 
diastereoselectivc reaction.

Reduction of substituted four-membered 
ring ketones is usually reasonably stereoselec
tive. If  the substituent is in the 3-position and 
small reagents like N aBH 4 are used, the cis 
isomer is favoured.

This result sounds very like the results already noted for six-membered nngs and the expla
nation is sim ilar. Saturated fcnir-memhered ring*— even the ketones— are slightly puckered to 
reduce eclipsing interactions between hydrogen atoms on a d ja ce n t carbon atoms, and 'axial* 
attack by the small nucleophile gives the more stable cis product having both substituents ‘equa
torial'.

►
Thai
<11 In ШИ ^

concerned with вп*г*ют»г, 
аИ or our discussions are ec*,./ 
valid whether the start»*

епагЦюте'кеИу pure, тъ*
produce here, ea In many ntĥ ,
eiemples in t*»e chapter, i4

write <t,

I N - ^ « 0 K

Five-membered rings are flexible
W c discussed 1 he conformation of some live membered nngs in Chapter J2 : a u tu r jlr J fivc m m  
brred nng Ivm ■ «inform ation variously .illrd  a half-chair' or an envelope ll don  look a bit like an 
opened envelope with one atom at the point of the flap, or 11 looks like moat of (five-sixths rather 
than half?) a chair cydohcxanr.

At any one moment, one of the carbon atoms is al the point o f the envelope hut rapid ting f l ip  

pmg equilibrates аЛ these conformets so that all five atoms art. on average, the same Substituted 
cyclopentanes can have subatituenU in pseudoaxial or pseudoequalotal positions or on the point 
poailion. like this.
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The result is a very flexible system that often behaves in stereoselective reactions as if the two posi
tions on any carbon atom are the tame.

o r

U * V  м  you w « Ш т *  t *  
tfucfeMp 0001

A* you can see, reduction of 2-substituted cyclopentanones may not be very stereoselective The 
substituent probably occupies a pseudoequatonal position and the two faces of the ketone are very

nuatotol Jt»at>

W hat selectivity there is (about 3:1) favours pseudoaxial attack in the conformation drawn 
as is reasonable for a small nucleophile The use o f a much more bulky reducing agent such as 
I jB H (* - B u )j  dramatically reverses and increases the stereoselectivity. Fasentially only the ris com
pound is formed because the bulky reagent attacks the side of the carbonyl opposite to the methyl 
group.

Tbs Would be a good point at 
■***» to remind you of «tut wc 

«  Chapter 16. If all the 
,U 'tln* rT’«tart*l» or* »ch.f ы of
!*ce'n*c' *** Products must be 

hn  been the сам  m 
"J* »  ̂  the section. *o far w 
w schapter рщ
"j* * ***> compound but we

done B jt he.e ** do
^  anonoomor o1
jjj^ t^ ean a l.so w e te ta

•wntwrnef of product

M«l«r«sl *Uk*

W hen there are two or three trigonal carbons in the ring, the ring в  flatter, and reactions such as 
enolate alkyiation and conjugate addition give excellent stereoselectivity even with a simple 
cydopentane ring. Unsaturated five-mem bered lactones (‘butenobdes’) give a very dear illustration 
ofstereocheroically controlled conjugate addition There is only one possible stereogenic centre and 
the ring is almost planar so we expect nudeophilk attack to occur from the less hindered face. 
Cuprates are good nucleophiles for this reaction and here Me^CuLi adds to the unsaturated 
lactone.

The starting material was a single eiuntiom er and hence so is the product—an insect pheromone.

K n fc  en jrtw rrw ' of starting m aterial )54<tM^^M«POhd«

It is not even necessary to have a stereogenic centre in an unsaturated ring if we want to create 
stereochemistry. A tandem conjugate addition and alkyiation creates two new stereofenic centres in 
one operation. The conjugate addition of a lithium  cuprate makes a lithium  enolate, which w ill react 
in turn with an alkyl halide The product is usually tram.
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^  —  “  ^ °* х  
The key step u  Ihe alkylation of the enolate intermediate. FnoUtcs in five-membered rings are 

almost flat and the incom ing alkyl halide prefer* the less hindered face away from the recently added 
group R. The example below shows that, if  both new groups have double bonds in their chains, it is 
caster to add a vinyl group as the nucleophile and on ally! group as an deitrophde.

O ur main example of enolate reactions in V
five-membered rings is one o f some general f f  ___f
importance. It illustrates how stereochemical / = \  1 ( '^ x ) 'CuU \  /
information can be transmitted across a ring / V _ _  ___________ f  9 / Я
even though the original source o f that infor- ^  2.
mation may be lost during the reaction. That r
may sound mysterious, but all w ill become clear. The first reaction is to make a five membered cyclic 
acetai from an optically active hydroxy-acid. Our example show» (5)-(*» mandclic acid reacting 
w ith r-BuC IIO .

($H*Hw«d*c add 14:1 cir Irene
Acetai formation involves nudeophilic attack of the O H group on thc aldehyde so there is no 

change at thc stcrcogcnic centre. The stereochemistry of the new (acetai) centre may surprise you—  
why should the л#-»om er be so favoured7 This is a conformational effect as both substituents can 
occupy pseudoequatorial positions.

Now. if  we make the lithium  enolate with LD A . the original *tereogenic centre i* destroyed as that 
carbon bccomcs trigonal. Thc only stereogenic centre left is the newly introduced one at the acetai 
position.

Checfc that you can wnte the 
mechaNwn* for acet*» 
(Chapter 14). Acetai form***-1$

(Chajrter 13). so the product 
produced is the more stable

" V —  ч
ic aldehyde so there is no

LDA. the original stereogenic centre i* destroyed as that 
lie centre left is the newly introduced one at the acctal

-  >*'^ y 00 Ц>* > - ч ^ - о и

The ring is now flattened by thc alkene and reaction o f the enolate with an electrophile i* again a 
simple matter o f addition to thc fk e  o f the enolate opposite to the f-butyl group

rL
>e/Jda*Kreo»cv

If  the acetai is now hydrolysed, the new stereogenic centre is revealed a* an alkylated version o f the 
starting material. It may appear that the alkylation has happened stereoepecifically with retention, 
but what ha* really happened is that thc new stereogenic centre in the acctal intermediate has relayed 
thc stereochemical inform ation through thc reaction.

Five-mcmbered rings also allow us to explore dcctrophilic attack on alkenes. A simple 4-substi
tuted cydopcntcne has two different faces— one on thc same side as the substituent and one on thc 
opposite side. Epoxidation with a peroxy acid occurs preferentially on the less hindered face.
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In  the transition Mate (marked t )  the peroxyacid prefers to be well away from R, even if R is only a 
methyl group. The selectivity is 76:24 with methyl. The opposite stereoselectivity can be achieved by 
bromination in water. The bromomum ion intermediate is formed stercotdcctivcly on the less hin
dered side and the water is forced to attack stereospecifically in an Sn2 reaction from the more hin
dered Bde

-<x

H»nernt*f-NBb acta u  a 
source of electrophilic bromine
sat а  000 or Chaster 20.

Treatment of the product with base (N aO H ) gives an epoxide by another S*j2 reaction in which 
oxygen displaces bromide. This is again stereospecific and gives the epoxide on the same side as the 
group R.

- c C = } c § - } c v ~ 0
Two substituents on the same side of a five-membered ring combine to dictate approach from the 

other side by any reagent, and the two epoxides can be formed each with essentially 100% selectivity.

- н р > ~

Stereochemical control in six-membered rings
From five-membered nngs we move on naturally to six- membered nngs. As well as the opportunity 
for more >tcreogenic centres around the larger ring, we have the additional prospect of confor
mational control— something special to six-membered rings because of their well-defined con
formational properties. W e shall start with simple reactions occurring on the opposite face to 
existing substituents and move on to conformational control, particularly to one theme— axial 
addition.

First, something about thermodynamic control. Because of the strong preference for substituents 
to adopt the equatorial position, diastereoisomers may equilibrate by processes such an enolization. 
For example, this fine perfumery material is made worthless by enolization.

-xc r ^ . xc r
mtenae Itowenr perti*r*e odourless
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T V  situation it bad because the w orthies compound is preferred in the equilibrium  mixture 
(92Я ). ТЪи is because the two substituents are both equatorial in the trow-потает.

Although a disadvantage here, in other cases equilibration to the more stable alt-equatorial confor
mation can be a useful source o f stereochemical control. You w ill very shortly see an example of this.

W e discussed the reduction of cydohexanonet in Chapter I t  and established that reducing agents 
prefer the equatorial approach while small reagents may prefer to pul the O H group in the more sta
ble equatorial position If  the nucleophile it not H  but something larger than O H then wc can expect 
equatorial attack to dom inate both became o f eaae o f approach aad because of product stability.

A simple example is the addition of PhLi to the hetcrocydic ketone below w hid i has one methyl 
group next to the carbonyl group. This methyl group occupies an equatorial position and the incom
ing phenyl group also prefen the equatorial approach so thal good sleieoaeiectivity it observed

This product wat uaed ia  the preparation of the analgetic drug alphaprodine. W e shall represent 
the reaction now in configurational terms. It it important fur you to recognize and be able to draw 
both configurational (a t below) and conformational I at above) diagrams.

W hen the stereogenic centre it further away from the site of attack, the ttereoselectmty may not 
he so good. Zeneca have aonouncrd the manufacture o f a drag by the addition of a lilh ialcd  thio- 
phene to another heterocyclic ketone, which in itially gave a mixture o f diastercnianmm.

Such a mixture is no good for manufacture of a pure drug, hut the casnpound can be equilibrated 
in dilute acid by repeated S J  formation o f a tertiary benrybc cation and recapture by water to  that 
the required product (whtch it more ttable at К has both Me and the Ihiophene equatorial) dominates 
by 924 and can be purified by crystallization The unwanted itoraer can be recycled in the nest batch.

Stereoselectivity in reactions of six-membcrcd rings V
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In  these reactions the molecule has a free choice whether to place a substituent in an axial or equa
torial position and this is the only consideration because the starting materials in the reactions— 
ketones or carbocations— have six-membered nngs that are already in the chair conformation even 
though ihey have one trigonal (sp2) atom in the ring

Axial attack is preferred with unsaturated six membered rings
W hen the starting material for a reaction has two or more tngonal (sp2) atoms in the ring, it is no 
longer in the chair conformation. In  these cases, the stereochemistry of the reaction is likely to be dri- 

m Chapter by the need for the transition state and product to have a chair ratheT than a boat conformation,
now develop it This can override the preference for substituents to go into equatorial positions. This is the basis for 

axial attack on enolates, cyclohcxenes, and cnoncs.

•  The number of trigonal carbon atoms In the ring Is Important

•  Six-membered rings with one trigonal (sp2) carbon atom can undergo axial or 
equatorial attack

•  Six-membered rings with two or more trigonal carbon atoms undergo axial 
attack in order to form chairs rather than boats. The final product may end 
up with axial or equatorial substitution, but this is not a consideration in the 
reaction itsdf

■5»

Alkylations of enolates, enamincs, and sahyi enol ethers of cydohexanone usually show substantial 
preference for axial attack. The enamine of 4-r-butyfcydohcxanone. which has a fixed conformation 
because of the r-butyl group, gives 90% axial alkylation and only 10% equatorial alkytation with ft-Prl.

90% (rant product
It is a simple matter to show 

that the preferred product has 
the new propyl group in the 
axial position because both the
starting ketone and the prod- ----------- У  2. n+r\
uct have chair conformations S. AcOM. M20 V /
with the r-butyl equatorial.

To get at the explanation we need to look at the conformation of the enamine intermediate. At 
this point we shall generalize a bit more and wnte a structure that represents any enol derivative 

/ X  where X  may be O H , O ", OSiM e*, N R j, and so on. The conformation has a double bond in the ring, 
Ж and is a partially flattened chair, as described in Chapter 18.

The r-butyl group is in an equatorial position at the back of the ring. The dectrophile must 
approach the enol derivative from more or less directly above or below because only then can it 
attack one of the lobes of the p orbital at the enol position shown in yellow The top of the molecule 
looks to be more open to attack so we shall try that approach first. 

efcctropNte

t  the top -

Ж©
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As (he dectrophile bonds lo  thc trigonal carbon atom, (hat atom must become tetrahedral and it 
does so by forming a vertical bond upwards. The result is shown in thc diagram— the ring turns into 
a twist-boat conformation. Now. o f course, after thc reaction is over, the ring can flip  into a chair 
conformation and the new substituent w ill then be equatorial, but that information is not present in 
the transition state for the reaction. W e could say that, at the time of reaction, the molecule doesn't 
'know ' it can b ier be better off and get the substituent equatorial all it sees is the formation of an 
unstable twist boat w ith a high-energy transition stale leading lo  it

e гы wwt oo« <hc ъ т .  <\ 
could ir ftlb p

doit. 0*0 п л и . Щ A

=  >L
Attack from the apparently more hindered bottom (ace makes the trigonal carbon atom turn 

tetrahedral in the opposite sense by forming a vertical bond to the dectrophile downwards. The nog 
goes directly to a chair form with the dectrophile in  the axial position.

H,0

v_!- I
I  llf  dfOfWll
?  •РР'ОЛСЫ% gW
f ®  tom the bottom

W hen the carbonyl group is restored by hydrotysu (if  necessary— X  may be О  already) the nng 
need not flip: it's already a chair w ith thc f-butyl equatorial, and thc new substituent is axial on thc 
chair. This is the observed product of the reaction.

It's  important that you understand what is going on here. The reagent has to attack from an 
axial direction lo  interact with thc p orbitaL If  it attacks from above, thc new substituent is 
axial on an unstable tw ist boat. If  it attacks from below, thc new substituent is on a chair—  
granted, this is not as good as equatorial on a chair, but that’s not an option— it has to be axial 
on something, and a chair is better than a twist boat. So this is the product that forms. It’s just hard 
luck for the substituent that it can't know that if  it JH  weather it out on the twist boat it could 
later get equatorial— it plumps for life on thc easy chair and so has to be contcnt with ending up 
axial.

Here is an example w ith an unsaturated carbonyl compound as an dectrophile: the reaction is 
M ithad  addition. The krtonc here is slightly different— it has thc f-butyi group in the 3* rather than
I he 4-position and ihe reacting centre becomes quaternary during thc M id iad  reaction. But the 
result is still axial attack.

This result is more impressive because the large dectrophile ends up on the ш те  side o f the ring 
as the f-butyl group, so the stereosdectivity cannot be based on any simple idea of reaction on thc 
less hindered side of thc ring. It is genuine axial attack, as the conformational diagram of the product 
c(»n firms

op



33 • Stereoselective reactions of cyclic compounds 
•60 _______________________________________ _____ ______

Cydohexenones are even flatter than cyclohexenes, but it is convenient to draw them in a similar 
conformation. Conjugate addition to this substituted cyclohexenone gives the tram  product.

This is also axial addition to form a chair directly ( rather than a twist boat) with the nucleophile 
rfso get the nghl approaching from the bottom W e must draw the ring as a flattened chair.

jfoMhe wrong reason by И®
Itnat the nueieopMe R 4 R

from the I*

r 4-
The 5-alkyl cydohcxenone that wc have chosen as our example gives the best results. The mecha

nism suggests that the enolate intermediate is protonated on the top face (axial addition ф т )  
though we cannot tell this. But, if  we carry out a tandem reaction with the enolate trapped by s dif
ferent dectrophile, the product is again that of axial attack.

W e shall end this section on conformational control in six-mem bered rings with the preparation 
of a useful chiral molecule 8-phenyimenthol from the natural product (*)-(♦  )-pulegooe The first 
step is a conjugate addition to an exocydic alkene. A new stereogenic centre is formed by protona- 
tion of the enolate intermediate but with virtually no stereoselectivity.

Sfc45 of

Now thermodynamic control can be brought into play. The position next to the ketone can be 
epimerized via the enolate to give the more stable isomer with both substituents equatorial. This 
improves the ratio of diastereoisomers from 55:45 to 87:13.

c i f  c V - Л
/ p v  •иЬлл* пи •**Лоп*

55 4? пн<мг* -
diaot#t%oiaonwfs

Now the ketone can be reduced with a small reagent— Na in r-PrOH works well— to put the 
hydroxyl group equatorial. This means that all the product has O H tram to the large group next to

t



Conformational control In the formation of six numbered nngs

the ketone, though it is still an 87:13 mixture of diastereoisomers w ith rcspect to the relative con
figuration at the centre bearing Me.

Nam итои

You can t eet much J

the major, all-equatorial one is the useful one (sec Chapter 45). This is an impressive example of con
formational control by thermodynamic and by kinetic means using only a distant methyl group in a 
kix-membered ring.

Conformational control in the formation of six-membered 
rings
In  Chapter 32 we solved a structural problem from the aldol reaction o f pentan-3-one and 
4 -chloroben/aldehyde in basic solution. The product turned out to be a six-membered cyclic 
keto-ether. q

Once you know the gross structure of the product, the stereochemistry should be no surprise. 
This is a typical thermodynam ically controlled formation o f a six-membered ring with all the sub

Any reaction that is reversible and that forms a six-membered ring can be expected to put as many 
substituents as possible in the thermodynamically favourable equatorial position. This principle can 
be used in structure determination too. Suppose you have one diastereoisomer of a 1.3-diol and you 
want to find out which stereoisomer it is.

Having read Chapter 32 you might think of using the N M R coupling constants o f the two black 
protons. But that w ill do no good because the molecule has no fixed conformation. Free rotation 
about all the О bonds means that the Karplus ?
equation cannot be used as a time-averaged
/ value of about 6-7 H r w ill probably be H Q  И
observed for both protons regardless of stereo- И
chemistry. But suppose «re make aa acetal 
from the 1,3-diol w ith benzaldehyde.

This may not seem to help much. But acetal formation is under thermodynamic control, so the 
most stable possible conformation w ill result with the large phenyl group equatorial and the two R 
groups either both equatorial or one equatorial and one axial, depending on which diastereoisomer 
you started with.

"XX" — • "T T "  —
tfvfs Vi 9C€*M Щ u vfjt g*e\ m thU n r*

Now the molecule has a fixed conformation and the coupling constants of the black Hs to the 
neighbounng C H 2 group can be determined— an axial H w ill show one large / value, an equatorial H  
only small / values.
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This section Km  been strong on thermodynamic control but weak on the more common kinetic 
control This w ill be remedied in Chapter 35 where you w ill meet the т о й  important cyduation 
reaction of all— the DieU-Alder reaction. It is under kinetic control and there is a great deal of 
stereochemistry associated with it.

Stereochemistry of bicydic compounds
There are broadly three kinds of bundle compounds, some of which you have met before (Chapter 
18, for example). If  wc imagine adding a new five-membered ring to one already there, we could do 
this in a bridged, fused, or sprm fashion. Bridged bicydic compounds are just what the name 
implies— a bridge of atom (s) is thrown across from one side of the ring to the other. Fused bicydic 
compounds have one bond common to both rings, while spire compounds have one atom common 
to both rings.

You w ill notice that these three type* o f bicydic compounds with hve-membered rings have d if
ferent numbers of atoms added to a parent' five-membered rin f. The bridged compound has two 
extra atoms, the fused compound three, and the spnn compound four. These are marked m green 
with the original five-membercd ring in red. W c shall consider stereoselectivity in each of these types 
of bicydic ring systems, starting with bridged structures

A selection of important bridged bicydic compounds is shown below, with the various nng sires 
indicated in black.

'Jb6
OA8CO 

D'AjafMCnt-Улд enm

Bridged structures (sometimes called cage structures) are generally 
Поп among these examples is the bottom right-hand portion of ci 
the stereochemistry o f their reactions.

Attack on this unsubstituted bridged ketone— norhoman* 
side of the one-atom bridge rather than the two-atom bridge

very rigid— the only excep- 
This rigidity is reflected in

■occurs predominantly from the

► s a  s s

.£yr=-JbC JbC%

This selectivity is completely reversed 
two methyl groups. One of these must

camphor because the one-atom bridge then carries 
over the line of approach of the hydride reducing

с Ъ с
The two methyl groups on the bridge of the camphor molecule are key features in stereoselective 

reactions—take them away and the result often changes dramatically. This bicydic system, with and 
without methyl groups, has been so w iddy used to establish stereochemical principles that thc two 
faces of. say. the ketone group in camphor, or the alkene in norbornene, have been given the names 
endc and exo These refer to inside (endo) and outside (exo) the boat-shaped их-membered nng 
highlighted и



Fused bicyclic compounds

Like LiA IH * reduction, addition of a Grignard reagent to camphor occurs almost entirely from 
the endo face, but almost entirely from the exa face with norbomanone.

c w  norbom ar»,» j

In  a sim ilar style, epoxidation of the two alkenes is totally stereoselective, occurring exo in nor- 
bornene and enJo when methyl groups are present on the bridge. These stereoselectivities would be 
remarkable in a simple monocydic compound, but in  a rigid bridged bicydic structure they are 
almost to be expected.

Reactions that break open bridged molecules preserve stereochemistry
Some powerful oxidizing agenu are able to cleave C -C  bonds, as you w ill see in Chapter 35. 
Oxidation of camphor in this way produces a diacid known as camphoric ad d  The usual recent is 
n itric add (H N O j) and oxidation goes via camphor's cnoL

евтфо» anal camphonc aod

Because the bridge hold* the molecule in a fixed conformation, the cleaved diacid has to have a 
specific stereochemistry. There is no change at the stereogenic centres, so the reaction must give 
retention of configuration. W e can confidently write the structure of camphoric acid w ith cu-COjH 
groups, but any doubt is dispelled by the ability of camphoric acid to form a bridged bicydic 
anhydride.

Fused bicyclic compounds 
rram-Fusnl rings
The ring junction of a fused 5/6-membered ring system can have cuor tram  stereochemistry, and so 
can any pair o f larger rings. For smaller nngs. Irons S/S- and 4/6 ring junctions can be made, with 
difficulty, but with smaller nngs tram  ring junctions are essentially impossible.

The rrufu-fused 6/6 system*— fram detalias— have 
been very widely studied because they appear in steroids 
(Chapter 51). Their conformation is discussed in 
Chapter IS  and conformational control simply extends 
what we saw with simple six-membered nngs.

A  6/6 fused system w ill prefer a hum  ring function as 
fruns-decal ins (Chapter IS ) have all-chair structures 
with every bond staggered from every other bond, as 
you can see from the diagram alongside. W e can show

►
Not* that only one er*o< t ̂  
enohration the ether »«y *ojkj 
lead to an impossible plsrw 
carbon at the brtdeehe*i 
position. See p. 000.

camrfronc anhydride

►
Anhydride formation wtth acetic 
anhydride foes via attach or on* 
aod roup on AcjO to for- 1 
misad anhydnde. foMowed ty 
displacement of AcOH by tbe 
other acid group.

Ф
5 A  can tw 

<* cH
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:

(his by giving a 6/6 system the choice: reducing this enonc with lithium  metal gives a lithium  eno
late (Chapter 26). Protonation of this anion with the solvent (liquid ammonia) gives a tram  nng
junction.

The lithium  enolate remains and can be alkylated with an alkyl halide in the usual way. When 
there are hydrogen atoms at both ring junction positions, axial alkyiation occurs just as you should 
now expect, and a new ketone with three stereogenic centres is formed with >954 stereoselectivity.

■ 'Ф
>95» this (SMtareoisomer I

However, if there is anything else— even a methyl group— at the ring junction, so that axial 
approach would give a bad 1.3 diaxial interaction in the transition state, the stereoselectivity switch
es to >954 equatorial alkyiation. This unexpected reversal of normal stcreosdectiviry is a result of 
the extra rigidity o f the rmm-decalin system.

^  >95% this d iite iio iio iM i I

In  most reactions of mms-decalins, the conformational principles of simple six-membered nngs 
can be used, but you may expect tighter control from the greater rigidity. If  you wish to design a mol 
ecule where you arc quite certain o f the conformation, a rrom-decalin u  a better bet than even a f- 
butyl cyclohexaoc as rrum-decalins cannot flip.

ей-Fused rings
Almost any os-fused junction from 3/3 upwards can 
be made. Bicyclo[1.1.0)butane exists, though it is not 
m y  stable. ds-Fuaed 4/5. 4/6. and 5/5 systems arc 
common and arc much more stable than thdr tram-

€□
Any method of making such bicydic compounds 

w ill automatically form this stereochemistry. An important method of stereochemical control that we 
have not used so far in this chapter is catalytic hydrogenation of alkenes, which adds a molecule of 
hydrogen slcreospccifually n i If  the reaction also makes a fused ring system. H may show stereo- 
sdcctm ry too. Here is an example with 5/5 fused nngs 

The two new hydrogen atoms 
(shown in black) must, of course, add

i и  a conse
quence of the stcreospecificity of the 
reaction. W hat is interesting is that



Fused bicydic compounds

they have also added (is  lo  the green hydrogen atom that was already there. This approach does give 
the more stable cis nng junction but the stereochemistry really arises because the other ring hinders 
approach to the other fact of thc alkene. Think o f it this way. the alkene has two different faces. On 
«me side there is the green hydrogen atom, and on the other the Mack parts o f the second ring. To get 
hydrogenated, thc alkene must lie more or less flat on the catalyst surface and that is easier on thc top 
Lee as drawn.

If  one o f the ring junctions is a nitrogen atom, we might think that there it no question of stereo
chemistry because pyram idal nitrogen inverts rapidly. So it does, but if  it is constrained in  a small 
ring, it usually choose» one pyram idal conformation and sticks to it. The next case is rather like the

Here again the two black hydrogens have added stereospecifically cis, but there is no stereogenic 
centre in the starting material to control stereoselectivity. So what is there to discuss? If  the product is 
treated w ith a tertiary am ine base (actually D BN  is used), it equilibrates to the other diastereoisomer 
via the ester enolate.

/ M l o ^ t

It is easy to see how the equilibration happens as the enolate can be protonated at the front or the 
back, but why should it prefer the second structure? This is thermodynamic control and results from 
the ‘disguised’ cis ring junction. Because it is more stable to have two five-membered rings cw-fused. the 
nitrogen atom is slightly (only slightly, because it is part of an amide) pyramidalized in that direction.

V c - ^ r
The molecule folds along the O-N bond common to both rings so that it looks rather like that 

half-opened book that you put face downwards on the table while you answered the phone. The ester 
group much prefers to be in free space outside the folded rings and not cramped inside them.

This is the key to см-fused bicydic nng*— everything happens on the ouuide (on the cover o f the 
book). Nucleophiles add to carbonyl groups from the outside, enolates react with alkyl halides or 
Michael acceptors on the outside, and dkenes react with peroxyacids on the outside. Notice that this 
means the same side a* the substituents at the ring junction. Thc rings are folded away from these 
substituent* that arc on thc outside.
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A real example comes in the acylation (Chapter 28) of the etiolate 
from the keto-acetai above and alongside. The molecule is folded 
downwards and the enolate is etientiaDy planar. Addition presumably 
occurs entirely from the outside, though the final stereochemistry of 
the product is controlled thermodynamically because of reversible 
endization of the product: whatever the explanation, Ihe black ester 
group prefers the outside.

Reduction of the ketone product also occurs exclusively from the outside and thu has the ironic 
effect of pushing the new OH group into the inside position. Attack from the inside is very hindered 
in this molecule because one of the acetai oxygen atoms is nght on thc flight path. You w ill see more 
in a moment on how to force groups into the inside.

A simple example of epoxidation occurs on a cydobutane fused to a five-membered ring. This is a 
very rigid system and attack occurs exclusively from the outside to give a single epoxide in good 
yield.

Epoxidation u stereospecific and a»—-both new C-O  bonds have to be on the same face of the old 
alkene. But Chapter 20 introduced you to several dcitrophOic additions to alkenes that were stereo
specific and tram, many of them proceeding through a bromomum ion. If  slereotpebfic tram  addi-

*  n w  Mum Of tion occurs on a cis-fused bicydic alkene, the dectrophfle w ill first add to the outside of the fold, and 
the nucleophile w ill then be forced to add from the inside. A telling example occurs when the 4/5 
fused unsaturated ketone below is treated with V-bromoocetamide ui water.

ф ' .  X f  —

The bromonium ion is formed on the outside o f the rigid structure and the water is then forced to 
add from the inside to get tram  addition. As well as exhibiting siereospecifidty ( tram  addition) and 
stereoselectivity (bromonium forms on outside), this reaction also exhibits regioselectivity in the
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attack of water on the bromonium ion. W ater must come from inside, but it attacks the less hindered 
end o f the bromonium ion, keeping as far from the ’spine of the half-open book’ as possible.

T S f c - -  - Jte fe-
a

After protection of the O H group, treatment with base closes a three-membered ring to give a 
remarkably strained molecule. The ketone forms an enolate and the enolate attack*.the alkyl bro
mide intramoleculaHy to close the third nng. This enolate is in just the right position to  attack the 
C-Br bond from the back, precisely because o f the folding o f the molecule.

Inside/outside selectivity may allow the distinction between two otherwise sim ilar functional 
groups. 1Ъе см-fused bicyclic diester below may look at first rather symmetrical but ester hydrolysis 
leaves one o f the two esters alone while the other is converted to an acid.

TNsmolocula now has three
H11 nt s  j 

fused togethor in a trtcycfe. c«gt 
structure TNa it nowherrr*»^ j 
the an* forcaftmolecules ><*
aawte'rfrNiu'H tatahe** * , 
Chapter 15. and you w.И 
O atfer 37 how even molecuic» 
auch as Cuban* can be m *v

с ^ с ^ - с в :
O nly the outside ester— on the same side as the ring junction Hs— is hydrolysed. In  the mecha

nism for ester hydrolysis, the rate-determining step is the attack by the hydroxide ion so the func
tional group increases in size in the vital step. This w ill be much easier for the free outside C O jEt 
group than for the one inside the half-open book.

i« / с »  j  ° h

The end result is that the larger of the two groups is on the inside! There are other ways to do this 
too. If  we alkylate the enolate of a bicydic lactone, the alkyl group (black) goes on the outside as expect
ed But what w ill happen if  we repeat the alleviation w ith a different alkyl group? The new enolate w ill be 
flat and the stereochemistry at the enolate carbon w ill be lost. When the new • Ik rU u M tc o n » » .*  
w ill approach from the outside (green) and push the alkyl group already there into the inside.

f N W iW  й И Я1 fo*«* on to

Should you wish to reverse the positions of the two groups, you simply add them in the reverse 
order. W hichever group is added first finishes on the inside; the other finishes on the outside.

Before we move on to ns-decalins, here is a sequence o f reactions that starts with a symmetrical 
eight-membered ring w ith no stereogenic centres and ends w ith two fused five-membered rings with 
five stereogenic centres, a ll controlled by stcreospecific reactions, some with stereoselective aspects 
controlled by cis-fused rings.

8 6 8
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The first step is a reaction you haven’t yet met— it comes in Chapter 47. A ll you need to know 
now is that the reagent, a boron containing compound called 9-borabtcyclononane (9-BBN). 
hydrates one of the double bonds in the reverse fashion to what you would expect with acid or I Ig2* 
(Chapter 20) and stereocpecifically (H  and O H go tn os). The resulting alcohol is mesylated (p. 000) 
in  the usual way. This puts in H  and OM s siereoapedficaOy os to each other.

(•action has fon* *4th mwrvon.
lo *  at n th * fine

I04*d In green The okl OMs
___И  iuwnwarrti from tt\« Mn>
*id  toward• you. out oMhe P*C*
Tb*"*w bond forms upward fujm
* .  Mr*. т о м а Н м а Ш Г  bom 
where Vt* old CO bond was. and

Now  comes the first really interesting step. The other alkene does an intramolecular S^2 reaction 
to displace the mesylate with inversion and form two fused five-membered rings. H ie  ring junction 

is as, of course.

**jC O i

aocenmodale * * t by Tmwrtmf 
M x arm id H M irb 'H i

IH a ia tK iliilo tr^ M r ккш м  

a**a> wamoie о» a 000 Ы О Ш *

5.S n n f junction forma cm

The resulting tertiary cation is not isolated but quenched in  the reaction mixture with «eater. One 
new stereogenic centre is set up in  the cydization and another in the reaction w ith water. In  the 
cydization the molecule prefers to fold in such a way that the new ring junction is cis.

Addition of water to the cation occun from the outside- but, in bet. this is unimportant as that 
stereogenic centre is about to be lost anyway. Treatment wkhTsQ  causes an E2onfi elimination. The only 
proton anti to the OTs group is away from the ring function, so this is where the new double bond goes.

Finally, a second hydrohoration with 9-BBN occurs regiospecifically and on the 
folded molecule. This reaction adds the last two centres making five Wi all.

outside of the

c iy  Detail и v: ns-fused six-membered rings
First a bnef reminder of the conformation of ns-decalms (see Chapter 18). Unlike rrarif-decalins, 
which are rigid, they can flip rapidly between two all-chair conformations. During the flip, all
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substitutents change their conformation. The substituent R is axial on ring В  in the first conform a
tion but equatorial in the second. The nng junction Hs are always axial on one ring and equatorial on 
the other. The green hydrogen is equatorial on ring A and axial on nng В  in the first conformation 
and vice versa in the second. O f course, they arc ris in both. Весаиьс R gets equatorial, the second 
conformation is preferred in this case.

rtm В

nngA

A standard reaction that gives substituted decalins is the Robinson annelation (Chapter 29). A 
Robinson annelation product available in quantity is the keto-enone known sometimes as the 
W idand-M icsd ier ketone and used widely in steroid synthesis. The nonconjugated keto group can 
be protected or reduced without touching the more stable conjugated enone.

If  either o f these products is reduced with hydrogen and a Pd catalyst (the alcohol is first made 
into a tm yiatc). the rts-decalin is formed. W e saw a few pages back that the same kind of enones 
can be reduced with lithium  metal in liquid ammonia and that then the more stable from-drcalin 
results.

The гй-decalin is formed because the enone. though flattened, is already folded to some extent. A 
conformational drawing of either molecule shows that the top surface is better able to bind to the flat 
surface o f the catalyst. Each of these products shows interesting stereoselective reactions. The ketal 
can be converted into an alkene by Grignard addition and E l elim ination and then epoxidixed. 
Everything happens from the outside as expected with the result that the methyl group is forced 
inside at the cpoxidation stage
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Treatment of thc other product, the keto-tosylate. with base leads to an intramolecular enolate 
alkyiation -a cydization on the uuide of the folded molecule that actually closes a four-membered 
ring. Thc reaction it easily seen in conformational terms and the product cannot readily be drawn in 
conventional diagrams

A sim ilar reaction happens on thc epoxide to produce a beautiful cage structure. Thu time it it a 
five-membered ring that is formed, but the principle is thc same— the molecule closes across the fold 
rather easily. The new stereogenic centres can only be formed the way they are.

•  A summary of stereoselective reactions that occur on the c/Hused rings

1. Reactions on the outside
• N u d eop h ilic additions to  carbonyl groups in  the ring
• Reactions o f enolates o f the sam e ketones w ith  electrophilcs: alkyl halides, 

aldols, M ichael additions
• cis- A dditions to  cyclic alkenes; hydrogenation, hydroboration, epoxidation

2 . Reactions on the outside and the inside
• trans-Additions to  cyd ic  alkenes: brom ination, epoxide openings

3 . Reactions on the inside
• Bond form ation across the rin g (s)

Spirocydic compounds
These rings meet at an atom alone. Tb it means that the two rings are orthogonal about the tetrahe
dral atom that is common to both. Even symmetrical-looking versions are unexpectedly chiral. The 
compound in the margin, foe example, it not superimposablc on its m irror image, and its chirality к  
rather sim ilar to that of an aliene.

These sortt of compounds may look rather difficult lo come by. but some simple ones are timphr 
made. Cydization of th it keto-acid with polyphosphoric add leads to a spirocydic diketone.

The spiro compound u formed because the more substituted enol is preferred in acid solution. In 
a different cate, with an enamine, a bridged product is preferred

t
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It is much more difficult to pass stereochemical inform ation from one ring to the other in 
spirocydic compounds because each nng is orthogonal to the other. Nonetheless, some reac
tions are surprisingly stereoselective— one such is the reduction of the spirocydic diketone 
that wc made a moment ago. Treatment w ith LiA lH 4 gives one diastereoisomer o f the spirocydic

ф = ф - ф ^ О О
0 OH OH

The diol was resolved and used to make the very simple sptrp-diene as a single enantiomcr. It is 
chiral even though it has no chiral centre because it does not have a plane o f symmetry. ■

In
Ы

Reactions with cyclic intermediates or cyclic transition states ;
Rings arc so good at controlling stereochemistry (as you have seen) that it's  well worth introducing 
them where they are not really necessary in the final product, simply in order to enjoy those high lev
els of stereochemical control. In  the rest of this chapter we shall consider the use o f temporary rings 
in stereochemical control: these might be cydic intermediates in a synthetic pathway, or cyd k reac
tion intermediates, or even merely cyclic transition states. A ll aid good stcreocontrol. W e shall con
centrate on examples where the nng reverses the normal stereoselectivity so that some different 
result is possible.

Tethered functional groups can reach only one tide o f the molecule
The proverbial donkey starved to death in the field w ith two heaps o f hay because it could not decide 
which one to go for first. If  the donkey had been tethered to a stake near one heap it would have been 
able to reach that heap alone and it could have feasted happily.

This principle is often applied to molecules. If  a nucleophile is joined to the carbonyl group it is to 
attack by a short chain o f covalent bonds, it may be able to reach only one side of the carbonyl group.
An example from a fam iliar reaction concerns the Robinson annelation. The first step, M ichad addi
tion. creates a stereogenic centre but no relative stereochemistry. It is in the second step—the aldol 
cydization— that the stereochemistry o f the ring junction is decided.

After the first alkyiation, the enamine prefers to re-form on the less substituted side so that the 
second alkyiation occurs on the other side o f the ketone from the first. The spirocydic compound is 
further disfavoured as it would have a four-mem bered nng in this case.
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X  ■ X )  *  ' Ч ь  ::- x p  - Ч ф
Thc enolate is tethered to the atom next to thc 

ketone in thc other nng It can attack easily from 
the side to which it is attached through a stable 
chair-like transition state Attacking the other 
face of the ketone (to  give a (raru-dccalin) is 
much more difficult, even though it would give 
thc thermodynamically more stable product.

In  bet. this is not such a good example because the aldol product is normally dehydrated and thc 
second stereogenic centre is last More important examples arc th«*c in which a nng is formed hut 
can later hr cleaved, and among thc best of this type of reaction are lodobctomzations. which you 
first met in Chapter 20. To remind you, iodolac tom ration involves treating a nonconjugated unsatu
rated add with iodine in aqueous N aH CO y Thc product is an lodobctonc.

iu m c o ,  1 »и ,о

The cydization reaction is a typical two-stage electrophilic addition to an alkene (Chapter 20) with 
attack by the nudeophile at the more substituted end of thc intermediate halonium ion. Thc iodo 
nium ring opening is a stereospecific S^2 and, in the simplest eases where stereochemistry can be 
observed, the stereochemistry of the alkene w ill be reproduced in the product.

S~ T  v P -
The starting acid contains an £-alkcne that gives a Trans iodomum ion. Inversion occurs in the 

attack o f the carboxylatc anion on thc iodonium ion and we have shown this by bringing thc nudc- 
ophile in at 180* to the leaving group with both bonds in the plane of the paper. A single 

jp  diaster со isomer of thc iodolactone results from this stereospecific reaction.

The following cydic example illustrates the stereosdectivc aspect of iodolaclonization.

C T s r f
The relationship between thc two stereogenic cen tra on thc old alkene is not an issue— th.it 

aspect of thc reaction is stcrcospecifk. A more interesting question is the relationship with the third 
centre. One way to look at this question would be to say that the structure shown is the only possible-
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one. The lactone bridge has to be diaxial (and hence as) if  it is to exist and the О  and I atoms have to

n . . «  :__ ..’i i _____ l_______________ i __ . __:______ и  _•________i___ • i _ . ___ a ___ ■_____ i ___ ____

One o f the simnlett onra-duin ru m n lrt it 7-m rthvlKutH-M flir acid, w hirh rv rlim  in

be tram. End o f story. bnd*B ”** ь* л
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P. ООП С ^ г ,

A generaI problem in the synthesis of steroid compounds u  the construction of a diketone with 
5/6 frans-fused nngs and a quaternary carbon atom at the nng junction Tethenag can solve this 
problem, and wc w ill present two strategies— one uaing a lactonc derived from an lodobctom iation 
reaction, and one using a sulfur atom

A lactone makes a good temporary tether because it can be hydrolysed or reduced to break the 
ring at the C-O  bond and reveal new stereogenic centre* on the old structure. In  this sequence a lac
tone. formed by iodolattonizatioa. controls all the subsequent stereochemistry of the molecule in 
two ways, it fixes the conformation rigidly in one chair form—hence forcing the iodide to be axial— 
and it blocks one bee of the n r*. The iodolactonization is very sim ilar to one you saw on p 000 
Next, an alkene »  introduced by FЛ reaction on the iodide This stereospctific reaction requires an

anb-periplanar H  atom so it 
has to take the only available 
neighbouring axial hydrogen 
atom— furthermore, reaction 
the other way would produce a 
bridgehead alkene.

A  The resulting alkene has its top face blocked by the
0---- J  0---- J  bndge so a as addition reaction, such as epoxxlation.

nvCPBA w ill occur entirely from the bottom face.
I J  Now the epoxide is opened with H B r to give the

only possible trans diaxial product (Chapter 18). The 
V  role of the bridge in fixing the conformation of the

nng is more important in this stereospecific reaction because the bromide ion is forced to attack 
from the top face. The alcohol к  protected as a silyl ether

Do you see how the functional groups are being pushed round the ring? This process is extended 
further by a second elim ination also w ith D BN , which this time really does have to seek out the only 
neighbouring axial hydrogen: there's no bridgehead to take the decision for it. Add removes the silyl 
protecting group &

The next important reaction is a Michael addition so the alcohol must first be oxidized to 
a ketone. As it is an allyfic alcohol, it can be oxidized bv manganese dioxide The nng is further 
flattened as three atoms are now trigonal. But-3-enyl (>rignard reagent is next added with C u (l)

t
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catalysis to make sure that conjugate addition occurs. Conjugate addition norm ally gives the axial 
product as we saw earlier and fortunately this is not the direction blocked by thc bridge

Ff = Ff =Sr= Ff ..
The bridge has now don t iu  work anil u  removed by line m tU l reduction. This reaction remove» R

leaving groups on thc atoms next to carbonyl groupi In  this сам  К a  Ihe axial carboxytale that is 
driven out by thc line. The released carboxyl group isestcrified. aMMon Cu

к
p k 0’**

The last stages are shown below. The ketone is protected, and the alkene oxidized to a 
carbonyl group, clearing o ff one of the С atoms (you w ill meet this reaction— ozonolyus— in 
Chapter 35). The dicster can be cyclized by a Claisen ester condensation. The stereogenic centres in 
the nng are not affected by any of these reactions so a tram  ring junction must result from this 
reaction.

ТЫ* may look like a r*** № J  
but think beck to the Ref-гт- r ,

^2 7 > . B o th fJ 
toomcaftonyt 

compounds with adj*r r- • ,

Finally, after ester hydrolysis. H Q  decarboxybtes the product and removes the protecting 
group. As we saw earlier, it ia not easy to get a train- fused 5/6 system. In  this sequence thc molecule is 
effectively tricked into making the tram  ring junction by the work done with thc blocking lactone 
bridge.

Sulfur as a tether a
An even more versatile tether is a sulfur atom, which can be removed completely with Raney nickrl ""•« пкк* *  О т**  7* 
(which reduces C~S to C -H ). The sulfur atom makes the tether easy to assemble too. Here is the 1 c 41 
essence of thc idea.

< f -  cC- -  cC^.- ф ~'ф
In  this second synthesis o f the problematic steroid tram  ring junction, the idea is to make the five- 

membercd nng by a Claisen ester condensation and to direct the stereochemistry by tethering thc tu 
groups with a sulfur atom. W e can represent this easily in disconnection terms (Chapter 31). The na- 
carhons to he joined through sulfur are shown in Mack.
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The preparation of the sulfur heterocyde use* reactions you have met before— first a ftve- 
membered ring ketone is formed, which is reduced, lactonized, and eliminated

abt« to 
.tars* o f»*
tw* «“ *«*

tb* ОИЬ-Akkf re*cl*on (Chapter 
351. You a*» a»**d to do ao

CO}M«

wwoftw probien,' 
9* dm **

■i m« end of

- Г 0

of these 
one o< the

The next steps 
have no detailed

the Diels-Alder reaction, which you w ill meet in Chapter 35. so i 
here, just giving the reactions, and pointing out that the product

probterrswaiatin Chapter 35. sarily has a ns 6/5 ring junction.
*• 0 А  ОгЛ 44V *eartw* 1° яИвв /  \

^  к V -Лу / N  ^  HO OH

Now the nng ha» dime ill work, the two m o w y  rtrrrugenK centre, are fin d , and the uilfur 
atom can be removed with Raney nickel. T V  third, undefined, uereofenw centre become* a C H j 
group in thu operation Ю the lack of jtereocontrol at dm  centre during the Dielt-Alder reaction u 
of no coracqwence.

йап.у N1

сH x _
The CUisen ester condensation involves the only possible enolate attacking the only possible 

electrophtlK carbonyl group. The stereochemistry of the nng junction cannot be changed by the 
reaction, and the two ester groups that started fram must end up tram  in the product

Cyclic transition states can reverse normal stereoselectivity
W e have considered what happens when there is a ring present in the starting material, or where we 
encourage formation o l a ring in an intermediate as a means of controlling stereochemistry In  this



Reactions with cyclic intermediates or cyclic transition states

final section of this chapter we shall consider some examples where stereoselectivity arises because of 
a ring formed only transiently during a reaction in a cyclic transition state.

W e’ll Hart w ith some epoxidation reactions. O f course these form  rings, and you have seen, in 
Chapter 20, epoxidation» of alkenes such as cydohexene. W e said in Chapter 20 that epoxidation was. 
stcrcospcdfic because both new C-O bonds form to the same face o f the alkene.

If  we block one face of the ring with a substituent— even quite a small one, such as an 
acetate group— epoxidation becomes stereoselective for the face anti to the substituent already 
there.

1

5 — 5 >
W ith  one exception— when the substituent is a I 

group. W hen an allylic alcohol is epoxidized, the peroxy-acid 
attacks the face of the alkene syn to the hydroxyl group, even when 
that face is more crowded. For cydohexenol the ratio o f syn epox
ide to arm epoxide is 24:1 with m-CPBA and it rises to 50:1 with 
CF3CO 3H .

hmderec face of rtnt

6  — 6>
The reason is shown in the transition state: the O H  group can 

hydrogen bond, through the H of the alcohol, to the peroxy-acid, 
stabilizing the transition state when the epoxidation is occurring 
syn. This hydrogen bond means that peroxy-acid epoxidations 
of alkenes with adjacent hydroxyl groups are much faster than 
epoxidations o f simple alkenes, even when no stereochemistry is

RCOjH

" »»ydro*en bond favours 
к on ume face м  OH

Peroxy-acids work for expoxidizing 
allylic alcohols syn to the O il group, but 
another reagent is better when the O H 
group is further from the alkene. 4- 
Hydroxycydopentene, for example, can be 
converted into either diastcreomcr of the 
epoxide. If  the alcohol is protected with a 
large group such as TBD M S (f-butyl- 
dim ethyisilyl) it becomes a simple blocking group and the epoxide is formed on the opposite face of 
the alkene. The selectivity is reasonable (*3:17) given that the blocking group is quite distant.

If  the O H  group is not blocked at all but left free, and the epoxidation reagent is the vanadium 
complex VO facac); combined with f-BuOOH, the syn epoxide is formed instead. The vanadyl 
group chelates reagent and alcohol and ddivers the reactive oxygen atom to the same face of the 
alkene.

6 VO t^ acI,
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VIKacacfe

V«iad»f <aeae) J  w a*i|u*»pr**^»^con«ph-« of two plenty of raom for the afcotoltr. add and foi the fftiO O H in
molecule* of t*w enolate of acae (aeet* acetone, perta* displace one of h e  ••c*c4*ndno*'ve»om ecor*^eM wW
2>4*K«ne|enot»**ened»4(V-Ol(fcetto«'. it can ea**y accept the eaaanUaf *«*<*•»*• i*  the i«ect»an aa •*»»> above 
««other kgand to fonn an octahedral com bat ao there»

X X
VOfucath

You h ^ ^ t  teveraf rr>ethod* 
P j^ fO d e n d H n W *  
**•«**• *A id **th .i o '* «nd 
■ho о tone. These reoctw ns w ilt

VO(acM ),

The delivery of an oxygen atom through a 
cyclic transition state by vanadyl complexes is also 
particularly effective with allylic alcohols. Here is a 
simple example— the green arrow shows merely 
the directing effect and is not a mechanism.
Delivery o f oxygen from OH through a VO  com
plex is particularly effective when the O H group is 
pseudoaxial and the f-Bu group ensures this.

In  both epoxidation examples, the stereoselectivity is due to the cyclic nature of the transition 
state: the fact that there is a hydrogen bond or O-metal bond ‘delivering' the reagent to one face of 
thc alkene. This is a very important concept, and we revisit it in the next chapter cydic transition 
states arc the key to getting good stereoselectivity in reactions o f acydic compounds.

Before wc move on, we leave you with one final example. Stereoselectivity in the epoxidation of 
lactone-bridged alkenes related to those we saw earlier (p. 000) can be completely reversed if the lac
tone is hydrolysed, revealing a hydroxyl group. In  this bicydic example, the hydroxyl group deliver» 
thc pcroxy-acid from thc bottom face o f the alkene. F in t, thc lactonc bridge is used to introduce thc 
alkene as before.

< V ^ o «

ХЭ NaHCOj Ж ж
Now the critical steps— thc lactone bridge is hydrolysed, the epoxide added from the bottom face 

by a pcroxy-acid hydrogen bonded to the OH group, and the lactonc bridge reinstated.

°Y^" V '0" \ __

N j°H  * ‘ 1° '  ^

The second ring in these compounds is actually a tether, and it enables two 
groups to be introduced in a cis fashion by oxidation of the remaining alkene.

more functional

t



Problems

To conclude...
Diastereosdectivity in rings generally follows a few simple principles:
• Flattened three*, four-, or five-membered ring», especially one* with two or more trigonal car

bons in the ring, are generally attacked from the leu  hindered face
• Flattened six-membered rings w ith two or more trigonal carbons in the ring (that is, which are 

not already a chair— so six-membered rings with one trigonal С  atom don't count here) react in 
such a way that the product becomes an axially substituted chair

• Bicyclic compounds react on the outside bee
• Reaction on the more hindered Ласе can be encouraged by: (1 ) tethered nucleophiles, * r (2 ) cyclic 

transition states
Diastereoselcctivity in compounds without rings is different: it is less well controlled, because there 

arc many more conformations available to the molecule. But even in acyclic compounds, rings can 
still be important, and some o f the best diastereoselectivities arise when there is a ring formed tem
porarily in the transition state o f the reaction. W ith  or without cyclic transition states, in some cases 
we have good prospects o f predicting which diastereoisomer w ill be the major reaction product or 
explaining the duatercosdeitnrity if  we already know tbit. That is the subject of the next chapter.

Problems
1. Comment on the control over stereochemistry achieved in this 
sequence.

С -
HO-----  NO— '

4. W hat controls the stereochemistry of this product? You 
advised to draw a mechanism first and then comidcr 
stereochemistry.

l - — - co ' "

j
c C

2. Explain the stereochemistry of this sequence o f reactions, 
noting the second step in particular. ^

C O  7“” * d b
3. F-xplain how the stereo- And regKxhrmistry o f these compounds 
are controlled. W hy is the epoxidation only moderately stereo
selective, and why does the amine attack where it does?

K. W hy is one o f these esters more reactive than the other7

И.0 1W *

S. Explain the stereoselectivity in these reactions.

C*V I)
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nblfin from the chaplcr t>r«w a mcchantsm for th il 
A ^  ^  „p la in  why il fo n  10 much brtler th in  the

• ■ “ ^ „ „ .[Ц а П о п г

*80

» " A
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■>C

Stuck? The first step opens the three-membered ring and the 
second step is a well-known alkene-fomung reaction...

U L  In  the chapter we introduced the selective reduction of the 
W idand-M iescher ketone. The problem is: can you suggest a 
reason for this stereoselectivity?

U  W e warned you in the chapter that this would appear as a 
problem: suggest mechanisms for these reactions and explain the 
stereochemistry.

t .  Another problem from the chapter The synthesis of the 
«tarting material for this reaction is a good example of how cyclic 
compounds can be used in a simple way to control stereo
chemistry Draw mechanisms for each reaction and explain the

•- A revision problem. Suggest mechanisms tor the reactions used 
e this starting material used in the chapter.

^ > o 0 s
1 MCI. HOAc

!s > c C i!- > q 5 -
*^ A n d  another problem from the chapter. Here also draw a 
•cctianism  for the formation of the starting material You have 

n *hf cyclopropane reagent, but think how it might react

13. Hydrolysis of a bis-silylated ene-diol gives a hydroxy-ketone 
A whose stereochemistry is supposed to be as shown. Reduction of 
A gives a diol B. The 1 *C N M R spectrum of В has five signals: one 
in the 100-150 p.p.m. range, one in the SO-100 p.p.m. range, and 
three below 50 p.p.m. The proton N M R of the three marked 
hydrogens in A is given below with some irradiation data. Does 
this information give you confidence in the stereochemistry 
assigned to A? You may wish to consider the likely stereochemical 
result of the reduction o f A.

sanywtd

A has 6|j 4.46 p.p.m. ( 111. dd, /9.0.3 J  H i). 3.25 p.pan. (111. ddd. I
9.0. 75. 4.5 H *). and 3 48 p p m. (IH . ddd. / 7.5, 5.5. 3 J H r) 
Irradiation at 3.48 p.p.m. collapses the signal at 4.46 p.p.m. to (d. I
9.0 Hz) and the signal at 3.25 p.pjn. to (dd. J  9Д  4.5 Hz), 
irradiation at 4.46 p.p.m. collapscs the signal at 3.48 p.p.m. to (dd. 
/7.5,5.5) and the signal at 3 .25 p p.m to (dd. /7 5 .4.5).
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Connections

B u ild in g  on:
• Stereochemistry ch l6
• Conformation ch !8

• How to make single diastereoisomers
from single geometrical Isomers

• How to predict and explain the

Arriving at: Lo o k in g  fo rw ard  to :
о Saturated heterocycles ch4? 
e Asymmetric synthesis ch45 
e Organic synthesis chS3Controllbg double bend

reactions of chiral carbonylstereochem istry ch31 
e Determining stereochem istry by NMR compounds

How chelation to metal Ions canch32
e Controlling stereochem istry In еусИс

e How to predict and explain the 
reactions of chiral alkenes

change stereoselectivity

compounds ch33

e Stereoselectivity In the aldoi reaction 
e How to make луп aldol products 
e  How to make ant/aldol products

Looking back
You have had three chapter» in  a row about stereochemistry; this is the fourth, and it is time for us to 
bring together some ideas from earlier in ihe book. W e aim firstly to help you grasp some important 
general concepts, and secondly to introduce some principles in connection with stereoselective reac
tions in acyclic systems. But, first, some revision.

W e introduced the stereochemistry of structures in Chapter 16. W e told you about two types of 
stereoisomers.

•  Enantiomers and diastereoisomers

•  Enantiomers— stereoisom ers that are m irro r im ages o f one another
• D iastereo isom ers— stereoisom ers that a rc not m irro r im ages o f one

In  this chapter we shall talk about how to make compounds as single diastereoisomers. 
Making single enantiomers is treated in Chapter 45. Chapter 33 was also about making single 
diastereoisomers, and we hope that, having read that chapter, you are used to thinking stereo* 
chemically.

In  this chapter we shall talk about two different ways o f making tingle diastereoisomers.

•  Reactions that make single diastereoisomers

• Stereosp ed fic reactio n s— reactions where the m echanism  m eans that the 
stereochem istry o f the starting  m aterial determ ines the stereochem istry o f the 
product and there is no cho ice invo lved

• Stereose lective  reactio n s— reactions w here one stereoisom er o f product is 
form ed p red om inan tly because the reaction  has a cho ice o f pathw ays, and one 
pathw ay is m ore favourab le than the other

another
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These terms were introduced in Chapter 19 in connection with elimination reactions, and many 
of the reactions we mention w ill be fam iliar from earlier chapters (particularly Chapters 17-20 and 
16-27).

Making single diastereoisomers using stereospecific reactions 
of alkenes
The essence of the definition we have just reminded you of is much easier to grasp with some fam il
iar examples. Mere are two.
• Sfj2 reactions are stereospecific: they proceed w ith inversion so that the absolute stereochemistry 

of the starting material determines the absolute stereochemistry o f the product

• E2 reactions are stereospecific they proceed through an anti-periplanar transition state, with the 
relative stereochemistry o f the starting material determining the geometry of the product

chemistry in a molecule, we can change the functional groups but keep the stereochemistry— this is 
the essence of a stereospecific reaction. In the second example, we change the bromide to a double 
bond, but we keep the stereochemistry (or ‘stereochemical information’) because the geometry of 
the double bond tells us which brumide we started w ith.

This is a good place to begin if  we want to make single diastereoisomers, because wc can reverse 
this type of reaction: instead of making a single geometry o f alkene from a single diastereoisomer, wc 
make a single diastereoisomer from a single geometry o f double bond. Here is an example of this— 
again, one you have already met (Chapter 19). Elcctrophihc addition of bromine to alkenes is stereo- 
specific and leads to anti addition across a double bond. So if  we want the anti dibromide we choose 
to start w ith the trans double bond; if  we want the syn dibromide we start w ith the (is double bond 
The geometry of the starting material determines the relative stereochemistry o f the product.

I odolacton i/ation has a sim ilar mechanism; notice how in these two examples the geometry of the 
double bond in the starting material defines the relative stereochemistry highlighted in black in the 
product.

Both of these examples are very interesting because they show how, once we have some stereo-
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v t C
I and 0  »pn

For a stereospecific alkene transformation. choose the right geometry of the starting material to 
get the right diastereoisomer of the product. Don’t try to follow any ‘rule*’ over this— just work 
through the mechanism.

Now for some rum ples w ith epoxides. Kpoxides are m y  important because they can be formed 
stereoepecificalty from alkenes: its-alkenes give as  for syn) -epoxides and tain*-alkenes give trans (o r 
anti) -epoxides.

ГЬм •« tooioer* ki 
w m n lN iK g n d

.A.и Г \ *
(Z ) щуп (2)

Epoxides also react stem M pecifkally because the / V Me^NM / \
ring-opening reaction is an Sm2 reaction. A single K N̂  —  »  /
diastereotsomer of epoxide gives a single dustereo- .
isomer o f product OH

W e have mentioned Icukotnenes before: they are important molecules that regulate cell and 
tissue biology. Leukotriene C4 (LT C 4) is a single diastereoisomer with an <mn I J  S.O  functional 
group relationship. In  nature, this single diastereoisomer u  made by an epoxide opening: since the 
opening u S fj2 the epoxide must start off unit and. indeed, the epoxide precursor u  another 
leukotriene, LTA4.

Chapter TO. p. 000

Oapteo 17 (p. 000) and 19 ip

c c ^ - =
M x M n tA t

W hen Corey was making these compounds in the early 1980s he needed to be sure that the rela
tive sicrcochemistry o f LTC* would be correctly controlled, and to do this he had to make a trans 
epoxide. Disconnecting I TA« as shown led back to a simpler epoxule.

\-- leufcotnana Kt

«*М кю  n

MnpiCf tpood* I

The tram  allylic alcohol needed to make this compound was made using one o f the methods we 
introduced m Chapter 31: reduction o f an alkynyl alcohol w ith LiA lH 4. Here u  the full synthesis: 
alkylation o f an ester enolate w ith prenyl bromide gives a new ester, which itself is turned into an 
alkylating agent by reduction and tosylation. The alkyne is introduced as its lithium  derivative with 
the alcohol protected as a T H P  acetal. Hydrolysis o f the acetal w ith aqueous acid gives the hydroxy- 
alkyne needed for reduction to the £  double bond, which is then epoxidized.
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Stereoselective reactions
For most of Che rest of Ihe chapter we shall discus» stereoselective reactions. You have already met 
several examples and we start w ith a summary of the most important methods.

• E l reactions arc stereoselective: they form 
predominantly the more stable alkene

• Nudeophilic attack on six-membered ring 
ketones tt stereoselective: small nudeophites 
attack axially and large ones equatorially

Ha*04

►
ТЩ Ц Щ том lecf/w reaction we 
c*ftflpecirytwod*e«cnt 
Haw ill of the ttv tm t 
m ated* « id  t>t the same 
product (lr*t and third eeampies). 
m aatifeosperiftc m c f ltn ,  
Ш Яш тл  start** matenal 
daiaochemistry mear.s different 
pmduet stereochemist'y.

• Alkyiation of cydic enolates u  stereoselective, with reaction taking place on thc leas hindered face 
(four- or five-membered nngs) or vu  axial attack (six-membered rings)

• Fpoxidation of cydic alkenes u  stereoselective. w ith reaction taking place on Ihe less hindered 
басе, or directed by hydrogen bonding to a hydroxyl group

6 — 5 >  6-^6>
■ w a o a a la c tiv e . it doem't 
tie  two terms describe quite 
•■w vn* propert y  * ы The
®^tednffliitfy of

Prochirality
Take another look at all the reactions in the chapter so far— in particular those that give single 
diastereoisomers (rather than single enantiomers or geometrical isomers)— ui other words, those 
that are diastercosekttive They a l involve the creation of a new. tetrahedral stereogenic centre at a 
carbon that was planar and trigonal. This leads us to our first new definition. Trigonal carbons that 
aren't stereogenic (or chiral) centres but can be made into them are called prochiral

t
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At the very start o f Chapter 17, we introduced stereochemistry by thinking about the reactions of 
two sorts of carbonyl compounds. They are shown again here: the first has a prochiral carbonyl 
group. The second, on the other hand, is not prochiral because no stereogenic centre is treated when 
the compound reacts.

Tetrahedral carbon atoms can be prochiral too— if they ъапу two identical groups (and so arc not 
a chiral centre) but replacement o f one o f them leads to a new chiral centre, then the carbon is 
prochiral.

•COt? H O O C 'i'C O O M

у l e a l* *  are

prodwti

Glycine is the only a  am ino acid without a chiral centre, but replacing one of the two protons on 
the central carbon with, say, deuterium creates one: the C H 2 carbon is prochiral. Sim ilarly, convert
ing malonate derivative into its питое*ter makes a chiral centre where there was none: the central С
is prochiral.

Now, does this ring any bells* It should rem ind you very much of the definition' in Chapter 32 of ■ 
cnantiotopic and diastereotopic in connection w ith N M R spectra. Replacing one o f two enan- 
tiotopic groups with another group leads to one o f two cnantiomers; replacing one of two сьщтг 32.p ooo 
diastereotopic groups w ith another group leads to one o f two diastereoisomers Diastereotopic 
groups are chem ically different; cnantiotopic groups arc chem ically identical.

Exactly the same things arc tme for the bees of a prochiral carbonyl group or double bond.
If  reaction on one o f two faces of the prochiral group generates one of two cnantiomers, the faces 
are cnantiotopic; if  the reaction generates one of two diastereoisomers. the faces arc dustcreo- 
topic. W e «nil now apply this thinking to the first few reactions in this chapter: they are shown again 
below. The first two examples have prochiral C *C  or 0 * 0  bonds w ith diastereotopic faces: choosing 
which face o f the double bond or carbonyl group to react on amounts to choosing which 
diastereoisomer to form . In  the third example, the faces o f the prochiral carbonyl group are cnan
tiotopic: choosing which face to attack amounts to choosing which enantiomcr to form. In  the 
fourth example, the two faces o f 0 0  are hom otopic: an identical product is formed whichever bee 
is attacked.

ha> t«ON" certxwnl n «

Knowing this throws some new light on the last chapter. Almost without exception, every stereo
selective reaction there mvolvcd a double bond (usually О С  sometimes 0 0 )  with diastereotopic
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faces. The diastereotopic faces were distinguished by stem hindrance, or by a nearby hydrogen- 
bonding group, and so were able to read differently with an incoming reagent.

5 — 6>

6 — 6>

U n co^w act* 
U on th-» face

И»л1егеЛЧ*с It 
АСОУ<W i« c u  П

ЧГ
(M a t  an (/ М у р а  iy »te n i to n w  prochiral f k m  and croup*

treoggmc centre i  caw be described e s fto rl.lt ftofland pr^Scm be assisted to a paw of enanbotopic
t to asslpi labels to the enant otoptc ffoups at poups simply by using the usual rules to asa iftffo rS to
rtrahedrai carton «toms or the enanbetoplc the centre cleared *  the group m question la artiSaaSy

facea of prochiral tngpnal carbon atoma. The basis of the elevated to m fier priority than mananbotopictwln. We >
system Is the ueuai R.S system for stereogenn; centres. uee G to replace H as we d«d m Chapter 32 just assume
but pn»*sndpn>5 are used for groups end O ta td fi for that G has priority mvnedHftely higher than H. The method
faces. is illustrated for 0yone

like H and S. these stereochemical terms w*. merely isbels: they are eT no consequence chemlcaSy

lust like diastereotopic signab in an N M R spectrum, diastereotopic faces are always different 
in principle, but sometimes not so in practice. The very first reaction of Chapter 33 is a case in 
point: this O O  group has two diastereotopic faces, which, due to free rotation about single bonds, 
average out to about the same reactivity, so we cannot expect any reasonable level of diastereo- 
selectivity.



ы /  И reacts о* both ы / \

W e put Chapter 33 first because in ring* conformation is well defined, and this ‘averaging’ effect is 
hdd at bay. W c are about to let it out again. but we w ill show you how it can be tamed to surprising 
ly good effect.

Additions to carbonyl groups can be diastereoselective even 
without rings
W hat happens if we bnng the stereogenic centre closer to the carbonyl group than it was in the last 
example? You might expect it to have a greater influence over the carbonyl group’s reactions. And it 
does. Here is an example.

гнЦс* Je s ia reo iu m er mmet a  wuereoiscmer 
Me and OH anu M* and OH tyn

There is three times as much of one o f the two dia*tereoisomeric products as there is o f the other, 
and the major (an ti) diastereoisomer is the one in which the nucleophile has added to the front bee 
of the carbonyl group as drawn here. W e can make these same two diastereoisomers by addition of 
an organometallic to an aldehyde. For example, this Grignard reagent gives three times as much of 
the syn diastereoisomer as the anti diastereoisomer. The major product has changed, but the product 
still arises from attack on the front bee of the carbonyl as shown.

produced lr> a rjfca of 3:1

■ y ,  - O C . O C

t lO w M t 32 • а » ,* ',  
hom otw т в т т ь ,  «  
О .Ж М  и Н М и ь , , , ,

П Ч » Я * « | №>|.  *
< » М Е п м м «

We ha*e termed the mai-v
anf/becauten
(Me and Omi* 

on oppose sides of the chaei *  
drawn. Thera ts no form* 
deAnmon of and and s 
only really be used in о

drawing

f l
a syrr tt.rvcai
n c o n a t io n
IWHU'

prefer»* In a ratio Ы i:>

M * en j OH tyn

D r a w i n g  < M t H H l « i n n  a f  a c y c l i c  m o l , c n l , »

niMt l lM lr if S tW V I rft* Л jfTji- .Ire [if ГГИ у  j  rfeHj ¥ (’f  N ' Г ^ И
If you *rd Я h*d  to «ее th * these am «на the seme two l* t яла Ph »n  *a»twf*» Yner. *•«««* Et «bant* —

l.by*»
e about the bond shown oetow The ne« three 

e d<asterec*»omer (the map
product from the lest reaction), but m three different 
conformations (we ere just rotating *>out a bond to get from

MMch is the beet? A good e*de«ne.«hleh we aucteated* Chapter lt .la to  <*ewtne product o# any reaction r  more or less the same conform**..-
piece the tongtat carbon cheat ngragBntacroa* the pace e» the plane of the atart'ntmatenaitoeneureyoumeNanomis*aiievend*wnroUteat>ou*.a
paper, and aNowaa the smaller aubetituents to e«and«bo*e or below that slngl* bond to place the longest chain in the plane or the paper
chain. The first structure here is drawn Nhe that But M s «only aguldofcne. and к hevr pmhlcm itnrrtiirr» monleltu Гогы-ппг1"

because.whanaisdrMmMketMs.youeanciearty see from which direction toe ^ ________________ . _____  ... . _________
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These two reactions arc not nearly as diastereosdectne as most of the reactions of cyclic com
pounds you met in the last chapter But we do now need to explain why they are dsastereoselective at 
all. given the free rotation possible in an acyclic moleculc. Thc key, at much with acydu as with 
cydic molecule», u  conformation

The conformation of a chiral aldehyde
W hat w ill he thc conformation of thc aldehyde in the margin? Using thc prindplcs wc out
lined in Chapter 17, we can expect it to be staggered, with no edipsing interactions, and also 
with Urge substituents as far apart from one another as possible A Newman projection of one of thc 
possible conformers might look like the one shown in the margin There are no eclipsing interac
tions, and the large phenyl group is held satisfactorily fair away from thc О  and thc H  atoms of thc 
aldehyde.

By rotating about the central bond of thc aldehyde (the one represented by a cirde in thc Newman 
projection) wc can suggrst a series of possible conformations. Provided we move in 60* steps, none 
of them w ill have any eclipsing interactions. Thc full set o f six conformers is shown here Look at 
them for a moment, and notice how they differ

*ML IT  \i  1/ if
Ш - *  » - ф  O b -  Ш —  » н <DД IV 4  PL JX Ъ

• 'Гоги 0

O nly two of them, boxed in yellow, place the large Ph group perpendicular to the carbonyl 
group. These yellow boxed conformations arc therefore thc lowest-energy conformers and, for 
thc purpose of thc discussion that follows, they are the only ones whose reactions we need to

•  Lowest energy conformations of a carbonyl compound

The most im portant conform ations o f a carbonyl com pound w ith  a stereogenic 
centre adjacent to  the carbonyl group are those that place the largest group 
perpendicular to  the carbonyl group.

i JL \imeat «npwUM contormattom «  ( U ) ---(.А Ухl  - large poop, « с- a f t
V m m*r m rvg ,x i roup. e.*. * 
S  ■ smau croup a a  м

The major product arises from the most reactive conformer
Now that wc have decided which are thc important conformations, how do wc know which gives the 
product? W e need to decide which is thc most rmcttvr AO wc need to do is to remember that any 
nucleophile attacking the carbonyl group «rill do so from thc BOrgi Dunitz angle— about 107* from 
thc O O  bond. Thc attack can be from either side o f C= 0, and thc following diagrams show thc pos
sible trajectories superimposed on thc two conformations wc have selected, which are in equilibrium 
with one another.

t
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4иПН>.«»:*

N .®

«be bUcK ЯфЛ path I» xt-e best

M M i
р»Лп  tire mrjwro bv и» о» Mr

Not ad four possible flight paths' for the nucleophile «re equally favourable. For the three shown 
in brown, the nucleophile passes within 30* or so of another substituent. But, for the one shown in 
Ыаск, there is no substituent nearby except H  to hinder attack: the conformation on the left is the 
most reactive one, and it reacts to give the diastereoisomer shown below.

fMMS tO front lhl\ (frfCtNM

----------
* 1  и и *•

W ith  Nu = Et we have the right product and. more im portantly, we can be pretty sure it is for the 
right reason: this model o f thc way a nucleophile attacks a carbonyl compound, called thc 
Fdkia-A nh model, is supported by theoretical calculations and numerous experimental results. 
Notice that we don’t have to decide which is thc lower energy o f the two conformations: this is not 
necessary because the attack in black w ill occur even if the conformcr on the left is thc m inor one in 
the mixture.

C ram 's rale

Remember our fwdei.ne I
the product ю a  eenfarnî tî  I 
atmAar to that of the Лагт*ц | 
material; then redrew to pjt the 
longest chain m the p i*»  n, I 
paper Here, ft* ju s t mew^
drawing the view from the top м 
the Newman arojection-ih,.,e , 
no need to rrtafe any bonr «, ,r ■

says that it Is the relative 
energies of the transition states 
that control selectivity, not the 

rtrve energies of the start 
materials. It's  really mure of a 

ilndornottom ake amittafce 
than a principle.

Thc same reasoning accounts ftn  the diastcreosdcctivify o f ihe reduction on p. 000: first we need 
to draw thc two important conformers o f thc ketone; thc ones that have thc large group ( Ph) perpen
dicular to  the O O  group.

Now choose the angle o f attack that is thc least hindered, and draw a Newman projection of the 
product. Finally, redraw thc Newman projection as a normal structure, preferably with the longest 
chain in thc plane o f thc paper. fedre*, tourtm* Aout 

central ЬлИ  to cun
OH
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The cffcct of dectroncgativc atoms
One of the most powerful anticancer agents known is dolastatin, isolated from the sea-hare 
Dclabella. Dolastatin contains an unusual amino acid, w ith three stereogenic centres, and chemists 
in Germany managed to exploit Felkin-Anh control very effectively to make it from the much more 
widespread amino acid isoleucine. This is the sequence of reactions

protected ittv jr  of 
jwMkinl erv*nr »<*.(i fwmr

i* ie .  о т . * * * * * *

Г  iS l Г 1 X Г
— ► / ' Х ^ СН0 co ' m'

тД р у е и г а * * * * * * *
- irteC-0:»cuw*e»t

When you tee a seiectMty gtven 
M  *peater than' something. r
means that the other 

ir was 
le. but here 96 4 м

dlastefeo'sofner *
I undetectable, but l
I the tomt o< detection by the
I IWHw 1 u ttr f  r > r > t i t i r  I U»CB—PUJMUiy WWM

ТШ  l i  S K u i t f d  on р. ООО *

c r * '"

The key step is the aldol reaction of the enolate of methyl acetate with the protected ammo alde
hyde. To rationalize the stereoselectivity, we first need to draw the two most important conforma
tions of this aldehyde with the large group perpendicular to O O . The trouble is— which do we 
choose as 'large*: the -N Bnj group or the branched alkyl group? Since we know which diastereo 
isomer is produced we can work backwards to find that it must be the NBn2 group that sits petpen 
dicular to C= 0 in the reactive transition state, and not alkyl.

irlraw. I'rtahng .«or at »o pu» 
•an$*v r. (Hev* '•(

COjMe

unhindered attack ekmpide H 

Now look at the diastercoselectivity of the reaction: it is much greater than the 3:1 we saw 
before— more like 20:1. This really does suggest that there is a further factor at work here, and that 
further factor is the electronegative N  atom.

Carbonyl groups increase the reactivity of adjacent leaving groups towards nudeophilic substitu
tion by several orders of magnitude. This was an effect that we noted in Chapter 17, where we showed 
that the ketone below reacts by the SN2 mechanism 5000 times as fast as methyl chloride itself.

W e explained this effect by saying that the x* o f the O O  and the 0* of С-Q  overlap to form a 
new, lower-energy (and therefore more reactive) LU M O . W hat we did not note then, because it was 
not relevant, is that this overlap can only occur when the C-CI bond is perpendicular to the O O  
bond, because only then are the *• and o* orbitals aligned correctly.

two LUMO* new molecular LUMO И energy verm#

«• H the f t  г
O O  bend I

Hk
Ы (he

r a  none

«* of the \
n* althe

L C-Xbond

* *н4е *e*ev -

The same thing happens even with electronegative atoms 
X  that are not leaving groups in the Sn2 reaction (fo r ex
ample. X  = OR. N R2, SR, e tc). The x* and o* orbitals add 
together to form л new. lower-energy nudeiular orbital, more susceptible to nudeophilic attack. But, 
if  X  is not a leaving group, attack on this orbital w ill result not in nudeophilic substitution but in 
addition to the carbonyl group. Again, (his effect w ill operate only when the G-X and C-O  bonds are 
perpendicular so that the orbitals align correctly

t
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dicular to C= 0 arc thc only conformations wc need to consider.

•  Using the Felkkv-Anh model 

To predict or explain thc stereoselectivity of reactions of a carbonyl group with an
adjacent stereogenic centre, use the Fd k in -A n h  m odel.
• D raw  New m an pro jections o f the conform ations o f the starting  m aterial that 

p lace a U rge group o r an electronegative group perpend icu lar to  0 - 0
• A llo w  the nucleoph ile  to  attack along the least h indered tra jecto ry, taking  in to  

account the BO rgv-D unitz angle
• D raw  a New m an p rojection o f the product that arises from  attack in  th is  w ay
• C are fu lly  flatten  the New m an p ro jection  on to  the page to  produce a norm al 

structu re, p referab ly w ith  the longest chain  o f С  atom s in  the pU ne o f the 
page. Check that you  have done th is last step co rrccdy: it is very easy to  m ake 
m istakes here. U se  a m odd if  necessary, o r do the ‘flatten ing  out* in  tw o 
stages— first v iew  the New m an p ro jection  from  above o r below  and draw  that; 
thee ro tate  som e o f the m olecule about a bond if  necessary to  get the long 
chain  in to  the p lane o f the page.

As an illustration of two sorts of diastercoselcctivity, our next example is a natural product called 
pcnaresidin A. It was isolated from a Japanese sponge in 1991, and has the structure shown hclow

or something like this, because at the tunc of w riting thc relative stereochemistry between thc two 
remotely related groups of chiral centres is still not known for sure. W hat u  sure is the stereo
chemistry around thc nng: N M R (thc methods o f Chapter 32) gives that. W hat M ori and his co
workers set out to do was to make, using unambiguous stereoselective methods, all thc possible 
diastercoisomcrs of pcnarestdin A to discover which was thc same as thc natural product It was (a ir
ly straightforward to get to the target moleculc from the structure below and overleaf, so that’s thc 
compound whose synthesis wc need to consider. If  we imagine gening thc E-alkene by stereosdectivc 
reduction o f thc alkyne, disconnection to an alkynyl anion equivalent reveals an aldehyde w ith a chi
ral centre next to thc carbonyl group.

M p enaftlcin A
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How w ill this aldehyde (which can be mad* from the amino acid serine) react with nucleophiles 
such as lithiated alkynes? Consider a Felkin-Anh transition state: again, we know that the nitrogen, 
being electronegative, w ill lie perpendicular to the carbonyl group in the most reactive conforma 
don. so we need only consider these two. The least hindered direction of attack is shown, and that 
indeed gives the required product.

The other two chiral centres need to be controlled separately. The tram relative configuration 
could be obtained from another amino add. which itself has two stereogenic centres— tsoleudne 
The as was harder. The chemists decided to make it by starting with the as diol shown, which could 
come from ring opening of an epoxide with an alum inium reagent. Since the ring opening goes with 
inversion, the epoxide needs to be ш , so the ultimate starting material was chosen to be a as allylic 
alcohol It turned out that the as stereochemistry was right.

urNnd*»*d attac* atongsMt H

Chelation can reverse stereoselectivity

You should now be in a position to explain the outcome of this reaction without much difficulty. 
Sulfur is the electronegative atom, so the conformations we need to consider are the two following. 
Unhindered attack on the second gives the diastereoisomer shown



Chelation can reverse stereoselectivity

urtwww J

But. from what wc have lold you to h r, (he next 
reaction would present a problem: changing the 
metal from sodium to zinc has reverted the stereo- 
selectivity. Using (he simple Fdkin-Anh model now 
does not work; it gives the wrong answer.

Thc reason is that zinc can chelate sulfur and the carbonyl group. Chelation u  thc coordination of 
two heteroatoms carrying lone pairs to the same metal atom, and here it changes the conformation 
of the starting material. N o longer docs the most reactive or most populated conformation place the 
electronegative S atom perpendicular Ю C= 0, instead it prefers S to lie as dose to thc carbonyl oxy
gen as possible so that 7л can bridge between S and O , like this.

-Л— ̂  ̂  ̂
•nodi he»*

W hen chelation is possible, this is the conformation to consider— the one w ith the car
bonyl О  and thc other chetiting atom almost eclipsing one another. It is thc most populated, 
because it is stabilized by thc chelation, and it is also the most reactive, because the Lewis-acidic 
metal atom increases the reactivity o f the carbonyl group. Attack is still along the less hindered path
way, but this now leads to the other (ace o f the carbonyl group, and thc stereochemical outcome is 
reversed.

Two things arc needed for chelation to occur
• a heteroatom with lone pairs available for coordination to a metal
• a metal ion that prefers to coordinate to more than one heteroatom at once. These are mainly

more highly charged ions as shown in the table
Here is another example o f a reversal in selectivity that can be explained using a nonchelated 

Fdkin-Anh modd with Na * and a chdated modd with Mg2 *.

NaBHi (Mm ■ N) 73* 274
M ejM tf (Nw « M e) 14 99%

Not only docs сhdation control reverse thc stereoselectivity, but it gives a much higher degree 
of stereoselectivity. Stereoselectivities in chdation-controlled additions to O O  groups are 
typically >953. But this fits in m cdy with thc ideas wc presented at thc end of thc last chapter, stereo
selectivity is likdy lo  be high if a cydic transition stale is involved. Chdation involves just such a 
transition state, so it should be no surprise that it lets us achieve much higher Icvds of control than 
thc acyclic Fdkin-Anh model docs.

b * sometimes

Mg2*

f t P

cu»*
Tl4*
Ca5*

Mn2*
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O  Chelation

• m ay change (he d irection  o f d iastereosdectivity
• leads to  high levd » o f d iastem n electiv ity
• increases the rate o f the addition reaction

Chelation is possible through six* as well as five-mem bered rings, and the reduction of the ketone 
below is a nice example of the reversal of diastereoselcctivity observed when chelating Ce5* ions are 
added to a normal sodium borohydride reduction. The products were important for making single 
geometrical isomers of alkenes in a modification o f the W ittig  reaction (Chapter 31). Notice too how 
the rate must change: with Ce3* the reaction can be done at -78 41

I f  n„bm 4 CaCh

d*aMfofl aortal

AX
Me0H,20*c L

ГЫ1«лЛп1Ч'*ип1*|Ыаи<<ч с-мчпх

Attack on a  chiral carbonyl compounds: summary
The flow chart summarizes what you should consider when you need to predict or explain the 
stereochemical outcome o f nudeophilic attack on a chiral carbonyl compound.
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Stereoselective reactions of acyclic alkenes
Earlier in the chapter we dHo m ed how to make single diastereoisomers by stereospecific additions 
lo double bonds of fixed geometry. But if  the alkene also contains a chiral centre there w ill be a 
stereoselective aspect to its reactions too: its faces w ill be diastereotopic, and there w ill be two poei- 
Ые outcomes even if the ru ction  is fully stereospecific. Here is an example where the reaction it an

*> '*r ihe ca «fcomeuy of the лж тг t  «капе

r X . —  f * C
с ’"жл оi 

the ьп/АчЛ К  th>a

The Houk model ■
, . . ___, . . .  . . .  _  ... H4Hoi#.gAl<laU«vw<'io'
In  order to explain reactions of chiral alkenes like this, we need to assess which conformations are Ca*o»»a»iiaa*vto«.
important, and consider how they w ill react, just as we have done for chiral carbonyl compounds. i' iT ^ T  V iT *
Much of the work on alkene conformations was done by K.N . Houk using theoretical computer селили*» ы nwthed*
models, and wc w ill summarize the most important conclusions o f these studies. The theoretical Мф у
studies looked at two modd alkenes. shown in the margin. ^

The calculations found that the low-energy conformations in each case were those in which a sub- |j,e ^
stituent eclipses the double bond. For the simple modd alkene I , the lowest-energy conformation is IP jlUll< ± РТЧХ)е) 
the one that has the proton in the plane of the alkene. Another low-energy conformation— only 3.1 
kJm oT1 higher— has one o f the methyl groups eclipsing the double bond, so that when we start 
looking at reactions o f this type o f alkene, we shall have to consider both conformations.

—  > - = ^ T
I3 v*cst'  nener H fo e o e 'i M e 4N ly ОПГГЛ- М» "

plane оI оси)
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CC « С .
d r  »G M- M* Л И * -Й1«

For th r modd alkene 2, with 
a cu substituent. the conforma 
non »  more predictable and 
the only law -nw igf conformer 
u  thc one with the hydrogen 
eclipsing the double bond. There u  no room foe 
a methyl group to eclipse the double bond 
because if it did it would get too dose to the cu 
substituent at thc ocher end o f the double bond.

Thc message from thc calculations is this:
• The lowest-encrgy conformation of a chiral alkene w ill hare H  eclipsing the double bond
• If  there is a cis suhtfitucnt on thc alkene, this w ill be the only important conformation; if  there is 

no cis substituent, other conformations may be important too
Now we can apply thc theoretical modd to tome real examples.

Stereoselective epoxidation
W e suited this section with a diastercosdectivc epoxidation of an alkene. Thc alkene was this one. 
and it has a substituent d$to thc sterengenic centre. W e can therefore expert it to have one important 
conformation, with H  eclipsing thc double bond When a reagent— m-СРВ A here— attacks this con
formation. it w ill approach thc leas hindered face, and the outcome is shown.

M i fmt Nrdemd э» 
ia>«e -УМг/* I

»»am ^
tanlbm^f hat н
a *  *nro-ter* Wi

Ju Imrnfb 1"1Рь!Йв*1' h e

W ithout thc rfc substituent, selectivity is much lower.
«a n a* material, then latten into 
* a  plane ufth* p a *

M e

siM*,Ph liM ^Pti I

ei.19rat« Cf dtaal*mol«on«r» 

m-CPBA still attacks thc Icia hindered (ice of the alkene. but with no t is substituent there are two 
low-energy conformations: one with H  eclipsing the double bond, and one with Me eclipsing. Each 
gives a different stereochemical result, explaining the low stereoselectivity o f the reaction

«Hipvnj C-: ^

/*»CP8A attache tn* l*aa
iMfo> аю**1 *1*1

nt'Bir (CftMMWt
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Stereoselective reactions of acyclic alkenes

You u w  at the end of the last chapter that the reactions of m-CPBA can be directed by hydroxyl
groups, and the same thing happens in the reactions ofacyd ic alkenes This allylic alcohol epoxidues 
lo  give a 95:5 ratio of diastereoisomers.

r r  —  t r  - h :
05:5 <M>c jt duntereoitoaw's

* 'z&
Drawing the reactive conform ation explains the result. The thing that counts is the os methyl 

group: the (act that there ■ a m m  one too is irrelevant as rt is fust too Ear away from the strreogenk 
centre to have an effect on the conformation.

“Т Г

•  To  explain  the stereoselectivity o f reactions o f ch ira l alkenes:

• D raw  the confo rm ation  w ith  H  eclipsing the double bond
• A llo w  the reagent lo  attack the less hindered o f the tw o faces o r, if  co

o rd in ation  is possib le, to  be delivered  to  the face syn lo  the coord inating  
group

• D raw  the p roduct in  Ih e  sam e conform ation as the sta rlin g  m aterial
• Redraw  the p roduct as a norm al structure w ith  ih e  longest chain in the p lane 

o f Ihe paper

Stereosdecti ve enolate alkylation
Chiral enolates can be made from compounds with a stereogenic centre fl lo  a carbonyl group. Once 
the carbonyl a  deproloruted lo  form the enolate, the stereogenic centre is next to the double bond 
and in a position lo  control the stereoselectivity of its reactions. The scheme below shows stereo
selectivity in the reactions Ы  some chiral enolates with methyl iodide.

YY" Y X ” “ " iV  "lV “
77.21 < *-*»». 83 27 » М б * ц

The enolate is a cis-substituted alkene. because either O ' or O Et mu>t be cis to the Mereogenic 
centre. *0 that to explain the stereoselectivity, we need consider only the conformation with H  eclips
ing the double bond. Notice how the diastereoselectiviry increases as the group R gets bigger, because 
there is then more contrast between the size of Me and R. In  each case, the electrophile adds to the 
less hindered face, opposite R.
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M e cot

у ^  -* ™ " i V '
The other diastereoisomer cm  be made just by having the methyl group in place first and then 

prolonging the enolate. The sdectivities are lower (because a proton is sm all), but this does illustrate 
the way in which reversing the order of introduction o f two groups can reverse the stereochemical 
outcome of the reaction.

dl.tftartoi on f<h.«
H ®  4»uwvV ч> ft

t V  ~  7 Ц ;  -  -  i V
Aldol reactions can be stereoselective
In Chapter n  you met the aldol reaction: reaction o f an enolate with an aldehyde or a ketone Many 
of the examples you law  approximated to this general pattern

Л  -  A £ _
O nly one new stereogenic centre is created, so there is no question of diastereosdectivity But with 

substituted enolates. two new stereogenic centres are created, and we need to he able to predict 
which diastereoisomer w ill be formed Here ia an example from p 000 W e did not consider stereo
chemistry at that stage, but we can now reveal that the lyit diastereoisomer is the major product of 
the reaction. n пн

n— M cw n,. 0 OU J  ^

Л / lD,-7,x-rT J v -
two Ъ»%1*г*Мгж»л Г и м  h.rf *** О OH^ ____ ._______ but
< *»»•  o 'f t . .a ,  In which two tnotok. taao  a Mr

■ M pm s.M ch with two 
facet, come

The important point about subsntuted enolates a  that they can enst as two geometrical nomers. 
I»  or from. W hich enolate is formed u an important factor controlling the diastereoselectmty 
because it turns out that in many examples of the aldol I fa ctio n , cis-enolates give qm aldols prefer
entially and tom»-enolates give m u  aldols preferentially



Aldol reactions can be stereoselective

•  D lastereoselectivlty In aldol reactions

f.Vnrru i/y (b u t ce rta in ly  not alw ays!) in  aldol reactions:

a , A
« Н Л  Me

Л Х .
4 antaid

Let's start by showing some examples and demonstrating how we know this to be thc case. Some 
enolates can only exist as Ггдои-enolates because they are derived from cydic ketones. This enolate. 
for example, reacts w ith aldehydes to give only the anti aldol product.

A  -= - A  —  A A - --
only trana enolate can form

If  we choose the group X .  next to the carbonyl group, to be large, then we can be sure o f getting 
just the nj-enolate. So, for example, thc lithium  enolate o f this f-butyl ketone forms just as one geo
metrical isomer, and reacts w ith aldols to give only the syn aldol product.

cis and (rans, E  and Z, syn and anti

IDA f 11 ***••»

The answer is ЬоОИ For the U enolate. tr<e usual rule The other point concerns syn and апй. We said eailief trv
makes OU of lower рполту than OMe. so it's f . whSe the there ч  no precise definition or these tem»s they are a
sdylenai ether (or adyihetene acetai') has OSioTtatfier useful way or t»o «HaetereoHuimers
pnonty than OMe. soft's/. This is merely a nomenclature prowded the structure or at least one or them is presents
problem, tart It «миИ be Irritating to hew to reverse a i our in dkpammatic form. For aidol products the comention i
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The aldol reaction has a chair-like transition state
These are ihe experimental facts: how can we explain them? Aldol reactions are another dau  ot 
stereoselective process with a cydic transition state. D uring  the reaction, the lithium  u  transferred 
from the enolate oxygen to the oxygen of the carbonyl dectrophilc. This is represented in  the margin 
both in curly arrow terms and as a transition state structure.

A six-membered nng is involved, and we can expect this nng to adopt more or less a chair contor 
nut ion The easiest way to draw this is first to draw the chair, and then convert atoms to О  or Li as 
necessary. Mere it is. 

an list* has oh-**

In  drawing this chair, we have «же choice: do we allow the aldehyde to place R equatorial or axial' 
Both are possible but. as you should now expect, there are fewer steric interactions if R is equatorial 
Note that the enolate doesn't have the luxury of choice. I f  it is to have three atoms m the six-mem 
bered ring, as it must, it can do nothing but place the methyl group pseudoaxial

The aldol formed from the favoured transition state structure, with R pseudoequatonal, u  shown 
below— first in the conformation of the transition state, and then flattened out on to the page, and it 
is tyn.

J j  .-и J j L .  У  тЯ9 в  ?  T*

W e can do the same for a frans-cnolate. The enolate has no choice but to put its methyl sub
stituent paeudoequatorial. but the aldehyde can choose either pseudoequatorial or pseudoaxial 
Again, pseudoequatorial is better

Stereoselective enolization is needed for stereoselective aldols
The cydic transition state explains how enolate geometry controls the stereochemical outcome of 
the aldol reaction. But what controls the geometry of the enolate? For lithium  enolates of ketones 
the most important factor is the size of the group that is not enolized Large groups force the enolate 
to adopt the cu geometry; small groups allow the tains-enotate to form Because we can't separate 
the lithium  enolates. we just have to accept that the reactions of ketones with small R wdl be leu 
diaster eosdective.



Aldol reactions can be stereoselective

W ith  boron enolates, we don't 
have to rely on the structure of the 
substrate— we choose the groups on 
boron— and we can get cither cis or 
irons depending on which groups 
these are. Boron enolates are made 
by treating the ketone w ith an amine 
base (often F.tjN  or H P rH B lj) R2B-X. where X " is a good leaving group such as chloride or 
Inflate (C F jS O J). W ith  bulky groups on boron, such as two cyclohexyi groups, a torus enolate form» 
from most ketone». The boron enolate reacts reliably with aldehydes to give unit aldol products 
through the same six-membered transition state that you saw for lithium  enolates.

R >  fB u  

R  = f t

1:1 аргале

There is one im portant exception, and that is a class of esters o f hindered phenols. The trans-
enolates o f these compounds react selectively w ith aldehydes to give the ann aldol products.

Г j г
-  ~ V r9 C b

►
In fact. fBometncrtty (V 
boron enolates pvn the
product» «rtth greater

^  -«Jsf tj
B-0 bonds arc tftorter th*, L
bonds, so RwahnnemN*»^' 
•»4#*er'.

W ith  smaller В  substituents, the ей-enolate forms selecthrely. Here, the boron is part of a b icydic 
structure known as 9-BBN (9-borabicydononanc— you w ill meet this in Chapter 47). The bicydic 
part may look large but, as far as the rest o f the molecule is concerned, it’s ‘tied back’ behind the 
boron, and the methyl group can easily lie  cis to oxygen. The cu-enolate then gives syn aldol prod
ucts. Di-rt-butylboron triflat с (Bu 2BO Tf) also gives enolates.

Stereoselective ester aldols
W e have talked m ainly about aldol reactions o f ketones (as the enolate component). Fsters usually 
form the tram  lithium  enolates quite stereotelectivdy. You might therefore imagine that their aldol 
reactions would be stereoselective for the anh product. Unfortunately, this is not the case, and even 
pure toms-enolate gives about a 1:1 mixture o f syn and anh aldols.

9 C

-Xp
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An ingenious way of getting a syn ester aldol product is to do the more reliable ketone tyn aldol 
with a bulky group (to  ensure the cts-enolate is formed) and then to oxidize off the bulky group 
Here’s what we mean. The starting material is very like the /-butyl ketone that you saw enolize 
stercoNclcilively above: only the ci>-enobte can form. The enolate reacts highly syn selectively with 
the aldehyde, via the six-membered transition state.

в ц Г

At this point, the bulky group is no longer needed. The oxygen is deprotected in add and, in the 
same step, periodate ions oxidatively cleave the C-C bond between the two oxygen substituents The 
product is the acid parent of a syn ester aldol product.

r  .  * Ч ^ Х у Х ^ л  »«e r N 0 ^ X

W e shall show you the mechanism of the cleavage, because it leads us nicely into the next chapter. 
The first step is rather like the first step o f many uxidations— formation o f an inorganic ester (here a 
periodate). The periodate can form a cyclic ester by attack on the carbonyl group. Next, we can push 
the arrows round the ring to reduce the iodine from I(V II)  to I(V ), cleave the double bond, and gen
erate acetone and the acid.

A- - J ^
You w ill see many more cyclic mechanisms in the next two chapters, including some more C-C

•  Summary: How to make syn and a n ti aldols

To make syn aldols of ketones:
• with a ketone RCOEt with bulky R, use lithium enolate
• use boron enolate with 9-BBN-OTf or BujBOTf 
To make syn aldols of esters:
• use a bulky 2-alkoxyketone and deave to an add 
To make anti aldols of ketones:
• with a cydic ketone, use lithium enolate
• use boron enolate with dicydohexylboron chloride 
To make anti aldols of esters:
• use the ester of a hindered phenol



Problem s

Problems
1. How would you make each diastereoisomer o f this product 7. Explain how (hear two reactions give differ»
from the tame alkene? isomer t o f the product.

И , “ A "* - V !
2. Explain the stereoselectivity shown in  this sequence of 
reactions.

ОН, о

*- Explain the ttereotdecfivity in th it reaction. W hat no,,, 1
epoxide would Ы  produced on treatment of the pro<lUl, *  
base?

г r~.
S. How is the relative stereochemistry of this product controlled? 
W hy was this method сЬм еп?

t .  I low  could this cydic compound be used to produce the u a ^ l
chain compound with correct relative ttereochemist rv>

10. How would you transform this alkene atcfcoaelectivclv 1 
either of the diastereoisomers of thc amino-alcohol7

4. Explain the stereochemical control in th it reaction, drawing all 
the intermediates.

S . When thit hydroxy-ester is treated with a twofold excest of 
LDA and then alkylated, one diastereoisomer o f the product 
predominates. W hy?

L Ik L M  T*
2.

COjCt

%. Explain how the stereochemistry o f this epoxide is controlled. 
I 1. If, MaHCOj I

11. Explain the formation o f essentially one stereo  isome hi d M  
reaction.

a 1-

“ a W - *  !
U .  I low  would you attempt lo  transform (his aUylic a lfob .'l"’1* 
both diastereoisomers of the epoxide stereoselective! v i »  * 4  
not expected lo  estimate the decree o f success.
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Pericyclic reactions 1: cycloadditions

Connections
Building on:

• Structure of m olecules ch4
• Reaction  m echanism s c tiS
•  Conjugation end delocalU atlon  ch7

Arriving at:
In  cycload d itions electrons m ove In a
line
In  cycload d itions m ore than one bond 
Is form ed sim ultaneously 
There are no In term ediates In 
cycloadd itions
Cycloadd itions are a type o f p ericyclic

th at need light
M aking six-membered rings by the
D leJs-A lder reaction
M aking four-mem be red rings by [2  ♦

Looking forward to:
e  E le ctro cyc llc  reactio ns and 

sigm a trop ic rearrangem ents <*3$ I
• R ad ica l reactions ch39
• A rom atic h etero cyd es ch<3 •; 
a  Asym m etric syn thesis ch45 Г  
e  O rganic syn thesis ch53

e  The rules that govern cydoeddltJons: how 
to p redkt w hat wM and «ИМ not work

2)

M aking ftve-membered rings by 1,3- 
dlpolar cycloadd ltlon  
U sing cycloaddttion to  functlonalLre 
double bonds aterooepsclffceHy 
lle ln g  ozone to  break C=C double bonds

A new sort of reaction
Most organic reactions arc ionic. Electrons move from an electron-rich atom toward* an electron- 
poor atom: anions or cations are intermediates. Formation o f a cyclic ester (a  lactone) is an example.

The reaction involves five steps and four intermediates. The reaction is add catalysed and each 
intermediate is a cation. Electrons flow in one direction in each step—towards the positive charge. 
This is an ionic reaction.

This chapter is about a totally different reaction type. Electrons move round a circle and there are 
no positive or negative charges on any intermediates— indeed, there are no intermediates at all. This 
type o f reaction is called pcricyd ic. The most famous example is the Diets-Aldcr reaction.

In Chapter 39 you wMlncet a 
category redtcal r* action v- 

one electron m teaJ of 
is on tfte move.
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This reaction goes in a single «ер simply on 
heating. W e can draw the mechanism with the elec
trons going round a ux-membered ring.

Each arrow leads directly lo the next, and the 
last arrow connects lo  ihe first. We have drawn 
the electrons rotating clockwise, but it would make 
no difference at all if we drew the electrons rotating anticlockwise

s - 4

Both mechanisms are equally correct. The electrons do not really rotate at alL In  reality two * 
bonds disappear and two 0 bonds take their place by the electrons moving smoothly out of the я 
orbitals into the о orbitals. Such a reaction is called a cydoaddition W e must spend some time 
working out how this could happen.

First, just consider the orbitals that overlap to form the new bonds. Providing the reagents 
approach in the right way. nothing could be simpler.

The black p orbitals arc perfectly aligned to make a new о  bond a i are Ihe two green orbitals while 
the two brown orbitals are exactly right foe the new *  bond at the back of the ring. As this ia a one- 
step reaction there are no intermediates but there is one transition stale looking something like the

One reason that the I >iels-Alder reaction goes so weD is that the transition state has six delocalised 
Я electrons and thus is aromatic in character, having some of the special stabilization of benzene 
You could look at it as a benzene ring having all its я  bonds but missing two О bonds. This simple 
picture is fine as far as it goes, but it is incomplete. W e shall return to a more detailed orbital analysis 
when we have described the reaction in more detail



General description of the O le ls -Akler reaction

General description of the Diels-Alder reaction
Diets-Alder reactions occur between a conjugated dicne and an alkene, usually called the 
dienophile. Here are some examples: first an open-chain diene with a simple unsaturated aldehyde 
as the dienophile.

X  Г  x r - x r  ,
The mechanism is the same and a new six-membered ring is formed having onit double bond. 

Now a reaction between a cyd ic diene and a nitroalkene.

О
The mechanism leads dearly to the first drawing o f the product but this is a cage structure and the 

second drawing is better. The new six-membered ring is outlined in black in both diagrams. Now a 
more daborate example to show that quite complex molecules can be quickly assembled with this 
wonderful reaction.

The dim e
The diene component in the Dieb-Alder reaction can be open-chain or cydic and it can have many 
different kinds o f substituent*. There ia only one lim itation: it must be able to take up the conforma
tion shown in the mechanism. Butadiene norm ally prefers the л-tram  conformation with the two 
double bonds as U r away from each other as possible tor «eric reasons. Thc barrier to rotation about 
the central a  bond is small (about 30 k| mol at room temperature: see Chapter 18) and rotation to 
the less favourable but reactive s-cis conformation is rapid.

vfiwni и л
ĉ̂ www^w ii пел

The V  In the term* *ч:«
m to a a bond '

bond and net conHgunti 
about a double bond.

\ - = -  Q T
d№jvoua-d; car

Cydic dienes that are permanently in the $ -cis conformation are exceptionally good at 
Dieb-Alder reactions— cyctopentadiene is a classic exam ple-but cydic dienes that are perma
nently in the %-tram conformation and cannot adopt the s-cis conformation w ill not do the 
Dieb-Alder reaction at all. The two end* of these dienes cannot get doae enough to react with
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I  ooc

an alkene and. in any case, (he product would have an impos
sible trans double bond in the new six membered nng. (In  the 
DieU-Alder reaction, the old О bond in the centre of the diene 
becomes а я bond m the product and the conformation of that
0 bond becomes the configuration of the new я  bond in the 
ptoduct.)

•  The diene

The diene m ust have Ihe t-cis conform ation.

Thedienophile
The dienophiles you have seen in action so far all have one thing in common. They have an electron- 
withdrawing group conjugated to the alkene. This is a common though not exclusive feature of 
Die!*-Alder dienophiles. There must be some extra conjugation— at least a phenyl group or a chlo
rine atom— or the cycloaddition does not occur. You w ill often see the reaction between butadiene 
and a simple alkene (even ethylene) given in books as the basic DieU-Alder reaction. This occurs in 
only poor yield. Attempts to combine even such a reactive diene as cydopentadiene with a simple 
alkene lead instead to the dimenzation of the diene. One molecule acts as the diene and the other as 
the dienophile to give the cage structure shown.

® v o  -  a o  ■ ^

importance of entropy at httfter temperature* (Chapter 
(kjrtngthe raAnngof petroleum. It easU a* it* dimer at 1 J). H een be cNoflneted to gme 
room tempereture but can be dteoceted mto the heiechtorocydopentad ene. and the Oiele-Aider product
monomer on hoatmg—the effect o' the increased of tNa diene «rtth maleic anfcydrida Is a flame retardant

N#»b« ьр азx cr та

Simple alkenes that do undergo the Diek-Alder reaction include conjugated carbonyl com
pounds. mtro compounds, mtriles, su I tones, aryl alkenes. vinyl ether? and esters, haloalkenes. and 
dienes. In addition to those you have seen so far, a few examples are shown in the margin. In  the last 
example it is the isolated double bond in the right-hand ring that accepts the diene. Conjugation 
with the left -hand nng activates this alkene. But what exactly do we mean by ‘activate* in this sense? 
W e shall return to that question in a minute



General description of the D le ls-A lder reaction

Inthe 1950s two very aflectlv* pesticides were launched (bfcydo(2.2.1Jhet4edlenei. Norbomadtene is not
•*d their name» M W  'OuMrtn' and ' Aidnn*. As you тлу corrugated cannot take pert m • Diets-Aider reaction
д о м  they were made by 'he Diels-Alder reaction Aldnn esa<»ene However.* is quite strained because of lb*

ч two consecutitw OMv-AMar reactions In cage and N react» as a etenophflr «r th
pentadienereaclswfthecetytenetotfvee percMorecyOopentadienc to #ve Mdrtn

Thre Is quite a coyote* product but vw hope you can see was eventually banned when It was found feat chlorine
how К Is made i*> by looting at the two new bonds marked residues were accumuletJr* и  the fal of wwnais N f i up
InWack. Die*dnni»theepoede <# A*jnn The use of these In the food cftatoauchas birds of prey and humen». 

e that of many organochlorine compounds.

The product
Recognizing a Iheb-Alder product is straight forward. Look for the six-mem bered nng, the double 
bond inside the ring, and the conjugating group outside the ring and on the opposite side o f the 
ring from the alkene. These three features mean that the compound is a possible DieU-Alder 
product.

The simplest way to find the starting materials is to carry out a disconnection that is closer to a 
real reaction than most, lust draw the reverse Diels-Alder reaction. To do this, draw three arrows 
going round ihe cydohcxene nng starting the first anow  in the middle of the double bond. It 
doesn't, of course, matter which way round you go.
the «aconnection is the шифпагу reverse Dreis-AaVr reaction

i i a l  ==S» Y  • Л

Ю г :
• eu»a*<i the

The reaction couldn’t be simpler— just heat the components together without solvent or catalyst. 
Temperatures o f around 100-15041 are often needed and this may mean using a sealed tube if the 
reagents are volatile, as here.

Х Л x /
Stereochemistry
The D id*-Alder reaction u  stereospecific If  there is stereochemistry in the dienophile. then it is 
faithfully reproduced in the product. Thus ш  and tram  dienophiles give different diastereoisomers 
o f the product. Esters o f maleic and fumaru a*, ids provide a simple example.

с C - S 5 C -  о с
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In  both cases the ester groups sunply slay where they are. They are cis in the dienophile in the first 
reaction and remain cis in the product. They are trans in the dienophile in the second reaction and 
remain trans in the product The second example may look less convincing— may we remind you 
that the diene actually comes down on top of the dienophile like this. 

ф
One of thc C O iM c groups is tucked under thc diene in the transitions state and then, when thc 

product molecule is flattened out in thc last drawing, that CC^Me group appear* underneath the 
nng. The orange hydrogen atom remains cis to the other C 0 2Me group.

The search by the Parke-Davis company for drugs to treat strokes provided an interesting appli 
cation of dienophile stereochemistry . The kinds of compound they wanted were tricylic amines. 
They don't look like I>icls-AldcT products at all. But if  wc insert a double bond in the nght place in 
the six-membered ring, Dieb-Alder (D -A ) disconnection becomes possible.

--------------------------------------< 3 8 - c $ 8 » o S - >

Butadiene is a good diene. but thc enamine required is not a good dienophile An electron with 
drawing group such as a carbonyl or mtro group is preferable either would do the job In the event * 
carboxylk acid that could be converted into the amine by a rearrangement with Ph^PONj (see 
Chapter 40) was used.

The stereochemistry at thc nng junction must be cis because the cydic dienophile can have only a 
as double bond. Hydrogenation removes the double bond in the product and shows just how useful 
thc DicU-Alder reaction is for making saturated rings, particularly when there is some stereochem 
istry to be controDcd.

Stereochemistry of the diene
This is slightly more complicated as thc diene can be cu, cu, or os. trans (there arc two of these it the 
diene is unsymmetrical) or trans, tram  W e shall look at each case with the same dienophile, an 
acetylcncdicarboxylate, as there is then no stereochemistry in the triple bond! Starting with cis, cif- 
dienes is easy if  we make the diene cyclic.

Veu can add the Dus-AWe- 
r*act»o«i to your mental lift of 
reaction* to consider for makmg 
a e ^ g e g w e reo so m e -  from a 
**’0*S8om e’iicdl of an
-hene:»ee Chapter 34.

-  * k ~ - C СИ ' с о , . ,



General description of the D iels-Alder reaction

The diene has two sets of substituents— inside and outside. The inside one is the bridging C H 2 
group and it has to end up on one side of the molecule (above in the last diagram) while the 
two green hydrogens are outside and remain so. In  the final diagram they are below the new six- 
membered ring.

W ith  a irons, lr,uu-dicnc we simply exchange the two sets of substituents, in this example putting 
Ph where H  was and putting H  where the bridging C H 2 group was. This is the reaction.

Ph Ph у

< < -
The green Ph groups end up where the hydrogens were in the first example— beneath the new 

ux mrmhered nng— and the hydrogens end up above. It may seem puzzling at first that a tram, 
trans-dscne gives a product with the two phenyls as. Another way to look at these two reactions 
is to consider their symmetry. Roth have a plane o f symmetry throughout and the products must 
have this symmetry too because the reaction is concerted and no significant movement of sub
stituents can occur. The black doned line shows the plane o f symmetry, which is at right angles to the

The remaining case— the cis, tram-diene— is rarer than the first two. but is met sometimes. This is 
the unsymmetrical case and the two substituents dearly end up on opposite sides of the new six- 
membered nng.

The red R group may seem to get in the way of the reaction but, o f course, the dienophile is 
not approaching in the plane o f the diene but from underneath. It it difficult lo  find a convinc
ing example of this stereochemistry as there are so few known, partly because of the difficulty 
of making EZ-dienes. One good approach uses two reactions you met in Chapter 31 for the control 
of double bond geometry. The as  double bond is pul in first by Ihe addition o f methanol to 
butadiync and the tram  double bond then comes from L iA U I4 reduction o f the intermediate 
acetylenic alcohol

The acetalc of this alcohol is used in a Die I v-Alder reaction with the interesting dienophile D EAD  
(diethyl azodicarhoxytatc— in orange).
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The product is formed in eicd lent yield and has the trans stereochemistry that was predicted По 

not be misled into thinking that DEAD is being shown with stereochemistry— it has none— and in 
the product the amide nitrogen atoms are planar and there is no stereochemistry there.

Now to the most interesting cases of all. when both the diene and the dienophile have stereochemistry.

The ettdo rule for the DieU-Aider reaction
It is probably easier to see this when both the diene and the dienophile are cyclic A ll the double 
bonds are as and the stereochemistry is clearer. In  the most famous Diels-Alder reaction of all time, 
that between cydopentadiene and maleic anhydride, there are two possible products that obey all the 
rules we have so far described.

carbonyl foupa oo the dienophile 
and thenmly formed double 
bondlntocmiddte of the old

the ear «Мл-» tnot f̂ rmeoi
The two green hydrogen atoms must be os in the product but there are two possible products in 

which these Hs are cis. They are called exo and endo.
The product is, in fact, the endo compound. This is impressive not only hecau.ce only one 

diastereoisomer is formed but also because it is the less stable one. How do we know this’ W ell, if  the 
D id*-Alder reaction is reversible and therefore under thermodynamic control, the exo product is 
formed instead. The best known example result* from the replacement o f cydopentadiene with

«toev> are on to* tame furan m reattlon thf um c dienophile 
»<le they are caNed an4a(>r side)

toay am called tM  (outside).

' f a  -  Щ  -  ^
toe ’«г*»;' aorfuu tot аяо' adduct

ttaaattafefci (moMatabte)

W hy is the exo product the more stable? Look again at these two structures. On the left-hand vide 
o f the molecules, there are two bridges across the ends of the new bonds (highlighted in black): a 
one-C-atom bridge and a two-C-atom bridge There is less Я  eric hindrance if  the smaller (that is. the 
one-atom) bridge eclipses the anhydride ring.

The endo product is less stable than the exo product and yet it is preferred in irrever
sible DieU-Alder reactions— it must be the kinetic product of the reaction. It is preferred because 
there is a bonding interaction between the carbonyl groups of the dienophile and the develop 
mg я bond at the '

:hack of the diene. 
(The black bonds 
arc the new О

It  птшМог st*i* 
be’weer 0 0

* « ! back p» d*ne

the two reagents.)
пещ douttle towxi and С

jteto* er»Jr



General description of the D ie ls -A lder reaction

The same result is found w ith noncydic dienes and dienophiles— norm ally one diastereoisomer is 
preferred and it is the one w ith the carbonyl groups of the dienophile dosest to thc developing К 
bond at thc back of thc diene. Here is an example.

From our previous discussion wc expect thc two methyl groups to be os to each other and the 
only question remaining is the stereochemistry of the aldehyde group— up or down? The aldehyde 
w ill be cruio— but which compound is that? Thc easiest way to find thc answer is to draw thc reagents 
coming together in three dimensions. Here is one way to do this.

1. Draw the mechanism o f thc reaction and diagrams o f the щ
product to show what you are trying to decide. Put in the ruiew haw lust dor* 
known stereochemistry if  you wish

2. Draw both molecules in the plane of the paper w ith the diene 
on top and the carbonyl group o f thc dienophile tucked under 
thc diene so it can be close to thc developing я -bond

3. Now draw in all thc hydrogen atoms on thc carbon atoms that 
are going to become stereogenic centres, that is, those shown 
in green here

4. Draw a diagram o f thc product. A ll thc substituents to the 
right in  the previous diagram are on one side o f thc new 
molecule. That is, all thc green hydrogen atoms are cis to each 
other

S. Draw a final diagram of the product w ith the stereochemistry 
of the other substituents shown too in the usual way. This is 
the cn Jo  product o f the Diels- Alder reaction

If  you prefer, you may draw a three-dimensional representation o f thc reagents coming together, 
rather like the ones we have been drawing earlier in the chapter. You may indeed prefer to invent a 
method of your own— it docs not matter which method you choose providing that you can quickly 
decide on the structure o f the en,h adduct in any given Dieb-Alder reaction.
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T im e  fo r som e exp lan ation s 
W e have accumulated rather a lot of unexplained results.
• W hy does the Diels-Alder reaction work so well?
• W hy must we have a conjugating group on the dienophile*
• W hy is the stereochemistry of each component retained so faithfully* 
a W hy is the m Jo  product preferred kinetically'

There is more. The simpler picture we met earli
er in this chapter also fails to explain why the 
Diels-Alder reaction occurs simply on healing 
while attempted additions of simple alkenes (rather 
than dienes) to maleic anhydride fail on heating 
but succeed under irradiation with U V  light.

W e shall now explain all this in one section using frontier molecular orbitals. O f all the kinds of 
organic reactions, pericyclic ones are the most tightly controlled by orbitals, and the development of 
the ideas we are about to expound is one of the greatest triumphs of modem theoretical chemistry. It 
is a beautiful and satisfying set of ideas based on very simple principles.

1
От wUUta ol confuted *

*  Гy s r

шмол,

The frontier orbital description o f cycloadditions
W hen an ionic cydization reaction occurs, such as the lactonization at the head of this chapter, one 
important new bond is formed. It is enough to combine one full orbital with one empty orbital to 
make the new bond. But in a cycloaddition two new bonds are formed at the same time. W e have to 
arrange for two filled p orbitals and two empty p orbitals to be available at the right place and with 
the right symmetry. See what happens if we draw the orbitals for the reaction above. W e could try the 
HO M O  (K ) o f the alkene and the LU M O  (« * ) of the double bond in the anhydndc

This combination is bonding at one end, but antibonding at the other so that no cycloaddition 
reaction occurs. It obviously doesn't help to use the other HOM O /LUM O  pair as they w ill have the 
same mismatched symmetry.

Now see what happens when we replace the alkene with a diene W e shall again use the LU M O  of 
the electron-poor anhydride.

Now the symmetry is right because there is a node in the middle of the HO M O  of the diene (the 
IIO M O  is 4̂ 2 of the diene) just as there is in the LU M O  of the dicnophile. If  we had tried the oppo
site arrangement, the LU M O  of the diene and the HO M O  of the dienophile, the symmetry would 
again be right.

Now the LU M O  of the diene has two nodes and gives the same symmetry as the HO M O  of 
the dienophile. which has no nodes. So either combination is excellent. In  fact most Diels-Alder 
reactions use electron-deficient dienophiles and electron-rich dienes so we prefer the first arrange 
mcnt. The electron-deficient dienophile has a low-energy LU M O  and the electron-nch diene has a 
high-energy HO M O  so that this combination gives a better overlap in the transition state. The 
energy levels w ill be like this.

t



The frontier orbital description of cydoadditioru
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Thu is why we usually use dienophile* with conjugating groups for good Dieb-Alder reaction». 
Dienes react rapidly w ith dectrophile* because their HO M O * are relatively high in energy, hut 
simple alkenes have relatively high-energy I.U M O s and do not react well with nucleophiles. The 
most effective m odification we can make is to lower the alkene LU M O  energy by conjugating the 
double bond w ith an electron-withdrawing group such as carbonyl or nitro. These are the most 
common type o f D ieb-Alder reactions— between electron-rich dienes and electron-deficient

Dimerizations of dimes by cydoaddition reactions
Because dienes have relatively high-energy llO M O s and low-energy LU M O * they should he aMe to 
take part m cydoadditions with themselves. And they do. W hat they cannot do is form an eight- 
membered ring in one step (though this is possible photochcm ically or w ith transition metal cataly
sis as we shall see later).

О MKO) О
You should have expected this failure because the ends o f the required orbitals must again have 

the wrong symmetry, just as they had when we tried the alkene dimenzation.

Dienes do dim erire, but by a D ids-Alder 
reaction. c r

A rarer type is the revet»* 
electron demand Diet»-Aid J
reaction m U *
has etaetfOfHtoneonC r> « *«  
the diene ha* a conjugated 
electror-wfthdrew n^grvjo J  
Those reaction* use the homo*  
the dienophtte and t»* lUMO of j 
the diene Thi* сотый*!,™  s*  
ha* the fight o*t>ft«i |
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One molecule of the diene acts as a dienophile. Now the symmetry is correct again.

* 2
HUMoof** tH ... j r .  r p  

■ V H j ^
•  Count the number o f я  electrons

• The cyc load d itio n ! tha l do occur therm ally, fo r exam ple, the D id *-A ld er 
reaction, have (4 n + 2 * )  electron* in  th e ir 'arom atic ' transition  Hate*

• The cycloadd ition* that do m xoccur therm ally, fo r exam ple the dim enzation o f 
alkene* and o f diene*. have 4 n Я  electron* in  th e ir 'an ti- iro m atic ' tra iu itio n  
Mate*

The Diels-Alder reaction in more detail
The orbital explanation for the endo rule in Did»-Alder reactions 
W e are going to use a diene as dienophile to explain the formation o f endo products. The diene serves 
as a good model for the very wide variety of dienophiles because the one thing they all have in com
mon is a conjugating group and a second alkene is the simplest of these To make matters even easier 
we shall look at the dimenzation of a cyclic diene; we might almost say Л * cyclic diene— cyclopenta 
diene. W e introduced this reaction above where we simply stated that there was a favourable elec
tronic interaction between the conjugating group on the dienophile and the back of the diene in the 
endo product though we did not explain it at the time.

If  we now draw the frontier orbitals in the two 
components as they come together for the reaction, j 
we can see first of all that the symmetry is correct for 
bond formation.

Now we shall look at that same diagram again but 
replace with orange dashed lines the orbitals that are 
overlapping to form the new о bonds so that we can 
•ее what is happening at the hack of the 
diene.

The symmetry of the orbitals is cor
rect for a bonding interaction at the iirhiri
back o f the diene too. This interaction 
does not lead to the formation of any 
new bonds but it leaves iu  im print in 
the stereochemistry of the product. The etiJo  product is favoured because of this favourable interac
tion across the space between the orbitals even though no bonds are formed



( The Diels-Alder reaction in more detail

Entropy and the e n d o n iU

Another way to look at IN»
i.A  *ftce* of bread and the electron* are the Mhng that hold*

v**y (■*«*•* orientation of the two molecule* is required for them tae^her but still Mow* *tem to route untl toe r#e
two bond* to be formed at once. Theee reactions hawe large atom* come together for bond-n*.

• of acthrekon (Chester 4 lb-order must be Ro^kin about a wsftiwf ad* Oeoutfitn* centra of the
sandwich evmtu**y bring* The rif*  atom* together 'or 
bond formation. *  that moment tie  back* of the rtn p m  '

.__________ , _  sb* stuck together by toe mayonnaise and toe endo
n (hat can be compand to a squshy «anchMch wAh mduct «esulU

The solvent in the D ids-Alder reaction
W e discussed some effects o f varying the solvent in Chapter 13, and we shall now introduce a 
remarkable and useful special solvent effect in the Diels-Alder reaction. The reaction does not need a 
solvent and often the two reagents are just mixed together and heated. Solvents can be used but, 
because there are no ion ic intermediates, it seems obvious that whuh solvent is unimportant— any 
solvent that simply dissolves both reagents w ill do. This is, in general, true and hydrocarbon solvents 
are often the best.

However, in the 1980s an extraordinary discovery was made. W ater, a most unlikely solvent 
for most organic reactions, has a large accelerating effect on the Diels-Alder reaction. Even some water 
added to an organ к  solvent accelerates the reaction. And that is not all. The endo selectivity of these 
reactions is often superior to  those in no solvent or ш  a hydrocarbon solvent. Here is a simple example.

о Л -

Intram olecular D iel»-Alder reactions
NVhen the diene and the dienophile are already part o f the same molecule it is not so important for 
them to be held together by bonding interactions across space and (he exo product is often preferred.

A single regw- and stereoisomer was formed in essentially quantitative yield and the stereochem
istry was easily proved by N M R using N O E (Chapter 32). Irradiation at the black methyl group in 
the middle o f the molecule gave strong NOEs to the two green hydrogen atoms, which must there
fore be on the same side o f the molecule as the methyl group

The suggestion is that the reagents, which arc not soluble in water, are clumped together in o3y 
drops by the water and forced into dose proxim ity. W ater is not exactly a solvent— it is almost an 
anti-solvent!

Water-soluble dim es are also used in Diels-Alder reactions in water and they too work very well. 
Sodium salts o f carhoxytic acids and protonated amines both behave well undeT these conditions. 
Presumably, the soluble ta il is in  the water but the diene itself is inside the o ily drops w ith the 
dienophile. In  this example an am inodiene reacts w ith a quinone dienophile.
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9 1 »
Indeed, it seems that intramolecular Dieb-Alder reactions are governed more by normal steric 
considerations than by the endo rule.

" 2 :
This reaction happens only because it is intramolecular. There is no conjugating group attached 

to the dienophile and so there are no orbitals to overlap with the back of the diene. The molecule 
simply folds up in the sterically most favourable way (as shown in the margin, with the linking chain 
adopting a chair-like conformation) and this leads to the Irans ring junction.

In  the next example there is a carbonyl group conjugated with the dienophile. Now the less stable 
cis ring junction is formed because the molecule can fold so that the carbonyl group can enjoy 
a bonding overlap with the back of the diene. This time the linking chain hat to adopt a boat-like 
conformation.

about the wav*
ПмЦ »
fo « iw * H r*m u » t  Ы*щгш\—
boat-яй»cvrfonnatton. This is
clear N you make a model

If, on the other hand, we give the dienophile a conjugating group at the other end of the double 
bond, stereoselectivity is lost. ш тп*,

CO/ae end H Uom  * ' brfh w x'-cu

44% 47%

The cis-alkene dienophile gives stereospecific addition— in each product the CO jM e is cis to the 
alkyl chain (and therefore from to the H atom). But we get about a 50:50 mixture of endo and exc 
products. This docs not seem to be because there is a n y th in g  w ro n g  with the transition state for endo 
addition, which leads in this case to cu-fused rings

Sim ilarly, w ith the fruru-alkene, two products are formed and both retain the trans geometry of 
the dienophile. But once again a nearly 50:50 mixture o f endo and exo products is formed.

СЛ-,Ме end и efc* bo»- product*

Folding the molecule so that the endo product would be formed does not again seem to present 
any problem. Presumably, either the carbonyl group of the ester is too far away from thc dim e to be 
effective or else it is simply that the advantage o f the endo arrangement ts not worth having in 
intramolecular D ids-Aldcr reactions.
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Regioselectivity in Diels-Alder reactions

•  Intramolecular Diels-Alder

In tram o lecu lar D ie ls-A ld er reactions m ay give the endo product o r they m ay not! 
B e  prepared fo r e ith e r exo o r endo products o r a m ixture.

Regioselectivity in Diels-Alder reactions
The compounds thal we are now tailing dienophile* were Ihe stars o f Chapters 10,23, and 29 where 
we called them M ichael acceptors as they were the dectrophilic partners in conjugate addition reac
tions. Nucleophiles always add lo  (he 0 carbon atoms of these alkenes because the product is then a 
stable enolate. O rdinary alkenes do not react with nucleophiles.

1
In  frontier orbital terms this is because conjugation with a carbonyl group lowers the energy of 

the LU M O  ( the X* orbital of the alkene) and at the same time distort* it so thal ihe coefficient on the ■
P  carbon atom is larger than that on the a  carbon atom. Nucleophiles approach the conjugated ты»* 
alkene along the axis o f the Urge p orbital o f the 0 carbon atom

N«9t.UMO d  an штяШПШ1 
caAon>* cotrpound - H

These same features can ensure regioaelective DieU-Alder reactions. The same orbital of the 
dienophile ts used and. if  the H O M O  o f the diene is also unsyrometrwal the rrgxMekvtnnty o f the 
reaction w ill be controlled by the two largest coefficients bonding together.

So what about distortion o f the H O M O  in  the diene? If  a diene reacts w ith an electrophile, the 
largest coefficient in the H O M O  w ill direct the reaction. Consider the attack o f H Br on a diene. W e 
should expect attack at the ends o f the diene because that gives the most stable possible cation— an 
ally! cation as an intermediate.

n

In  orbital terms attack occurs at the ends of the diene because the coefficients in the H O M O  are 
larger there. W e need sim ply to look at the H O M O  (4*2) of butadiene to see this.

So it is not surprising that the dienes react in the Dieb-Alder reaction through their end carbons. 
But supposing the two ends are different— which reacts now? W c can again turn to the reaction with 
H B r as a guide. Addition o f H B r to an unsymmetricaJ diene w ill give the more stable of the two pos
sible ally! cations as the intermediate.

n»*« t ’stif aM сяк* vl-xafe'tJ 
ter aM jry  try1. v oaoors

V *

HOMO Ы butao**-'*'

L
2
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In orbital terms, this dearly means that the H O M O  o f the diene is distorted so that the end that 
reacts has the larger coefficient.

W hen the unsymmetrical diene and the unsymmetrical dienophile combine in a Diels-Alder 
reaction, the reaction itself becomes unsymmetrical. It remains concerted but. in the transition state, 
bond formation between the largest coefficients in each partner is more advanced and this deter 
mines the regioselectmty of thc reaction.

■щ ® cnenvcw

n u m

pvl<*nce «0 nwl o *  about the 
■fvoritic* backgroooc end not 
eoulteOT

к М И Ж " » *
_  * h M  0*
н о м в а п » # »  »«1 « *т вг> - .»
1<̂ я ч  Itone» «*1 »*» Thc simplest way to decide which product w ill be formed u to draw an ‘ionic stepwise 

mechanism for the reaction to establish which end o f the diene w ill react with which end of 
the dienophile. O f course this stepwise mechanism is not completely correct but it does lead to 
the correct orientation of the reagents and you can draw the right mechanism afterwards. As 
an example we shall look at a diene w ith a substituent in the middle This is the reaction.

First decide where (be diene w ill act as a nucleophile and where the diene w ill act as an 
dectrophile.
reiKtion <A ftn о tent wrrr '■♦act or <4 tm Лепорлие

*

Now draw thc reagents in the correct orientation for these two ends to combine and draw a con
certed Dieb-Alder reaction.

This is an important example because an enol ether functional group u  present in the product 
and this can be hydrolysed to a ketone in aqueous add (sec Chapter 21).

z JX  -ь-ХГ
Summary of regioselectivity in Diels-Alder reactions
The important substitution patterns are: a diene with an dec iron-donating group (X ) at one end or 
in the middle and a dienophile with an electron-withdrawing group (Z ) at one end. These are the 
products formed.

t
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>A useful mnemonic

If  you prefera rule to remember, try this one.
• The DieU-Alder reaction it a cycloaddition with an arom atic transition Hate 

that ia ortho and para directing

You can see thal this mnemonic wnHu if you look at the two product! above: the 6m  has the two 
substituents X  and Z on neighbouring carbon Hom e just tike orthe suhstituents on a benzene nng. 
while the second lu i X  and Z  on oppoaite sides o f the ring. just like para substituents

Lewis acid catalysis in D ida-Alder reactions
W here Ihe reagents are umymmetrical. a Lewu add thal can bind to the e ieitron-w ilhdraw ii* group 
of the dienophile nften catalyses the reaction by lowering the LU M O  of the dienophile still further. It 
has another important advantage:« increases the difference between the coefficients in  the I.U M O  (a  
Lewis-acid com pleied carbonyl group is a more powerful electron-withdrawing group) and may 
increase rtgsoselectivity .

x /  f t
I  «tact

naal to lohjana it  120 *Cfei а н м  lube T t: я

■ « M .W jO a D X  9 ! :J

This Diels-Alder reaction is useful because it produce! a substitution patten) Cparj’) common in 
natural terpena (Chapter 51). But the rcgioadectm ty introduced by one methyl group on the diene 
и not very great— this reaction gives а 71:29 m ature when the two compounds are heated together 
at 1204: in a sealed tube. In  Ihe preaeiHe of the Lewis acid (Sn C l,) the reaction can be carried out at 
lower temperatures (below 251 )  without a sealed lube and the regioselectm ty improves to »}:7 .

Regioselectivity in intram olecular Diels-Alder reactions
lust as the stereoselectivity may be compromised in intramolecular reactions, to may the regioselec- 
tivity. It may be simply impossible for the reagents to get together in the •right1 orientation The 
examples below have a very short chain— fun three carbon atom»—joining diene to dienophile and 
so the same regioselectivity is found regardlesa of the position of the coniugating carbonyl group.

1&$ -2- c |5
lOOHywtd
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The first example has the 'nght' orientation ('o n h a'l but the second has the wrong orientation 
( ‘те м ’). In  real life there is no prospect o f any other orientation and, as the reaction is intramolecu 
lar, it goes anyway. Notice the lower temperature required for the Lewis acid (Н О Л Ю })-catalysed 
reaction.

The Woodward-Hoffmann description of the Diels-Alder 
reaction
Kenichi Fukui and Roald Hoffmann won the Nobd pruc in 1981 (Woodward died in 1979 and to 
couldn’t share this prize: he had already won the Nobel prize in 1965 for his work on synthesis) for 
the application of orbital symmetry to pencyclic reactions. Theirs is an alternative description to the 
frontier orbital method we have used and you need to know a little about it. They considered a more 
fundamental correlation between the symmetry of all the orbitals in the starting materials and ad the 
orbitals in the product*. This is rather too complex for our consideration here, and we shaD concen
trate only on a summary of the conclusions— the Woodward-Hoffmann rules The most important 
of these states:

•  Woodeard-Hoffmnnn rules 

In a thermal perkyclic reaction the total number of (4q + 2), and (4r). 
components must be odd.

This needs some explanation A component is a bond or orbital taking part in a pencyclic reac
tion as a single unit. A double bond is a a2 component. The number 2 is the most important pan of 
this designation and simply refers lo the number of electrons. The prefix я tells us Ihe type of elec
trons. A component may have any number of electrons (a diene is a *4 component) but may not 
have mixtures of Я and О electrons. Now look back at the rule. Those mysterious designations (4<j ♦ 
2) and (4 r) simply refer to the number of electrons in the component where 4 and r are integers. An 
alkene is a *2 component and so it is of the (44 ♦ 2) kind while a diene is a *4 component and so is of 
the (4 r) kind.

Now what about the suffixes s' and a*? The suffix s’ stands for suprafacial and a’ for antarafacial 
A suprafacial component forms new bonds on the same bee at both ends while an antarafacial com 
ponent forms new bonds on opposite faces at both ends. See how (his works for ihe Diels-Alder reac
tion. Here is the routine

1. Draw the mechanism for the reaction («re shall choose a 
general one)

2. Choose the components. A ll the bonds taking part in the
mechanism must be included and no othen

Make a three-dimensional drawing of the way the
components come together for the reaction, putting in 
orbitals at the ends of the components (only*)

4. lo in  up the components where new bonds are to be formed
Coloured doned lines are often used



Regioselectlvtty m D iels-Alder reactions

•  A useful mnemonic

I f  you prefer a ru le  (o  rem em ber, try  th ii one.

• The D ie U - A lile r reaction  is a cyd o ad d itio n  w ith  an arom atic tran sition  stale 
that is ortho  and p ara  d irecting

You can see lhat this mnemonic works if  you look at the two products above: the 6rst has the two 
substituents X  and Z  on neighbouring carbon atoms, just like ortho substituents on a beiueiic nng. 
while the second has X and Z  on opposite sides of the n n f. just like par* substituents

Lewis acid catalysis in Diels-Alder reactions
W here the reagents a n  unsym netricaL a Lewis add that can bind lo  the dcaron-withdrawing (roup 
o f Ihe dienophile often catalyses the reaction by lowering the LU M O  o f the dienophile still further. It 
has another important idvaatjge: it increases Ihe difference between the coefficients in the LU M O  (a 
Lewis-acid completed carbonyl group is a more powerful electron-withdrawing group) aod may 
increase rcgnselectivity •

This D ids-Aldcr reaction is useful because it produces a substitution pattern {'p a ra ) common in 
natural terpenes (Chapter S I). Bu i the regiosdeitivity introduied by one methyl group on the diene 
u  not very great—this reaction gives a 71J9  m ature when the two compounds arc heated together 
at I20*C  in a sealed tube. In  the presence of the Lewis acid (SnC I4) the reaction can be earned out at 
lower temperatures (below 2 J*C ) withuul a sealed lube and Ihe rcgiuselectm ty improves lo  M :7.

Rcgiosdcctivity in intram olecular Diels-Alder reactions
lust as Ihe stereoselectivity may be compromised in intramolecular reactions, to  may the regiocclec- 
tivity. It may be simply impossible for the reagents to get together in the 'right1 orientation The 
examples below have a very short chain— put three carbon atom*— joining diene to dienophile and 
so the same rcgiosdcctivity is found regardless of the position of the coniugating carbonyl group.

tea l to toluene «  130 *C In • и М  lu te 71. : »
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The fir»* example hat Ihe right' orientation ( ’ortho) but Ihe second has the wrong orientation 
(‘те м ’). In  real life there is no prospect of any other orientation and, as the reaction a  intramolecu 
Ur. it goes anyway. Notice the lower temperature required (or the Lewis acid (Н О Л Ю j)-catalysed 
reaction.

The Woodward-Hoffm ann description of the D iels-Alder 
reaction
Kenichi Fukui and Roald Hoffmann won the Nobel pnzc in 1*81 (Woodward died in 1979 and so 
couldn't share this prize: he had already won the Nobel prize in 1965 for his work on synthesis) for 
the application of orbital symmetry to pericyclic reactions. Theirs is an alternative description to the 
frontier orbital method we have used and you need to know a little about it  They considered a more 
fundamental correlation between the symmetry o f all the orbitals in the starting materials and all the 
orbitals in the products. This is rather too complex for our consideration here, and we shall concen
trate only on a summary of the conclusions— the Woodward-Hoffmann rules. The most important 
of these states:

•  W oode«rd-Hoffm nnn rules 

In  a therm al p ericyclic reaction the to tal num ber o f (4q  + 2 )t and (4 r)a 
com ponents must be odd.

This needs some explanation A component is a bond or orbital taking part in a pencydic reac
tion as a single unit. A double bond is a «2 component. The number 2 is the most important part of 
this designation and simply refers to the number of electrons. The prefix я tells us the type of elec
trons. A component may have any number of electrons (a diene is a *4 component) but may not 
have mixtures of Я and О electrons. Now look hack at the rule. Those mysterious designations (4<j ♦ 
2) and (4 r) simply refer to the number of electrons in the component where q and r are integers. An 
alkene is a «2 component and so it is of the (4 { ♦ 2) kind while a diene is a «4 component and so is of 
the (4 r) kind.

Now what about the suffixes s’ and a’? The suffix s’ stands for suprafacial and a' for antarafacial. 
A suprafacial component forms new bonds on the same bee at both ends while an antarafacial com 
poneni forms new bonds on opposite faces at both ends. See how this works for the Dteb-Alder reac
tion. Here is the routine

1~ Draw the mechanism for the reaction (we shall choose a 
general one)

2. Choose the components. A ll the bonds taking pan in the 
mechanism must be included and no others

3. Make a three-dimensional drawing of the way the 
components come together for the reaction, putting in 
orbitals at the ends of the components (only*)

4. lo in up the components where new bonds arc to be formed
Coloured dotted lines arc often used



Trapping reactive intermediates by Diels-Alder reactions

8. label each component s or a depending on whether new bonds 
are formed on the tame or on opposite sides.

V -
f . Count thc number o f (4q ♦ 2 ), and (4 r), components. If  thc 

total count is odd, the reaction is allowed ?),c<
ак*л*| and no (4 f), cor
• 1 so a it an «омов te action

You may well fed that there is very little to he gained from the Woodward-Hoffmann treatment of 
the DicU-Aldcr reaction. It docs not explain the endo selectivity nor thc regiosdectivity. However, the 
W oodward-ltoAvnann treatment of other pericydic reactions (particularly dectrocyclic reactions, in 
thc next chapter) is helpful. You need to know about this treatment because thc Dida-Aldcr reaction 
is often described as an a ll suprafecial (4 ♦ 2] cytloaddkion Now you know what that means.

M V
You car h * 
you «anti

a* •» <4q«. 
«*0 not 

many

Trapping reactive intermediates by Diels-Alder reactions
In Chapter 23 we met the remarkable intermediate benzyne and mentioned that convincing evi
dence for its existence was thc trapping by a Dieb-Alder reaction. An ideal method for generating 
benzyne for this purpose is the diazotization o f anthranilic acid (2-aminobenzoic acid).

od;—[qH — о* J
Benzyne n uy not look like a good dienophile but а ж an unstable dcclraph ilk molecule so it 

mutt have a low eneigy LU M O  (**  of thc triple bond). If  benryne ia generated in the presence of a 
diene. efhcieitt D ieb-Alder rraclio ra take place. Anthracene give» a specially interevting product 
with a symmetrical a f t  structure.

0 - 0 0 0
It is difficult to draw thu mechanism convincingly The two flat molecules approach each other ia 

orthogonal planes, so that thc orbitals o f thc localized я  bond of benzyne bond w ith the p orbitals on 
the centra) ring of anthrac ene.
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Another intermediate for which Diels-Alder trapping provided convincing evidence is the oxy- 
allyl cation. Thu compound can be made from o.a'-dibromoketones on treatment with zinc metal 
The first step is the formation of a /inc enolate (compare the Reformatsky reaction), which can be 
drawn in term* of the attack o f line on oxygen or bromine Now the other bromine can leave a* an 
anion. It could not do so before because it was next to an electron-withdrawing carbonyl group. Now 
it is next to an electron-rich enolate so the cation is stabilized by conjugation.

The ally! cation has three atoms but only two electrons so it can take part in cycloadditions with 
dienes— the total number of electrons is the required six. This is one o f the few reactions that works 
only to produce a seven-membered ring.

Other thermal cycloadditions
Six is not the only (4n ♦ 2) number and there are a few cycloadditions involving ten electrons. These 
arc mostly diene ♦ triene. that is, *4, ♦ „6Я cycloadditions. Here are a couple of examples.

In  the first case, there is an enJo relationship between the carbonyl group and the back of the 
diene— this product is formed in 100% yield. In  Ihe second case E ijN I I is lost from Ihe first product 
under the reaction conditions to give the hydrocarbon shown This type of reaction is more of an 
oddity, by far the most important type of cycloaddition is the Diels-Alder reaction.

The Alder ‘ene’ reaction
The Diels-Alder reaction was originally called the diene reaction' so, when half of the famous team 
(K . Alder) discovered an analogous reaction that requires only one alkene, it was called the Alder ene 
reaction and the name has stuck. Compare here the Dids-Alder and the Alder ene reactions.
the Owls Aider reaction th* Aider m e reaction
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The simplest way to look a l the m e reaction is to picture it as a DieU-Alder reaction in which 
one of the double bonds in  the dim e has been replaced by a C-H  bond (green). The reaction 
does not form a new nng. the product has only one new C-C  bond (shown in Ыаск on the product). 
and a hydrogen atom is transferred across space. Otherwise, the two reactions are remarkably 
sim ilar.

The ene reaction is rather different in orbital terms. For the Woodward-HofTmann description of 
the reaction we must use the two electrons o f the С- I I bond to replace the two electrons of the dou
ble bond in the I>ieU-Alder reaction, but we must make sure that all the orbitals are parallel, ix  * 
shown.

The C-H bond is parallel with the p orbitals o f the ene so that the orbitaU that overlap to form the 
new x bond are already parallel. The two molecules approach one another in parallel planes so that 
the orbitals that overlap to form the new О bonds are already pointing towards each other. Because 
the electrons are of two types, к  and C, we must divide the ene into two components, one K2 and one 
e2. W e can then have an all-suprafacial reaction w ith three components.

A ll three component* are of the (4<j ♦ 2 ), type so all count and the total is three— an odd num 
ber— so the reaction u  allowed. W e have skipped the step-by-step approach we used for the 
Diels-Alder reaction because the two arc so sim ilar, but you should convince yourself that you can 
apply it here.

In  frontier orbital terms we shall want again to use the LU M O  of the anhydnde so we need to con
struct the H O M O  of the ene component. Thu must be the H O M O  o f the к  bond and о  bond (C -H ) 
combined. These two bonds can combine in a bonding way (6  -f X ) or in an antibonding fashion 
(С - K ). The second is higher in energy than the first and since there are a total o f four electrons (two 
in the s bond and two in the X bond), it is the molecular H O M O . The H O M O  of the ene is bonding 
at both ends w ith the LU M O  o f the anhydride and the reaction is favourable, 
construction at HOMO or ene

HOMO **f * *  Q  Q

*****<§> s-s
LUMO or am-yofsb

Now for some real examples. Most me reactions w ith simple alkenes are w ith maleic anhydnde. 
Other dienophiles— or eaophiles as we should call them in this context— do not work very well. 
However, w ith one particular alkene. the natural terpene 0-pinene from pine tree», reaction does 
occur with mophiles such as aaylates.

Wc «scu ts  in more (tot*.)* I  
Chapter 36 how to а м .» ,*- ,,, 
wXo e bones. Her* г ► rjn(1

ГаоаЯу becajMOB
4 has no node» ■

The major interaction between these two molecules is between the nucleophilic end o f the exo- 
cyclic alkene and the electrophilic end o f the acrylate. These atoms have the largest coefficients in the 
H O M O  and LU M O . respectively, and. in the transition state, bond formation between these two w ill 
be more advanced than anywhere else. For most ordinary alkenes and enophilcs, l-cwis acid catalysis 
to make the enophile more electrophilic, or an intramolecular reaction (o r both!), is necessary for an 
efficient m e reaction.
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The ene is delivered lo the bottom face of the enone, as its tether (Chapter 33) is too short for it to 
reach the top face, and a tu  ring junction is formed. The stereochemistry of the third centre is most 
easily seen by a Newman projection of the reaction. In  the diagram in the margin we are looking 
straight down the new C-C bond and the colour coding should help you to see how the stereochem
istry follows.

Since the twin roles of the enophile are to be 
attacked at one end by a C=C double bond and at 
the other by a proton, a carbonyl group is actually a 
very good enophile. These reactions are usually 
called carbonyl ene reactions 

The important interaction

J  тцоя>« OH

between the HO M O  of the ene sys
tem and the I.U M O  of the car
bonyl group— and a Lewis-acid 
catalyst can lower the energy of the 
LU M O  still further. If  there is a 
choice, the more electrophilic car- 
bony! group (the one with the 
lower LU M O ) reacts.

It is not obvious that an cne 
reaction has occurred because of 
the symmetry of the ene. The dou
ble bond in the product is not, in 
fact, in the same place as it was in 
the starting material.

One carbonyl ene reaction is of commercial importance as it is part of a process for the produc
tion of menthol used to give a peppermint smell and taste to many products. This is an intramolecu
lar ene reaction on another terpene derivative 

H

Ha/Nt

Л т

It is not obvious what has happened in the first 
step, but the movement o f the alkene and the 
closure of the ring with the formation of one (not 
two) new C-C bonds should give you the clue that 
this is a Lcwis-acid catalysed carbonyl ene reaction 

The stereochemistry comes from an all-chair 
arrangement in the conformation of the transition 
stale. The methyl group w ill adopt an equatorial position in this conformation, fixing the way the 
other bonds are formed. Again, colour coding should make it dearer what has happened

i
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Photochemical [2 + 2] cydoadditions
W c shall now leave six electron lycloaddition* suck as the Dieb-Alder and ene reactions and move 
on to some four-electron cycloadditiom . Clearly, four b  not a (4n ♦ 2) number, but when we told 
you in the box on p. 000 that only cydoadditions with (4#i ♦ 2) electrons arc allowed wc used thc 
term thermally’ Cydoadditions with 4n electrons are allowed if the reaction b  not thermal (that is. 
driven by heat energy) but photochem ical (that iv  driven by light energy). AD the cycloadditiom  that 
arc not allowed therm ally are allowed photochem ically The problem of the incompatible symmetry 
in trying to add two alkenes together b  avoided by converting one o f them into thc excited state 
photochemically. First, one electron b  excited by the light energy from the я  to thc K* orbital.

Now, combining the excited
state o f ooc alkene with thc ground %•**.•» _ дол* ы t v  л **
state of another solves the symme- 0  0  I  •**"* ’• f )  ( l
try problem. Mixing the two Я **  Д —П  *•
orbitals leads to two molecular * \  j  /
orbitals and two electrons go down 
in energy while only one goes up.
Mixing thc two orbitals b as f

. н Ч ' ^  и  ■
result b that three electrons go \  f l y *

up. Bonding can occur. ■
Alkenes can be dimenzed photochem ically in this way, but reaction between two different alkenes *  1 

u  more interesting. If  one alkene is bonded to a conjugating group, it alone w ill аЬмиЬ U V  light and



92*
be excited while the other %vill remain in the ((round state. It is difficult to draw a mechanism for 
these reactions as we have no simple way to represent the excited alkene. Some people draw it as a 
diradical (since each electron is in a different orbital); others prefer to write a concerted reaction on 
an excited  alkene marked with an asterisk

35 - Pencyclic reactions 1: cydoadditions

Лз
The reaction is stereospecific w ithin each component but there is nn endo rule— there is a conju

gating group but no 'back of the diene'. The least hindered transition state usually results.

■ - 1

«"пун * be*
stats Of «W CM floanU  

•■■p w m . but you can Ow* of <

The dotted lines on the central diagram simply show the bonds being formed The two old nngs 
keep out o f each other's way during the reaction and the conformation of the product looks reason
ably unhindered.

You may be wondering why the reaction works at all, given the strain in a four-membered ring: 
why doesn't the product just go back to the two starting materials? This reverse reaction is governed 
by the Woodward-Hoffmann rules, just like the forward one, and to go back again the four-mem- 
bered ring products would have to absorb light. But since they have now lost their я bonds they have 
no low-lying empty orbitals into which light can promote electrons (see Chapter 7). The reverse 
photochemical reaction is simply not possible because there is no mechanism for the compounds to 
absorb light.

Regiosdectivity in photochemical [2 + 2] cydoadditions 
The observed regioselectivity is of this kind.

•OMC wacben Of tha Mnnt. N M

Гуси « я м  add 
Ofcourae 

■ »HW oiw Kii wh«ne this la a
¥eV ««action because tic

л o»de» to tocou 

"4 JU O

If  we had combined the HO M O  of the 
alkene with the LU M O  of the enone. as we 
should in a thermal reaction, we would expect 
the opposite orientation so as to use the larger 
coefficients of the frontier orbitals and to maxi-. . ,  , .  . . "ЧРИ1 I " '" '
mize charge stabilization in the transition state.

But we are not doing a thermal reaction. If  you look back at the orbital diagram above, you w ill 
see that it is the HO M O /HO M O  and LUM O /LUM O  interactions thal now matter in ihe reactions of 
the excited state. The sizes o f the coefficients in the LU M O  of the alkene are the other way round to 
those in the HO M O . There is one electron in this pair of orbitals— in the LU M O  of the enone in fact, 
as the enone has been excited by the light— so overlap between the two LUM O s (shown ui the frame)
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is bonding and leads to the observed product. The easiest way to work it out quickly is to draw the 
product you do not expect from a normal H O M O /LUM O  or curly arrow controlled reaction.

Therm al [2 + 2] cydoadditions
Despite what we have told you, there are some thermal |2 ♦ 2] cydoadditions giving four-membered 
rings. These feature a simple alkene reacting w ith an electrophilic alkene o f a peculiar type. It must 
have two double bonds to  the uunt carbon atom. The most important examples are ketencs and iso
cyanates. The structures have two к  bonds at right angles.

Here are typical reactions of dim ethyl ketene to give a cydobutanone and chlorosulfonyt iso
cyanate to give a fl-lactam.

yi =- Л.'- K.
To understand why these reactions work, we need to consider a 

new and potentially fruitfu l way for two alkenes to approach each 
other. Thermal cydoadditions between two alkenes do not work 
because the H O M O /LUM O  combination is antibonding at one end.

If  one alkene turns at W “ to the other, there is a way in which the 
IIO M O  of one might bond at both ends to the LU M O  of the other. 
First we turn the H O M O  o f one alkene so that we are looking down 
on the p orbitals.

Now we add the LU M O  of the other alkene on top of this I IO M O  
and at W  to  it so that there is the possibility o f bonding overlap at 
both ends.

Thu arrangement looks quite prom ising until we notice that 
there u  j  nt ibonding at the other two corners! O verall there is no net 
bonding

H
• retauso* 
: abo*

?
0 - 0

: «dd LUMO of
• Od«f«liWfW 
t

laocyanr.e



35 • Pencyclic reactions 1: cydoadditions

lop of t t jt  p ortMai 
it* bottom naif bond» 

to both p nrtxtal* of HOMO

W e can tilt (he balance in favour of bonding by adding a p 
orbital to one end of the LU M O  and at a nght angle to it so that 
both orbitals of the HO M O  can bond to (his extra p orbital. There 
are now four bonding interaction* but only two antibonding. The 
balance is in favour of a reaction. Thu is also quite difficult to 
draw!

If  you find this drawing difficult to understand, try a 
three-dimensional representation.

Kctenes have a central sp carbon atom with an extra я  bond (the 0= 0) at nght angles to the first 
alkene— perfect for thermal (2 + 2) cydoadditions. They are also electrophilic and so have suitable 
low-energy LUM Os.

Ketene (2 + 2) cydoadditions
Ketene itsd f is usually made by high-temperature pyrolysis of acetone but some ketene* are easily 
made in solution. The very acidic proton on dichloroacctyl chloride can be removed even w ith a ter
tiary amine and los& of chloride ion then give* dichloroketene in an E l cB elim ination reaction.

“ • " o '

If  the elim ination is carried out in the 
presence of cydopentadiene a very efficient 
rcgio- and stereospecific 12 4 2] cydoaddition oiL-dC.

The most nudeophdic atom on the diene adds to the most electrophilic atom on the ketene and 
the ns geometry at the ring junction comes from the as double bond of cydopentadiene It is impres
sive that even thu excellent diene undergoes no Diels-Alder reaction with ketene as dienophile. The 
[2 + 2) cydoaddition must be much faster.

U t l n f  th e  p ro d u c ts

nohetene I* convenient to use . but tne two cNorine 
are not usuaffy needed m the product fortunately, 
can be removed by flnc metal In acetic add

Zinc fo»m* a nnc «f>oi*te "hicMs сomerted

ketone by the add ftrpt-Mran removes both 
atoms You saw the reductive formation of а П 
earlier in tbe chapter (p. 000) and m the 

inn (Chapter ?в.р  ООО)

But what do we do if we wani the product of a ketene (4 ■* 2) cydoaddition? W e must use a com
pound that is not a ketene but that can be transformed into a ketone afterwards— a n
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a ketene equivalent. The two most important type» arc nitroalkcncs and compounds such as the 
'cyanohydrin ester’ in the second example.

Finding the starting m aterials for a cydobutane synthesis
The disconnection of a four-membered ring is very simple— you just split it in  half and draw thc two 
alkenes. There may be two ways to do this.

Bo«b K U  o f starting materials look all right— the regKxhemistry is correct for the first and d o n a 'I 
matter for the second. However, wc prefer the sccond because we can control the stereochemistry by 
using n> butene as the alkene and we can make the reaction work better by using dichlorakrtcnc 
instead of ketene itself, reducing out the chlorine atoms with unc.

Synthesis of P-Uctams by 12 ♦ 2) cydoadditions
Now the disconnections a rt really different— one requires addition o f a ketene to an unine and the 
other Ihe addition of an isocyanate to an alkene. Isocyanates are like ketcnes. but have a nitrogen 
atom instead o f the end carbon atom. Otherwise the orbitals are the same.

And the good news is that both work, providing we have the right substituents on nitrogen. The 
dichloroacctyi chloride trick works well w ith im incs and. as you ought to expect, the more nudco- 
philic nitrogen atom attacks the carbonyl group of the ketene so that the regioselntivity is right 10 
make P  lactams

If  both components haw  one substituent, these w ill end up (ram  on the four-membered ring ju «  
to keep out of each other’s way. This example has more functionality and the produ.t tuuld be used 
to make fl-lactams with antibiotic activity, such as analogues o f the ^-la.umase inhibitor, davulanic
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You w ill notice that in both of these example» there i» an aryl substituent on the nitrogen atom of 
the imine. Thu is simply because imines are rather unstable and cannot normally be prepared with a 
hydrogen atom on the nitrogen. N-Aryl imines arc quite stable ( Chapter 15. p. 000).

W hen we wish to make 0 lactams by the alternative addition of an isocyanate to an alkene. a sub
stituent on nitrogen is again required, but for quite a different reason. Because alkenes are only mod
erately nudeophilic. we need a strongly electron-withdrawing group on the isocyanate that can be 
removed after the cydoaddition. and the moat popular by far is the chlomsulfonyl group The main 
reason for its popularity n  the commercial availability of chlomsulfonyl isocyanate It reacts even 
with simple alkenes.

The alkene's HO M O  interacts with the isocyanate's LU M O . and the most deitrophilic atom is 
the carbonyl carbon so this is where the terminal carbon atom of the alkene attacks. The chloro- 
sulfonyl group can be removed simply by hydrolysis under mild conditions via the sulfonic acid.

W ith  a more electron-rich alkene— an enol ether, for example, or the following example with its 
sulfur analogue, a vinyl sulfide— the reaction ceases to be a concerted process and occurs stepwise. 
W e know this must be the case in the next example because, even though the starting material is an 
E IZ  mixture, the product has only tram  stereochemistry: it is stereoselective rather than stereo
specific, indicating the presence of an intermediate in which free rotation can take place. 

trr« rttftfton

Making fivc-membered rings— 1,3-dipolar cycloadditions
W e have seen how to make four-membered nng» by [2 ♦ 2| cycloadditions and. of course, how to make 
six-membered rings by [4 ♦ 2) cydoadditions. Now what about five-tnembered nngs? It sounds at first 
impossible to make an odd-numberrd ring in 
this way. However, all we need is a three-atom, 
four-electron 'diene' and wc tan do a Diel»- 
Aider reaction. Impossible' Not at all— the 
molecules are called 1.3-dipoles and are good 
reagents (or cydoadditions. 11 ere is an example.

The molecule containing N  and О  atoms labelled four-electron component' is the l> d ipo le. Il 
has a nudeophilic end (O H  and an electrophihc end— the end o f the double bond next to the central 
N *. These are 1,3-related so it is indeed a 1,3-dipole. This functional group is known as a nitrone 
You could also think of it as the N-onde of an imine.

The nitrone gets its four deitrom  in this 
way: there are two Я dectroru in the N ~C < 
double bond and the other two come from 
one of Ihe lone pairs on the oxygen alom 
The twi»-dectron component is a simple 
alkene in this example. In a Diels-Alder

■<A 1

4
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reaction it would be called the dienophile. Here it is called the dtpoUrophile. Simple alkenes (which 
are bad dienophile*) are good di polar ophiles and so are electron-deficient alkenes.

The difference between dienes and 1.3-dipoles u that dienes a" #*т>а»мкп И р тм м ц  wih an electro.,
are nudcophilic and prefer to use their HO M O s in cydoaddi- R R
tions with electron-deficient dicnophilcs while 13-dipoles, as t . v jy v  I©
their name implies, are both dectrophilic and nudcophilic. * '  4)©  , N qq
They can use either Iheir I lO M O s or their LU M O s depending J
on whether thc dipolarophile u  dectron-deficicnt or electron- ^
rich. > ■ ~  щ— /

One important nitrone is a cydic compound that has the structure bckiw and adds to 
dipolarophlies (essentially any alkene!) to give two frvemembered rings fused together. The stereo
chemistry comes from the best approach w ith the least 
stenc hindrance, as shown. There is no endo rule in 
these cydoadditions as there is no conjugating group 
to interact aero» space at the back of the dipole or €  **v. hr».,,
dipolarophile. The product shown here is the more r  *<)prr
stable exo product.

If  the alkene is already joined on to the nitrone by a covalent bond so that the dipolar 
cydoaddition is an intram olecular reaction, one particular outcome may be dictated by the impos
sib ility of the alternatives. Here is a simple case where an allyl group is joined to the same ring 
as in  the previous example. The product has a beautifully symmetrical cage structure and the mecha
nism shows the only way in which the molecule can fold up to allow л 1.3 dipolar cydoaddition to 
occur.

Making nitron*»

There art two important 
hydro4ft«n«ne» Oporvcbwn nftrent* are imwMy mode Y - L
Thocycbcn
by oocaftton and then cycHc efcrmnotton to 0ve a 
hydroiyianMne This Is ooo<aad «gam artVi Hgfii) to 0va the

-  О
Q -L ■?

О

The importance o f the Diels-Alder reaction is that it makes six-membered ring» with control over 
stereochemistry. The importance o f I J-d ipolar cydoadditions is not so much in the heterocyclic 
products but in what can be done w ith them. Almost always, the first formed heterocyclic ring 1» bro
ken down in some way by carefully controlled reactions. The nitrone adducts we have lust seen con
tain a weak N-O  single bond that can be sdectively cleaved by reduction Reagents such as L iA lH 4 or 
nnc metal in various solvents (acetic acid is popular! or hydrogenation over catalysts such a» nickd 
reduce thc N -O  bond to give N H  and O H  functionality without changing thc structure or stereo 
chemistry o f thc rest o f thc molecule. From thc examples above, we get these products.
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93*
In  each cydoaddition, one permanent C-C and one C-O  bond (shown in orange) were made. 

These were retained while the N-O bond present in the original dipole was discarded The final 
product is an amino-alcohol with a 1.3-relationship between the O H and N H  groups.

Linear 1,3-dipoles
In  the Dieta-.Udei ruction . Uk  d iene had to ,  m . x m u m
hare an s-o* conformation about the central sin- 
gle bond so that they were already in the shape ol [\ t>  nn  
the product. M any useful 1.3 dipoles are actually ^  "  
linear and their 1.3-dipolar cydoadditions look 
very awkward. W e shall start with the nitrile 
oxides, w h ich  have a triple bond where the 
nitrone had a double bond

T ?  - ’A

ill tH Ie  e lid e .

- Y —

***»<еес«»ютеп«*ео*вв**п*а»оааог .  я  Г _ [ ж
"v - ’N .e ___„

I _ jn ----- ----' * *е*ы Л ии1м  I •  I I
см »—ismowei of the OH pretan and f<en loss rfeNortde. О  v» 0
^ ___ -ifc - . iha ».r.«e — — I И *

' * 4  * ' 4 ^molecule of weler? The re agent 
usually chosen is phenyl Isocyanate 
(Ph-*KC*0). which removes the 
molecule of water atom by atom to 
C«e eniane (PhNH 2) end CO., Tbi* «

Г

wsl* awe shown

The dipolarophile (here a simple alkene) has to approach uncomfortably dose to the central 
nitrogen atom for bonds to be formed Presumably, the nitrile oxide distorts out of linearity in the 

f  transition state. As you should expect, this is a reaction between the HO M O  of the alkene and
W M fttf atone *b* LU M O  of the nitrile oxide so that the leading interaction that determines the structure of the

*  product is the one in the margin.
If  there is stereochemistry in the alkene, it is faithfully repr«*duced in the hcterocyclic adduct as we 

should expea for a concerted cycloaddinon

’ - " Я .
*-eihei« o*e *gl>e l*i • n«* faM te.* v* &  «fM RM nts

Both partners in nitrile oxide cydoadditions can have triple bonds— the product is then a 
aromatic heterocyde called an isoxazole
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cycloaddition Ы rritnl# ox*d* and e *jr*  aromailcrty Ы im>«mcH - v> «  electron*

- ^ 2  - 4 ^
Though isoxazoles have some importance, ihe

main interest in n itrile  oxide cydoadditions \ )  LIAIM* ___/ Ш %
lies again in the products that are formed by reduc- \  f  m \  {
(ioo of the N-O  bond and by the O N  double bond. 4 ^  \
This produces am ino-alcohok with a I ̂ -relation- 
ship between the two functional groups.

The N-O  bond is the weaker o f the two and it is possible to reduce that and leave the O N  bond 
alone. This leaves an im ine that usually hydrolyses during work-up.

—  Н у  —  А Л
Any йегеосЬелиягу in  the adduct a  p ro m t*  right through thu reduction and hydrolynt 

«q u n u r you might like to  compare the product» with the producu of the itereoselntrve aldol 
reaction. yuu taw in Chapter 34.

Mj/WI

" k - Y -
B io tin

ВкЛп w art en/ym* cofactor that activates and mtwcw ли>>

W e shall end this section with a beautiful illustration of an intramolecular 1.3-dipolar cyclo
addition o f a nitrile oxide that was used in the synthesis of the vitam in biotin. Starting at the beginning 
of the synthesis w ill allow you to revise some reactions from earlier chapters. The starting material is a 
simple cydK attylk brom ide that undergoes лп efficient $ц2 reaction «nth a sulfur nuckophile. In 
fact, we don't know (o r care*) «whether this is an Sn 2 ur Sm2* reaction as the product of but h reactions 
« the same This sort of chemistry was discussed in Chapter 23 if  you need to check up on it. Notire 
that it is the sulfur atom that does the attack— it is the soft end o f the nucleophile and better at Sm2 
reactions. The next step is the hydrolysis o f the ester group to reveal the thiobte anion.
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x q
Thia step u «tnctlr in  earn r,change ralhcr than • hrdrotvau and в  dixustrd in Chapter 11. Next 

ih t nudeopM ic Ihiotalc anion don a co n iu fitt addition (Chaptm  10 and IS ) on lo  a nitroalktne

hA

• ^ ^ о - 'Ч о - х о
Now com a Ihe n o tin g  moment. П к  nitroalkene g ive  th t nil n it ond t directly on dehydration 

with P h N = 0 0  and th t cydoaddition occur» ipontantouclv in th t only any it can. given tht 
intram oltcular nature of the reaction.

* x o
W e have drawn the reaction with the nitrile made coming up from the underside of the seven- 

membered nng. pushing all the hydrogen atoms at the ring junctions upwards and making all the 
rings join up in a as fashion

Next the cycloadduct is reduced completely with LiA lH « so that both the N 4 ) and O N  bonds 
are cleaved. This step is very stereoselective so the C=N reduction probably precedes the N-O  cleav
age and the hydride has to attack from the outside (top) bee of the molecule These considerations 
are explored more thoroughly in Chapter 33.

№ НУ!ж
The aulfur*containing nrg. and th t utrcochtm utry, of bwtin art already defined and, in tht 

•even Мера that follow, thc moat important a  the breaking open of the icven-membered nng by a 
Beckmann rearrangement, which you w ill meet in Chapter 37

Two very important synthetic reactions: cydoaddition of 
alkenes with osmium tetroxide and with огопе
W e shall end this chapter with two very important reactions, both of which we have alluded to earlier 
in the book. These reactions are very important not just because of their mechanisms, which you must



Cydoaddition of alkenes with osmium tetroude and with ozone

be aware of, but even more because of their usefulness in synthetic chemistry, and in that regard they 
are second only to the Dieb-Alder reaction when considering all the reactions m this chapter. They 
are both oxidations— one involves osmium tetroxide (0 s0 4) and one involves o/one (O j) and they 
both involve cydoaddition.

0 s0 4 adds two hydroxyl groups syn to a double bond
W e emphasized the bet that 
cydoadditions, being con
certed, are stereospecific with 
regard to the geometry o f the 
double bond. One very 
important example o f this is 
the stereospedfic reaction of 
an alkene w ith ОЮ4. First, we 
give you the result o f the reac
tion— the overall outcome is 
that two hydroxyl group* are 
added syn to the double bond.

They add syn whether the double bond is F. or Z. and, by redrawing the second example in a d if
ferent conformation, you can see how defining the geometry of the starting material defines which 
diastereoisomer o f the product is obtained.

Now for the mechanism. W e must admit before we start that this is a reaction about which there is s ti! 
some с * wit rover sy, and we give you the simplest reasonable view of the mecharasm. Future results may 
show this mechanism to be wrong, but it 
w ill certainly do to explain any result you 
might meet. The first step is a cydo
addition between the osmium tetroxide 
and the alkene. You can treat the 0 s0 4 
like a dipole— it isn’t drawn as one 
because osmium has plenty o f orbitals to 
accommodate four double bonds.

The product of the stereospecific 
cydoaddition is an osmate ester*. This 
isn’t the lequired product, and the reac
tion is usually done in the presence of 
water (the usual solvent is a f-HuOH- 
water mixture), which hydrolyses the J
«m ate ester to the diol Because I 
oxygen atoms were added in one conceit
ed step during the cydoaddition, their rel
ative stereochemistry must remain syn.

The osmium starU as Q sfV H l) and ends up as O s(V I)— the reaction is, o f course, an oxidation, 
and it’s one that is very spcdfic to О С  double bonds (as we mentioned in Chapter 24). As written, к 
would involve a whole equivalent of the expensive, toxic, and heavy metal osmium, but it can be 
made catalytic by introducing a reagent to 
oxidize O sfV I) back to О в(У Ш ). The usual
reagent is N-methyl morpholine-N-oxide °» °*  <c
(N M O ) or F e illlj, and typical conditions for 
an osmylution, or dihydroxylation. reaction 
are shown in the scheme alongside.

In  behaviour that is typical of a 1,3-dipolar cydoaddition reaction, 0 s0 4 reacts almost as well 
w ith electron-poor as w ith electron-nch alkenes. 0 *0 4 simply chooses to attack the alkene HO M O

4 $
reoraw. writ 

HO p *  4 *0 *  then *1

0О*О< < c«t.). NMO 

HuOM. H,0



or its I.U M O  depending on which gives the best interaction. This is quite different from the dec- 
trophilic addition of m-CPBA or B r2 to alkenes.

6 — &
луп  and anil addition of hydroxyl group*

K #**it0d*»*tM 0nn4nf oTCMpter 34lnp*rtfct»#r. tog орал** ww *<Г

,Л о в
е

w e ^ 'N o i- i

A cycloaddition that destroys bonds— ozonotysis
O ur last type of cycloaddition is most unusual. It starts as a 1.3 -dipolar cycloaddition but eventually 
becomes a method of cleaving я  bonds ui an oxidative fashion to that they end up as two carbonyl 
group». The reagent is ozone, O y

Ozone is a symmetrical bent molecule with a central posi- e < r ^ o  
lively charged oxygen atom and two terminal oxygen atoms that a
•hare a negative charge. It u  a 1,3-dipole and does typical 1,3- 
dipolar cycloadditions with alkenes.

The product is a very unstable compound. The 0 - 0  single bond (bond energy 140 kj m oT*) is a 
very weak bond— much weaker than the N-O  bond (180 И  m o t')  we have been describing as weak 
in previous example* and this heterocyde has two of them. It immediately decomposes -by a 
revtne 1.3-dipolar cydoaddition

& - f t

The products are a simple aldehyde on the left and a new, rather unstable looking molecule— a 
1.3-dipole known as a carbonyl oxide— on the right. At least it no longer has any true 0 - 0  single 
bonds (the one that looks like a single bond is part o f a ddocalized system like the one in ozone). 
Being a I J-dipole, it now adds to the aldehyde in a third cydoaddition step It might just add back 
the way it came, but it much prefers to add in the other way round with the nudeophilic oxyanion 
attacking the carbon atom «if the carbonyl group like this

© « * ■ * » !»  р Э о  IX » » W
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This compound— known as an ozonidc— is ihe hrsl stable product o f thc reaction with ozone. It 
is the culmination of two 1.3-dipolar cydoadditions and one reverse 1,3-dipolar cydoaddition. It  is 
still not that stable and is quite explosive, so for the reaction to be o f any use it needs decomposing. 
The way this is usually d<*ne is with dimcthybulfide. which attacks the ozonidc to give DMSO and 
two molcculcs of aldehyde.

-a « DMSO • a  ■ RCHO

T h t ozonidc w ill also react w ilh oxidizing agents sudt as I I ,O j to give carboxylic adds, or with 
more powerful reducing agents such as NaBH, to give alcohols. Here aze the overall transforma
tions— each cleaves a double bond— it is called an ozonolysia

l « i

2. NaBH,

Ozonolysu o f  cydohcxencs is pazticularly useful aa it gives 1,6-dicarbonvt compounds that are 
otherwise difficult to make. In the simplest case wc get hexane 1,6-dioic acid (adipic add) 
monomer for nylon manufacture.

More interesting cases arise when the products o f Birch reduction (Chapter 24) are treated with 
ozone. Here it  ia thc electron-rich end ether bond that ia cleaved, showing that ozone is an elec- 
trophilic partner in 1.3-dipolar cydnaddiliniu I f  the ozonidc is reduced, a hydroxy ester is formed 
whose tnsubstituted bond's Z geometry was fixed by the nng it was part o f  (sec Chapter J I ).

X  NaBH,

•o 1- 0,

i -и /),

xr~— xr— да
An alternative method o f  cleaving О С  bonds is to use OsO, in conjunction with NalO ,. Thc diol 

product forma a periodate ester, which decomposes to give two molecules of aldehyde. These are 
themselves oxidized by the periodate to carboxytic acids.

r \ - RCOjM У 2

YMMWpW’O'M'ebenc
C-C bond» m Vm mm Г 
c*«pw» за. p. ono
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9*0
Sum m ary of cycloaddition reactions

H i f  di== ( j '
ф A cyc lo a d d itio n  is j one step n n g  fo rm in g  reaction between t\*o  ьОП|ица(ес'. я  systems in  * h ic h  t * o  

n o *  a  bonds are fo rm ed jo in in g  the tw o  reagents at each end 1Ъе m echanism  has one step w ith  

n o  in te rm ed ia te *, and a ll the 
a rrow s «tart o n  К bonds and go 

ro u n d  tn  a r in g

•  The cycloadditions arc supra- 
fecial—they occur on one face
o n ly  o f  each К system -a n d  fo r a th e rm a lly  a llow ed reaction there should be In  ♦ 2 e lectrons in  the 
m echanism , but 4rt in  a photochem ica l cyc loadd ition  1 h r v  rules are dicta ted by o rb ita l sym m etry

•  C y d o a d d it io n  e q u ilib r ia  genera lly lie  over o n  the n g h t hand side in  a the rm a l reaction  because 
C -C  О bonds are stronger th a n  C-C К b o n d v  In  a ph<*ochem ica l cyc lo a d d itio n . the p ro d u c t loses 

its *  bonds and there fo re  its means of absorb ing  energy It  is the k in e tic  p ro d u c t o f  the reaction  

even i f  й  has a s tra ined  fo u r m em bered  nng

•  The  s te reochem istry  o f  each co m p o n e n t is fa ith fu lly  reproduced  in  the p ro d u c t -4he reactions 
are «tereospecifu  and the re la tio n sh ip  between th e ir s trrecK hem utnes  m ay be governed by 

orbital o ve rlap  to  give an e n J o  p ro d u c t

Problems
i .  Give awchanums for these reactions, explaining the stereo- ♦. Justify the stereoselectmry in thu intramolecular Diels-Alder

■НУ
1. Predict tb r  structure o f the product o f this Diels-Alder reaction

J c r  —

ft. Explain the formation of single adducts in these reactions.

__ on the difference in rate between these two
ж____ i  Ь  *  estimated that the second goes about 10* times

'Нм *C  hi,I



Problems

• .  Revision element*. Suggest two syntheses o f this spirocydic 
ketone from the starting materials shown. Neither starting 
material is available.

U .  Give mechanisms for these reactions and C\ j 
and stereochemical control (or the lack o f it!). 1 1 U

a.- d:>. '

7. This reaction appeared in Chapter 33. Account for the

1. 1л. HO Ac

|о я * г м * * с  I
Icohois to h«tones) ^

"*<hC MoOjC

■. Draw mechanisms for these reactions and explain the stereo
chemistry.

IT  | *

2. UAIH,

1 2 . Suggest a mechanism for this reaction and ехрЬщ U* 
and regjochemistry. How would you prepare the , 
ketone starting material?

P - 'o -MeO,C

». Revision. One o f the nitrones used as an example in the chapter 
was prepared by this route. Explain what is happening and give 
details o f the reactions.

1. < *^ C H O  Me<f

2. MeOH. MCI

Zn. HH4CI

1 0 . Explain why this DieU-Alder reaction gives total regio- 
selectivity and stereospecifiuty but no stereoselectivity. What is 
the mechanism o f the second step? What alternative route might 
you have considered i f  you wanted to make this final product and 
why would you reject it?

1 3 . Photochemical cydoaddition o f these tw o  CO 
claimed la  g m  the u n f it  diastereoisomer shown The с 
who di<l this work claim (hat the gtereochrmistry of (he a 
simply proved try iu  conversion into a lactone un rn 
Comment on the validity o f this deduction jnd схрЦЛ 
stereochemistry o f the cydoaddition.

1 4 . Thioketones, with a O S  bond, are not usua lly s t a N e * *  
shall see in Chapter 46. However, this tWofcetone u «Ju ,f 
and undergoes reaction with maleic anhydnde to  give 
shown. Comment on the stabdity o f the starting «latent J*

product.

о < - ° Ф

J
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nh  I is perfectly i u M< until i t  is o i i d i u d  1 * .  Suggest m echan ism s fo r  these reactions and c o m m e n t o n  I h r  
C fd im  to the product show n ste reochem istry  o f  the  firs t p ro d u c t

^ , CrtVD:t««h ,” " " m'  “

OH O fV t l



Pericyclic reactions 2: Sigmatropic 
and electrocyclic reactions з
Connections

Building on:
•  Cydoadditions and the principles of 

pericyclic reactions (essential 
reading}) ch35

•  Acetai formation c h l4
•  Conformational analysts ch l8
о Elimination reactions ch l9
e Controlling alkene geometry ch31

Arriving at:
•  The second and third types of 

pericyclic reaction 
a Stereochemistry from chair-tlke 

transition states
о Making y.&Hjnsaturated carbonyl

•  What determines whether these 
pericyclic reactions go forwards' or

Looking forward to:
•  Rearrangements ch3 7
•  Synthesis o f aromatic het«, 

cM 4
a Main group chemistry ch46
•  Asymmetric synthesis cMs
•  Natural products ch$ i

» Special chemistry of N, S, and P 
a Why substituted cyclopentadlenes a

a What *con*- and ‘dls’-rotatory mean 
a Reactions that open small rtnga and 

close larger rings

Cydoadditions, thc subject o f thc last chapter, arc just one o f thc three main classes o f peri* 
cydk rearrangement. In this chapter, we consider the other two classes— sigmatropic rearrange
ments and electrocydic reactions. Wc w ill analyse them in a way that is similar to our dealings with
cydoadditions.

Sigmatropic rearrangements
The Claisen rearrangement w a s  the firs t to  be discovered
The original sigmatropic rearrange
ment occurred when an aryl altyl 
ether was healed without solvent 
and an prrfit>-allyl phenol resulted.
This is the Claisen rearrangement.

The first step in this reaction is a 
pericyclic reaction o f a type that we 
w ill learn to call a (3JJ-I

Or—
13.31

o c
■cp

This is a one-step mechanism without ionic intermediates or any charges, just like a cydo
addition The arrows go round in  a r ing  The difference between this and a cydoaddition is 
that one o f the arrows starts on a О 
bond instead o f on а Я bond. The 
second step in the reaction is a 
simple ionic proton transfer to 
regenerate aromaticity.
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How do we know that this is 
the mechanism’  I f  the ally! ether и 
unsrmmetrual. «I turns inside 
out' dunng Claisen rearrange 
mcnt. *» required by the 
mechanism. Check for yourself 
that Ibis is right

The aliphatic Claisen rearrangement also occurs
It was later found that the same sort o f reaction occurs without the aromatic nng. This is called either 
the aliphatic Claisen rearrangement or the Claisen-Cope rearrangement Here is the simplest pos
sible example.

These reactions are called sigmatropic because a С bond appears to move from one place to 
another during the reaction. The important bonds are coloured black here.

This particular reaction is called a 
[3,3 ] sigmatropic rearrangement be
cause the new о  bond has a 3,3 relation
ship to the old о bond. You can see this 
i f  you number the ends of the old о 
bond T  and T  and count round to the
ends o f the new 0  bond in the product ^  e bona. 5̂ . -
You will find that the ends of the new о -w o w d  3
bond both have the number ‘3’.

These [3 3 ]-sigmatropic rearrangements happen through a chair-like transition state, which 
allows us both to get the orbitals right and to predict the stereochemistry ( if  any) o f the new double 
bond. The orbitals look something like this.

oW в bond both 
l i

Note that these do not represent any specific frontier orbitals, they simply show lhat. m this con
formation, the new a  bond is formed from two p orbitals that point directly at each other and thal 
the two new x bonds are formed from orbitals that are already parallel.

Alkene stereochemistry in the Gaisen rearrangement comes from a chair-like 
transition state
Stereochemistry may anse if there is a substituent on the saturated carbon atom next to the oxygen atom 
I f  there is, the resulting double bond strongly favours the tram (£) geometry This is because the suh 
«tituent prefers an equatorial position on the chair transition state.

&Г ( f
The substituent R prefers an equatorial position as the molecule reacts and R retains this position 

in the product. The new alkene bond is shown in black and the substituents m green. Notice that the 
tram  geometry o f the alkene in ihe product is already R Я
there in the conformation cho%en by the starting ^  ^  f f
material and in the transition state

t



Sigmalropic rearrangements

ty  - O  • у
- enol o f MeCHO

The starting material for these aliphatic Claisen rearrangements consists o f ethers with one ally! 
and one vinyl group. We need now to consider how such useful molecules might be made. There is 
no problem about the allyl half—allytic alcohols are stable easily made compounds. But what аЬоц* J 
the vinyl half? 'V inyl alcohols' are just the enols o f aldehydes (MeCHO). The solution ia to use an 
acetal o f the aldehyde in an acid-catalysed exchange process with the allylic alcohol. \ •

It is not necessary to isolate the allyl vinyl ether as long as some o f it  is formed and rearranges into 
the final product. The acid catalyst usually used, propanoic acid, has a conveniently high boiling 
point so that the whole mixture can be equilibrated at high temperature. The first step is an acetal 
exchange in which the allylic alcohol displaces methanol.
the г к ь ы  e **a rige  «top

м л " р '  *  M .q  '' ____ -W»

The methanol is distilled off as it  is the most volatile o f the components in  this mixture. A second 
molecule o f methanol is now lost in  an acid-catalysed elimination reaction to give the vinyl group.
•ho F I s * n  ^  H

The Claisen rearrangement is a general synthesis o f  y.S-unsatu rated carbonyl 
compounds
Finally, the 13.31-sigma tropk  rearrangement can be carried out by heat as part of the same step or as 
a separate itep depending on the compounds. This is a very flexible reaction sequence and can be 
used for aldehydes (as shown above), ketones, esters, or amides. In each case acetal-like compounds 
are used— acctals themselves for aldehydes and ketones; orthoesters and orthoamides for the other 
two (though the orthoamides are often called 'amide acetals').

r f . y - b r k - 0 *

Note that the first moire•_> of 
methanol was dispi ace<l r an 
5ц1 reaction and the secondly 
nan E l reaction. Thed 
<Л acetals Is dominated by 0 

OR Of OH

Never be tempted to use

J
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lo t*™ »"» J <‘ « • *>• *,,d
be odd

- f  T - b r l s - T T
“ J * j P  [ “ ' ’ V V " ]  ■ » *

ortho*™* I  J
(OMF «methyl aortal)

The common feature in the products of these Claisen rearrangements is a y.6-unsat urated car
bonyl group. I f  this is what you need in a synthesis, make it by a Claisen rearrangement

Orbital descriptions of [3,3]-sigmatropic rearrangements
I t  is possible to give a frontier orbital description of a (3 J )  -sigmatropic rearrangement but this is not 
a very satisfactory treatment because two reagents are not recognizing each other across space as they 
were in cydoadditions. There are three components in these reactions—two nonconjugated ft bonds 
that do have to overlap across space and a О bond in Ihe chain joining the two Я bonds

The Woodward Hoffmann rules give a more satisfying description and we shall follow the rou
tine outlined for cydoadditions. Note that for stage 3, we can use thc three-dimensional diagram we 
have already made.
1 Draw thc mechanism for thc reaction (we shall stay with a 

familiar one)

Choose the components. Ail the bands taking part in the 
mechanism must be induded and no others

•  *oppeotncah«arc

Make a three-dimensional drawing o f the way the components 
come together for the reaction, putting in orbitals at the ends 
o f the components (only!)

Toin up the components where new bonds are to be formed. 
Make sure you jo in orbitals that are going to form new bonds

6 Labd each component s or a depending whether new bonds 
are formed on the same or on opposite sides. See below for the
о bond symmetry

t



The direction o f [3.3}-stgmatropic rearrangements

6 Add up the number o f (4<f ♦ 2), and (4r)a components. I f  the sum a  odd  the reaction is allowed

One new aspect o f orbital symmetry has appeared in this diagram— how did we deduce a or s 
symmetry in the way the о  bond reacted? For я bonds it ia simple i f  both bonds arc formed on 
same side o f the old я bond, it  has reacted suprafac tally; i f  on opposite sides. antaraiqcially.

W ith a О bond the symmetry is not so obvious. We want to know i f  it does the ште thing at each 
end (s) or a different thing (a). But what ia the ‘thing’ it does? It reacts using the large lobe of the sp* 
orbital (retention) or the small lobe (inversion). I f  it reacts with retention at both ends or inversion 
at both ends, it reads suprdUcully, while i f  it  reacts with retention at one end and inversion at the 
other, it  reacts artfaimbciaUy. There are four possibilities.

t 2 f o*s \ f 4
© 2 a

A  i i e ^ a * i
l« w « o n  a  an* end

•t both ends a  both end* »*erthon M Ihe ©t W  end

In the routine above, we chose to use our О bond so that we got inversion at one end and reten
tion at the other. That was why wc identified it as an antarafacial component. I f  we had chosen 
another style Wc should have got different descriptions o f the components, but the reaction would 
still have been allowed— for example, changing rust one connecting line.

This changes the symmetry o f the 0  bond so that it becomes a e2, component but it also changes 
the symmetry o f one o f the я bonds so that it becomes a R24 component. The net result is still only one 
component o f the Woodward-Hoffmann symmetry, the sum is still one, and the reaction still 
allowed.

The direction of (3,3) -sigmatropic rearrangements
Orbital symmetry tells us that (3.3]-sigmatropic rearrangements arc allowed but says nothing about 
which way they will go. They arc allowed in either direction. So why docs the Claisen-Cope 
rearrangement always go in this direction?

Think back to our discussion on cnols and you may recall that the combination o f a carbonyl 
group and a C-C 0  bond made the kcto form more stable than the enol form with hs combination of 
a C -C  я bond and a C -O  о  bond. The same is true here. It is the formation o f the carbonyl group 
that drives the reaction to the right.

The Cope rearrangement u  a (3.3)-sigmatropic rearrangement with only carbon atoms in the 
ring. In its simplest version it  ia not a reaction at a ll

D irecting  the Cope rearrangement by the fo rm ation  o f  a carbonyl group
The starting material and the product are the same. We can drive this 
reaction too by the formation o f a carbonyl group i f  wc put an OH 
subsntuent in the right place.
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т ы  product o f the sigmatropic step is thc enol of the final product. It turn» out that thc reaction 
1» accelerated if  the starting alcohol u treated with base (KH u the best) to make the alkoxide The 
product i* then the potassium enolate. which is more stable than the »implc potassium 
alkoxide starting material. As the reaction proceeds, conjugation is growing between O" and the 
new я bond

" 0 - О ,,ii О н*° о
a s s s s s r

Some remarkable compounds can be made by this method. One o f the strangest—a bridgehead’ 
alkene— was made by a potassium-alkaxide-acceicrated Cope rearrangement in which a four-mem
bered ring was expanded into an eight membered ring containing a trans double bond

A combination of an oxygen atom in the ring and another one outside the ring is very powerful at 
promoting (3,3]-sigmatropic rearrangements and easy to arrange by making thc lithium enolate of 
an ester of an allytic alcohol.

L
Sometime» it is better to convert the lithium enolate in to the sfljri enol ether before heating to 

accomplish the (3,3]-sigmatropic rearrangement. In any case, both products give thc unsaturated 
carboxybc acid on work-up.

IJJtSp sJ
0SIM *j 0S **a ,

ОПГ
H ?  И.О

This reaction is known as the Irdand-Claiaen rearrangement as it was a variation of the Claisen 
rearrangement invented by RJL Ireland m the 1970» and widely used emce. I f  the substituents are 
suitably arranged, it  shows the same E selectivity as the sample Claisen rearrangement and for the

13.31



The direction o f [3.3bsigmalropic rearrangements

In  some cases simple Cope rearrangements without any oxygen atoms at all can be directed 
by an unstable starting material or a stable product. The instability might be strain and the stabdity 
might simply be more substituents on the double bonds. In this case the driving force is the break
ing o f a weak О bond in a three- 
mcmbcred nng. Thu  reaction 
goes in  100% yield al only just 
above room temperature, so it  is 
very favourable.

In this second example, the 
truubctituted double bonds inside 
the five-membcrcd rings of the 
product are more stable than the 
exomcthylcne groups in  the start
ing material.

An industria l synthesis o f  d tra l
‘CitraT is a key intermediate in the synthesis o f vitamin A, and in Chapter 31 you had a go at design
ing a synthesis o f i t  BASF manufacture dtra l by a remarkable process that involves two successive 
(3 J ) -sigmatropic rearrangements, a Claisen followed by a Cope.

The allyi vinyl ether needed for the Claisen rearrangement is an enol ether o f an unsaturated alde
hyde with an unsaturated alcohol. The two starting materials are themselves derived from a common 
precursor, making this a most efficient proem ! Healing the enol ether promotes [3.3]-sigmatropic 
rearrangement propelled by the formation o f a carbonyl group.

(SJHiPMMak

" V ' *

But the product o f this rearrangement is now set up for a second (3.3]-sigmatropic rearrange
ment. this time made favourable by a shift in to conjugation and the formation o f two trisuhstituted 
double bonds from two terminal ones. Overall, the prenyl group walks from one end o f the molecule 
to the other, inverting twice as it goes.

Sox for sa a w n d i caasorad by •  13.3}-sl£ma«ropic rearrangement

g jm ete* Tb* they tfo by rtteewng e **e*omone. iangthov#C to be * e  cyUoheptadwnc 
ectocerpen* In 1996meu*e we»epube*wHhM •ugeestedWial.etlect.’h e ie w o n o r* 

M ectocerpene m m  tneflectnw м  e ф в т т т  

7WeB the lenuifcatxe Фш  fee cyctopropyl 
« *h  e neiWife of еемга! m n u u i ei e«*w nt Ютфегаькг 

lothe cvdcmepUiScne. *«««n by ге««мс or cu*n  
not only conAjMd the c e W  phenwnone d tenvy i. 

bmeol»opniHaese»n«rve»ou»lyp^twg<Ha»fa»e»ee^aetoM#^lthwrpw>eine me

w
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A p p lica tio n s  o f  [ 3 ,3 ]-s ig m a tro p ic  rearrangem ents us ing o th e r dem ents  
There is no need to restrict our discussion to carbon and oxygen atoms. We shall finish this section 
with two useful reactions that use other elements. The most famous synthesis of indoles is a nine
teenth century reaction discovered by Emil Fischer—the Fischer indole synthesis—and it would be a 
remarkable discovery even today. Reaction of phenylhydrazine with a ketone in slightly acidic solu-

I f  the ketone is cnolizablc, this iminc is in equilibrium with the corresponding enamrne. The 
important bonds are given in black in  the diagram.

The enamine is ideally set up for a [3,3 J-sigmatropic rearrangement in which the О bond to be 
broken is the weak N -N  о  bond and one o f the к bonds is in the benzene ring

The product is a highly unstable double iminc. Aromaticity is immediately restored and a series of 
proton shifts and C-N bond formation and cleavage give the aromatic indole. In thc last diagram thc 
ten-K-dectron indole is outlined in black.

Indoles are o f some importance in biology and medicine and the Fischer indole synthesis is wide
ly used. Sometimes the complete reaction occurs, as in this example, under the slightly acidic condi
tions needed to make the phenylhydrazone. More commonly, the phenylhydrazone is isolated and 
converted into the indole with a Lewis acid such as ZnQ j.

That was a (3,3)-sigmatropic reaction involving two nitrogen*. There follows one with two oxy
gens and a chromium atom. When tertiary allylic alcohols are oxidized with CrOj in acid solution, 
no direct oxidation can take place, but a kind o f conjugate oxidation occurs.

don gives an inune (Chapter 14) called a phenylhydrazone.

H

H И

И



•' (2,3) SigmaUopic rearrangements

C f — c f  -
The ftrst яср in  C r(V l) oxidations can take place lo  give a chromate ester (Chapter 24) hut this 

intermediate has no proton lo  lose so it transfers the chromate to the other end o f the allylic system 
where there is a proton. The chromate transfer can be drawn as a (3.3]-sigmatropk rearrangement.

c f 8" ‘ *
1131

The final step is the normal oxidation (Chapter 24) in  which chromium drops down from orange 
C rfV I) to Cr(!V} and eventually by disproportionation lo  green Cr(IH).

[2,3]-Sigmatropic rearrangements
All |].3 ]ligm atropb. rearrangements have in  m o n b tn d  q rd k  transition Halo. II i t  no accident 
lhal I hr и г  of ihe ring ic ( m n  by the lum  Ы ihe two numbers in Ihe K j iu r r  brackets as this u  uni 
versaUy the t i n  for lignutroptc т п л а п р ю » .  We a n  now going lo  look at |2.3]-sigmatropic 
■eartangemcnls ю  wc w ill be needing fiveroembered cyclic transition «ale» There ш a problem 
here. You cannot draw three arrows going round a live-membered ring without Mopping or s la w g  
on an atom One way lo  do thu  u  lo  uac a carbaruon.

The starting material is a bmxyl allyl ether and undergoes [2.3 -stgmatropic rearrangement to make 
a new C-C  О bond at the expense at a C -O  О bond— a bad bargain thu as the C-O  bond is stronger. 
The balance is tilted by the greater
slabdity of the axyanwn in Ihe prod- Г a .  I t  ^
uct than o f the carhanton in the start- /  12 3>и V , ^  I ©
ing material. The new bond has a 2J  ** н ) — 6 н  I ^
relationship to the old and the transi- ^  Ip » / I ^
lion state is a five-membered nng.

The transition state can be quite chair-like so that the new x bond will be trans i f  it has a choice. 
There w ill be a choice i f  ihe ether has been made from a substituted ally! alcohol.
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We cannot draw a complete chair as we would need a six-membered ring for that (see discussion 
of |3 Jl-sigmatropic rearrangements above), but the part that is to become the new я bond can be in 
a chair-like part of thc five-membered nng Thc substituent R prefers an equatorial position and thc 
resulting tram arrangement of thc groups u  outlined in Ыаск.

Wc can use Ihe same conformational diagram to show how thc orbitals overlap as thc new bond is 
formed.

When we come to use the Woodward-Hoffmann rules on these (2.3 Jsigma tropic rearrange
ments. we find something new. We have а Я bond and a О bond and a carbanion How are wc to rep
resent a carbanion (or a carhocation) that is just a p orbital on an atom’  The new symbol we use for a 
simple p orbital is •>. A carbanion is an ^2 component and a carhocation is an jD  component as it 
has zero electrons. I f  thc two new bonds are formed to thc same lobe of the p orbital of the carbanion, 
wc have an *2» component but, i f  they are formed to different lobes, we have an component.

Without going through thc whole routine again, thc (2,31-sigmatropic rearrangement wc have 
been discussing can be described as an *2 , ♦ e2, ♦ *2 , reaction. There is one (4q ♦ 2), and no (4r). 
components so thc reaction is thermally allowed.

Sulfur is good at ( 2 3 1 -sigmatropic rearrangements
There arc many [2.3) -sigmatropic rearrangements involving a variety of hctcroatoms as well as car
bon. Wc shall describe just one more because it involves no ions at all The key is an dement that is 
prepared to change its oxidation state by two to that «re can start and finish an arrow on that de
ment. The element is sulfur, which can form stable compounds at three oxidation states: S(II), S(IV), 
orS(VI).

Reaction of an allyUc alcohol with PhSQ gives an unstable sulfcnate ester that rearranges on heat 
mg to an allylic sulfoxide by a (2,3) sigmatropic rearrangement involving both О and S.

Notice that arrows both start and stop on the sulfur atom, which changes from S(II) to S(IV) dur
ing thc reaction. Thc new functional group

a good preparation o f aDyiic sulfoxides Thc
with an S«0 bond is called a sulfoxide. Thu is

which can be alkylated.
product forms an anion stabilized by sulfur.



|1.5}-Sigpialroptc hydrogen sh ifts

We have said that all these sigmatropic rearrangements are reversible but now we can prove 
it. I f  this product is heated in methanol with a nucleophile such as (MeO)3P, which has a liking 
for sulfur, the (2 3 ]-sigmatropic rearrangement runs backwards and a sulfcnate ester is again 
formed.

-  . w .
Thu is an unfavourable reaction, becauae the equilibrium lies over on the sulfoxide 

side. But the nucleophile traps the sulfenate ester and Ihe methanol ensures that the 
alkoxide ion formed is immediately protonalej so that we get another altybc alcohol.

So what is Ihe point Ы going round in cmlcs like this! The net result is the alkylation o f an aUyttc 
alcohol in a position where alkytalion would not normally be conaidered possible.

4 . (M a O )|P . fcUOM

[ l,5]-Sigmatropic hydrogen shifts
When one o f the numbers in square bracket* is T ,  thc old 
and new О bonds are to the same atom, so we arc dealing
with thc migration of a group around a conjugated system. 4
In the case o f a [ I ,S] shift the transition state »  a six-mem- |1,5*
bercd ring (remember—fust add together the numbers in f  j  "
square brackets). Here is an important example. Ъ-U f W

Let us first check that this is indeed a f  I 3 H  
ic rearrangement by numbering the position of the r 
bond with respect to the old. Note that i 
long way round thc five-membered ring № 
thc way the mechanism goes.

It ua  (I.Si-sigmatropic rearrangement. Thc figure T  in the square brackets shows that thc same 
atom is at one end o f the new a  bond as was at one end o f the old 0 bond. One atom has moved in a 
13 manner and these arc often called (13 ] -sigmatropic thtfu. This is often abbreviated to (l,5|H 
shift to show which atom is moving. This particular example is important because sadly it prohibit* a 
most attractive idea. The cyJopcntadienc amon is very stable (Chapter 8) and can easily be alkylated. 
Thc sequence o f alkytalion and Diet*-Alder reaction looks very good.

|i.b|-sigmatrop- t
ition o f the new о *1 •? i
t we must go the , ^ 4 )  I1-»*
«because that is ’ O J '   ►  Г

Sadly this sequence is, in fact, no good at all. A mixture o f three Dieb-Alder adducts is usually 
obtained resulting from addition to the three cyclopcntadicnes present in solution a* the result o f
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9&*
rapid [ 1,5]H shifts. The one drawn above is a minor product because there is more of the other two 
dienes, which have an extra substituent on the double bonds.

—  i j .
An excellent example comes from the intramolecular DieU-Alder reactions explored by Dreiding 

in 1983. One particular subctituted cydopentadiene was made by a fragmentation reaction (see 
Chapter 38). It might have been expected to give a simple Diels-Alder adduct.

There is nothing wrong with this reaction; indeed, the product looks beautifully stable, but it is 
not formed because the (1»5)H shift is too quick and give* a more stable cydopentadiene with more 
substituents on a double bond. Then it does the Diels-Alder reaction.

& r r ^ - o r r r ^ —
7̂««y*id

Notice that in these compounds the ketone is not conjugated to any of the alkenes and so does not 
influence the reaction. I f  we increase the reactivity o f the dienophile by putting an e*ter group in con
jugation with it, most o f the compound does the I)icl*-Alder reaction before it does the (1.51H shift.

c r r c ~■ ^  ~

394y»*d

O rb ita l description fo r the 11,5) H  sigmatropic shift 
It is equally satisfactory to use frontier orbitals or the 
Woodward-4 loffmann rules for these reactions. We can 
take the diene as one component (HOMO or LUMO or 
*4 )  and the C -H  bond as the other (LUMO or HOMO or 
e2). Let us start by using the LUMO of the diene and the 
HOMO of the C -H  bond

I f  the drde around the H atom surprised you. perhaps 
it will also remind you that hydrogen has only a I s orbital 
which is sphcncal. You «an probably see already that all 
the orbitals are correctly lined up for the reaction.

LUMO
-  S MONO

of Jient of C-H



|1 .0 } Sigmatropic hydrogen shifts

(1Л1

ca.

The h yd ro g e n  atom slides across (he top face o f the planar cyclopentadiene ring. We call this a 
suprafadal migration. Thu name has got nothing; to do with the components in the 
Woodward-Hoffmann rules— it just means that the migrating group leaves from one face o f the X 
system and rejoin* that same face (the top face in  this example). Antarafacial migration would mean 
leaving the top face and rejoining thc bottom face— a dear impossibility here.

I f  you use the Woodward-Hoffmann rules, you need to note that the hydrogen atom must react 
with retention. The I s orbital is spherically symmetrical and has no node, so wherever you draw the 
dotted line from that orbital it always means retention. Choosing the components is easy— the diept 
u a ,4  and the O f f  bond a 0 2 component.

The easiest way to jo in  them up is to link the hydrogen atom’s Is orbital to the \o p  lobe o f the p 
orbital at thc back of Ihe diene and thc black sp3 orbital to  the top lobe at the front o f the diene. This 
gives us *4, and e2, components and there is one (4q t 2), and no (4r)a components so the sum is 
odd and the reaction is allowed. Both approaches give us Ihe same picture—a suprafecial migration 
of the hydrogen atom with (inevitably) retention at the migrating group.

These ( 1.5) -sigmatropic shifts are not restricted R 
to cyclopentadienes. In  Chapter 35 we bemoaned 
the lack o f Diels-Alder reactions using F„Z-dienes f f  a 
One reason for this dearth is that such dienes К  
undergo [ l.5 |H  shifts rather easily and mixtures of 
products result.

The complete rules for sigmatropic hydrogen shifts are simple. In thermal reactions, ( IJ1H  shifts 
occur suprafacially but (I J ]H  and [ l.7 |H  shifts must be antarafacial. It is just as well that antara-
facial [ I3 ]H  shifts are I__w_____  „
(though allowed) as otherwise double Л  /
bonds would wander about organic 
molecules like this.

Antarafacial ( l.3 ]H  shifts 
impossible because a rigid three-car' 
bon chain is too short to allow the H 
atom to transfer from the top to the 
bottom— the H  atom rust can't reach.
When we come to |I,7 ]H  shifts, the 
situation is different. Now the much 
longer chain is just flexible enough lo 
allow the transfer.

The hydrogen atom leaves the top 
side o f the triene and adds back in on 
the bottom side. Antarafacial migra
tion is allowed and possible.

-st- ДА,
|l.7JM shift

LLMO

Summary of thermal sfenatropic hydrogen shifts

I M IH i 11.ЦИ «MR
•uprated*

IM IM i

Photochemical [ l ,n ]H  sigm atropic shifts fo llo w  the opposite rules 
As you should by now expect (p. 000), all this is reversed in photochemical reactions. Here is an 
example of a [1.7|H shift that cannot occur antarafacially because the molecule is a rigid ring, but 
that can and does occur photochemically.

II. n ** Г >*=-4 

— '

A (I.7JH shift occurs in the final stages o f the human body's synthesis o f vitamin D from choles
terol. Here is the last step of the biosynthesis.
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Ц.П

This step happen* spontaneously, without the need for light, so the shift must be antarafacial. The 
reason the body Joes need light to make vitamin D is the previous step, which only occurs when light

This ring opening is dearly pcricydic—the electrons go round in a nng. and the curly arrows 
could be drawn either way—but it is neither a cydoaddition (only one *  system is involved) nor a 
sigmarropic rearrangement (a О bond is broken rather than moved). It is, in fact, a member o f the 
third and last kind o f pcricydic reaction, an ekctroqxik reaction.

FJcct rocyclic reactions
In an dectrocydk reaction a ring is always broken or formed. Rings may. o f course, be formed by 
cydoadditions as well, but the difference with dectrocydic reactions is that just one new О bond is 
formed (or broken) across the ends o f a single conjugated я system. In a cydoaddition, two new о  bonds 
are always formed (or broken), and in a sigmatropic rearrangement one О bond forms while one breaks.

•  The types of pericyclic reactions are distinguished by the number of о 
bonds made or broken

600x °

arrov

One of Ihe simplest dectrocydic reactions occurs when hexatrienc is heated to 500 "C.
is a pericydk reaction because the electrons go round in a ring (you could equally draw the 

arrows going the other way); it’s dectrocydic because a new О bond is formed across the ends of



Eleclrocyclic reactions

а я system. The reaction goes because the О bond that is formed is stronger than the я bond that is 
lost. The opposite is true for the electrocydic reaction shown in the margin— ring strain in the four- C O  
membered nng means that the reverse (ring-opening) reaction is preferred to ring closure.

Rules fo r dec tro cyd ic  reactions
Whether they go in the direction of ring opening or nng closure, electro- 
cyclic reactions arc subject to the same rules as all other pericydic reac
tions— you saw the same pnnciple at work in Chapter 35 where we applied 
the Woodward-Hoflfmann rules both to cydoadditions and to reverse 
cydoadditions. W ith most of the pencyclic reactions you have seen so far. 
we have given you the choice of using either HO M O-I.UM O reasoning or 
the Woodward-1 lofTmann rules. W ith electrocydic reactions, you really 
have to use the Woodward-Hoffmann rules because (at least for the nng 
dosures) there is only one molecular orbital involved.

•  Electrocydic reactions

•  An e le c tro cyd ic  reac tion  is the fo rm ation  o f a new О bond across the ends o f 
a conjugated polyene o r  the reverse 

I t  is im portan t that you do not confute dectrocyd ic  reactions w ith  pcricyd ic  
reactions. Pericyd ic  is the name fo r the fam ily  o f reactions invo lv ing  no charged 
intermediates in  wh ich the dectrons go round the outside o f  the ring. E lectrocyd ic 
reactions cyd oadd ition s, and sigm atrop ic  rearrangements are the three main 
dasses o f  p e r i c y d i c  reactions.

In one famous case, the release ofrlr*str*n 
counterbalanced by the formation of a a bond a.
“ “ bond. CycloheptMr efje ew*ts me^it)»»,,,
•comer lew** « n e c A ta n e . U«M»y

■ М 0 п 1 « | А | я м ^ н
•b

equUfcnum.twUbe 
struetiae ■* favoured if R ise n  elect/cxvwiu>d’**„ “

Let’s start with the hexatriene ring closure, first 
looking at the orbitals, and then following the same 
procedure that we taught you for cydoadditions and 
sigmatropic rearrangements to see what the 
Woodward-Hoffmann rules have to say about the 
reaction. As a preliminary, wc should tust note that 
hexatriene is, o f course, a 6 я electron ( ,* )  conjugated 
system and, on forming cydohexadienc. the end two 
orbitals have to form a 0 bond.

So, now for the Woodward-1 loffmann treatment.
1 Draw the mechanism for the reaction

О
Reminder. In a thermal pw(

<4« ♦ 2). and (4/1, compon 
must be odd.

O — O
Choose the components. AH the bonds taking part in the 
mechanism must he included and no others

Make a three-dimensional drawing o f the way the com
ponents come together for the reaction, putting in orbitals at 
the ends o f the components (only!) О

4  Join up the components where new bonds are to be formed. 
Make sure you jo in orbitals that are going to form new bonds
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bond* are formed on the same or on opposite sides
label each component s or a depending on whether new

. 6 .

6 Add up the number of (4q ♦ 2), and (4r)a component* I f  the e 
sum is oJd, the reaction i* allowed тъThe-e is «не eonvonert end

M  (4 <1. component» Toul •  1 so * *  
H ra o M « lit ic te <

Notice that we called the reaction s’ because the top halves of the two *  orbitals were 
jo ining together We can give the same treatment to the cydnbutene ring-opening reaction— 
the Woodward-Hoffmann rules tell us nothing about which way the reaction will go, only if 
the reaction is allowed, and it is invariably easier with electrocyciic reactions to consider the ring- 
dosing reaction even i f  the ring opening is favoured thermodynamically. This is the process we need 
10 consider

Oh dear! We know that the reaction work*, so something must be wrong It certainly isn't 
Woodward and I loffmann* Nobd-prue-winning rules— it's our way o f drawing the orbital overlap 
that is at huh  We were fine t ill stage 3 (we had no choice till then)—but look at what happen* i f  we 
make the orbitals overlap in a different way.
1 As before

for W *
i t  action E3 — -  s ~ \ —  П

And the Woodward-Hoffmann treatment again.
1  Draw the mechanism for the reaction

2 Choose the components. All the bonds taking part in the 
mechanism must be induded and no others

3 Make a three-dimensional drawing o f the way the 
component* come together for the reaction, putting in 
orbitals at the ends of the components (only*) И

4 lo in  up the components where new bonds are to be formed. 
Make sure you join orbitals that are going to form new bonds

S

« 4 ,

6 Add up the number of (4«f ♦ 2), and (4r). component* I f  the a
sum is odd, the reaction is allowed. П т м и М ^ с а ш р т м и к )

2 As before
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3 Макс a three-dimensional drawing o f the way in which the 
components come together for the reaction, putting in 
orbitals at the ends o f thc components (only!)

4  Join up the components where new bonds are to be formed. 
Make sure you join orbitals that are going to form new bonds

5 Label each component s or a depending on whether new 
bonds are formed on the same or on opposite sides

Add up Ihe number o f (4<f ♦ 2), and (4r). components. I f  the 
sum is odd, the reaction is allowed. Th*« m  M  («4 ♦ 25, components a  

« м  (4/)e component. Totd - 1  so **« 
tiandk

Now it works! In fact, extension o f this reasoning to other dectrocydic reactions tdls you that 
they are all allowed— provided you choose to make the conjugated system react with itself supra- 
facially for (4n ♦ 2) X systems and «mrarafacially foe (4n) Я systems. This may not seem particularly 
informative, since how you draw the dotted line has no effect on the reaction product in these cases. 
But it  can make a difference. Here is the electrocyclic ring closure o f an octatriene. showing the prod
uct from (a) suprafacial reaction and (b) antarafacial reaction.

m et** both 'o u t*
to eNe* o o ld t  lo ««eilap

О ^  —A jl О
м /  Me «ШЖЯ» /  \  DISALLOWED ^

The meanings o f  con- and d isro ta tion
Whether the reaction is supra- or antanfacial ought to he reflected in  the relative stereochemistry o f 
the cyclued products— and indeed it it. The reaction gives solely the diastereoisoiner on the left, 
with Ihe methyl groups iyn—clear proof that the reaction is suprafacial. This is a difficult result to 
explain without the enlightenment provided by the Woodward-HoOmann rales!

This electrocyclic cyclobutene ring opening also gives the product as a single stereoisomer.

A
С.Л

Again, i f  we draw thc reverse reaction, we can sec that the reaction required has to be antarafacial 
for the stereochemistry to be right.

botti 'nethy grM w  ro»at« upweds 
to Фа*  oitita»* to e n rU p

A
...сип ф л  m i* dt**t*-e<' sorter

We have drawn little green arrows on the two diagrams to show how the methyl groups move as 
the new о  bonds form. For the allowed suprafacial reaction o f the 6я electron system they rotate in

►
The green arrows m this 
subsequent m
mechentcel devices to[ 
weymw^tchtnesuo-’t 1 
move. They erenotb'g

IcurtV



opposite directions so the reaction  is called disrotatory lyes, they b o th  go u p . b u t one has to  ro ta te  
clockwise and one an tic lo c k w is e ) w h ile  to r  the  a llow ed  an ta ra fac ia l reac tion  o f the 4x elec tron  srs 
Cem they rotate in the  same d ire c tio n  so the reac tion  is ca lled conrotatory (b o ih  c lockw ise  as d ra w n , 
but they m ig h l equa lly  w e ll have b o th  gone a n tic lo ckw ise ). W e  can sum up ihe  coutsc o f  all e lectro  

reactions q u ite  s im p ly  u s ing  these w o rd s

#  Rules for electrocyciic reactions

•  A ll dectrocyd ic  reactions arc allowed
•  Therm al electrocyciic reactions invo lv ing  (4n ♦ 2) к  electrons arc 

disro tatory
•  Therm al electrocyciic reactions invo lv ing  (4n) *  electrons are conrota tory
•  In  con rota to ry  reactions t lic  two groups rotate in  the sam e way. both 

clockwise or both  anticlockwise

•  In  disro ta tory  reactions, on e  group rotates clockw ise and on e anticlockwise

This rotation is the reason why you must carefully distinguish electrocyciic reactions from all 
other pcricydic reactions In cycloadditions and sigrmtropic rearrangements ihere are small rota 
tions as bond angles adjust from 109* to 120" and vice versa, but in electrocyciic reactions, rotations 
of nearly 90“ are required as a planar polyene becomes a nng or vice very. These rules follow direct
ly from application of the Woodward-Hoffmann rules— you can check this for yourself.

Electrocyciic reactions occur in  nature
A beautiful example of dectrocydic reactions at work is provided by the chemistry o f the 
endiandnc acids. This family o f  natural products, of which endiandnc icid I) is one of the 
simplest, is remarkable in being racemu—most chiral natural products are enantiomerically puie 
(or at least enantiomerically enriched) because they arc made by enantiomcrically pure enrymes 
(wc discuss all thu in Chapter 45). So it seemed that the endiandnc acids were formed by non- 
cnzymatic cyclization reactions, and in (he early 1980s their Australian discoverer, Black, proposed 
that their biosynthesis might involve a senrs of dectrocydic reactions, starting from an acydu 
polyene precursor.

)  ■££ 
enftandrv acttO N0*0

What made his proposal so convincing was that the stereochemutry of the endiandnc acid D is 
just what you would expect from the requirements o f the Woodward-HolTmann rules. The first step 
from the precursor is an Rx dectrocydic reaction, and would therefore be conrotatory

36 • Pericyclic reactions '2. sigmatropic and electrocyciic reactions

This sets up a new 6x system, which can undergo an dectrocydic reaction in disrotatory fashion. 
Because there are already chiral centres in the molecule, there are. in fact, two possible diastereo iso
meric products from this reaction, both arising from disrotatory cyclization. One is endiandnc acid 
D; one is endiandnc acid E.
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H0*<4 /

■Л:/^

O f course. this was only a theo ry-u n td  in 1MJ K.C. Nicolaous group synthesized dw propos'd 
endiandnc acid precursor polyene— and in one step made both rndiandric acids D and R, plus 
endiandnc add A, which arises from a further pencyclic reaction, an intramolecular Diels-Alder 
cydoaddition o f  Ihe acyclic diene on to the cyclohexadiene as dienophile.

Dfete-AMtf

A *  A

Fndiandrx acid A has four rings and eight stereogenic centra and yet is formed as a single 
diastereoisomer in one «ер from an acyclic polyene! And it’s all controlled by pericydic reactions.

Photochemical d ec trocyd ic  reactions

After your cipcnencr with cydoadditions and sigmalropic rearrangements, ynu w ill not he sur
prised to learn that, in photochemical electrocydic reactions, the rules regarding conrotatory and 
disrotatory eye Huttons arc reversed.

Я^Р/^ЯV-**0 nuowro м /  w

K.CN--------- „
Cunis.dMh,!., .

* • « . W i i
L H‘* r^uc * 
» " •  0»№*я

Wc can now go back to the reaction that introduced this section—the photochemical electro- 
cyclic ring opening ofergotterol to give provitamin D2. By looking at (he starting material and prod
uct we can deduce whether the reaction is conrotatory or durotatory 

took from 4  ___

Л

лихи below are electro 
from thermal to photo-

It's deaHy conroatory. and a little more thought w ill tell you why it has lo be— a disrotatory ther 
_ a l 6* cyduaoon would put an impossible Irani double bond into one of the two tut membered 
rlI1(# vitam in D deficiency is endemic in those parts o f the world where sunlight is scarce for many 
months of the year— and all because o f orbital symmetry

Cations and anions
vmiat we have just been Idling you should convince you that the two 
cydic reactions, not least because the stereochemistry reverses on go 
chemical readion.

с У т о ^ -с ^ Ь
is known, after its j? ф
irov cydization In Л с  И __
rdizattonisthe ring f  | ** \ J
ited ketone to give a 3

м  • Pencyclic reactions 2: sigmatropic and electrocydic reactions

They are examples of what 
Russian discoverer, as the Nazarov 
its simplest form, the Nazarov cydization 
daeurc o f a doubly a.0 unsaturated ketone to give 
cydopentenone

Nazarov cydizations require acid, and protonation of Ihe ketone sets up Ihe conjugated *  system 
required for an electrocydic reaction

One o f the five *  orbitals 
the orbitals forming the new a  
gives the cydopentenone

mmf Ы frm p o r t* * »  оаглвш ш * «■ eMctran*

empty—so the cydization is a 4* electrocydic reaction, and 
must interact antarafacially Lou of a proton and tautomerism

The real example above confirms lhal the reaction is thermally conrotatory and photochemically 
disrotatory

M

Dienvl cations and dienyi anions both undergo dectrocydtc nng closure—a nice rum p le  occurs 
when cydooctadiene is deprotonaled with bulytlilhium



f Electrocyciic reactions

О  ^ * 0 ~ ”В " л ’б
I ncre are m iii nve p ortMUU involved in 

the cyclization. but now there are six я . g f v '**4**T*0'V /
electron*, so the reaction i* disrotatory. »*• К  я ® * А  И • *  '■ ■ ) ( " • '

In this case, it is the conrotatory photo- T t /
chemical cyclization that is prevented by
strain ( it was tried— cydooctadienyl anion is stable for at least a week a( -7§ЧТ)п broad daylight) as 
the product would be a 5.5 truru-fused system. The same strain prevents thermal dectrocydic ring 
closure o f cydooctadienyl cations.

•  All electrocyciic reactions are allowed

I t  w o y^ l be a good po in t here to  rem ind you that, a lthough all dec trocyd ic  
reactions are allowed bo th  the rm a lly  and photochem ically p rov id ing  the rota tion 
is r igh t, the steric requirem ents fo r con- o r  d is ro ta to ry  cyclization o r  r ing  opening 
m ay make one o r  both  modes impossible.

Small rings are opened by dectrocydic reactions
Ring strain is important in preventing a reaction that would otherwise change your view o f a lot 
o f the chemistry you know. Allyi cations are conjugated systems containing 2я dectrons. so i f  
you knew no other chemistry than what is in this chapter you might expect them to cyclize via dis- 
rntatory dectrocydic ring dnsurc.

^  7 -  ." A
■ **  * * » • "  K2 % cyb o p n e t CJtlon

The product would be a cydopropyl cation. Now. in  fact, it  is the cyclopropyt cations that under
go this reaction (very readily indeed— cydopropyl cations are virtually unobservable) because ring 
strain encourages them to undergo dectrocydic ring opening to give allyl cations.

The instability o f cydopropyl cations means tha t even as they start to form as intermediates, they 
spring open to give ally! cation derived products. Try nudeophilic substitution on a cyclopropane 
ring and this happens.

KOAc. AcOH

X

©A

Although the in ilu l product o f th t ring opening i i  a cation, and therefore a hard-lo-obaerve reac
tive intermediate, come nice experiment, in 'mperacid' media (Chapter, 17 and 22) have prom t 
that cydopropyl cation ring opening, are indeed diaroutory.

0 * 0
' A

S b f\ .  S O jO F Т Г by Hi NMR
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•p ,*  s te reochem is try  o fa x ir id in e  o p e n ing  is p red ic tab le  

On» List type of three-m em bered r in g  whose 
«IcctrocyclK ring opening does te ll us about Ihe 
rtereoshemislnr o l the process о  Ihe a i in d im  
Many arindines are stable compounds, b u l those 
beanne efcstron-selthdrawin* groups are un- 

«ahlt  with respect lo  d c ttro c y d is  ring opening.
The p ro d u s ts  art aaomethine ylida, and can be trapped by |J»2| cydoaddirion reactions w ith  

dipolarophiles ( look back at Chapter » ) .

1*»2|

A  ♦ A

Because the cydoaddition is stereoepeofic (suprafacial on both components), the stereochemistry 
o f the products can tell us the stereochemistry of the intermediate ylid. and confirms that the nng 
opening is conrotatory (the ylid u  а 4Я electron system).

• ~ 4 V ~
A  n o / i c e ^ t

Hi

с о ,с  1 ' CO,t t

s a fe r? -

Thc synthesis o f a cockroach pheromone required pericyclic reactions 
We finish this pair o f chapters about pericydic reactions with a synthesis wht»e simplicity is out
classed only by its elegance. Periplanone В is a remarkable bis-eporide that functions as the sex 
pheromone o f the American cockroach. Insect sex pheromones often have economic importance 
because they can form the key to remarkable effective traps for insect pests.

In 1964, Schretber published a synthesis of the pheromone in which the majority of steps involve 
pericydic reactions. Make sure you understand each one as it appears—re-read thc appropriate part 
o f Chapter 3S or this chapter if  you have any problems

The first step is a photochemical [2+2] cydoaddition. You could not have predicted the rejpo- 
chemistry, but it is typical o f the cydoaddition of allenes with unsaturated ketones

P  • 21еуч rn .  ywtd

The product is a mixture of diastereoisomers because ot the chiral centre already in the molecule 
(ringed in green), but it is, o f course, fully stereospecific for the two new black J iira l centres in 
the four-membered nng. The next step adds vinylmagncsium bromide to the ketone— again a 
muture of diastereoisomers results. Now all the carbons in the 12-membered nng are present, 
and they are sorted out bv the two steps that follow. The first is a Cope rearrangement: a (33]-



Electrocyciic reactions

The six-membered ring h it  expanded to a tcn membered ring. Now for •  second ring expansion 
*tcp— heating the compound to 17541 makes it undergo electrocyciic ring opening of the four- 
mcmbercd ring, giving the 12-membered ring we want. Or rather not quite— the new double bond 
in the ring is formed as a mixture o f ей  and tram  isomers, but irradiation isomerizes the less stable cis 
to the more stable tram  double bond.

r ^ i  " П Г Г

/ a n d f  « А П  f  onfy; «2% ytetd

The remaining steps in the synthesis use chemistry not yet introduced in this book but involve the 
insertion o f another (2) alkene and two epoxides. Fericydic reactions are particularly valuable in the 
synthesis and manipulation o f rings.

There are two 0^ n ( 
here—first*, the t*~

We bond u  notbr 
••ether the wect.on t 
conrotatory о• (*vot«’o«¥,Mp 
know, this 4*eiectr0n 
electrocyciic nn*

sigmatropic rearrangement, accelerated as we have described (p. 000) by the presence o f an alkoxide 
substituent.

Wc mill» now take our leave o fth u  trio  ofpericyclic reactions and move on to two ruc tion  ciau
о  that have appeared frequently in these two chapters but thal involve mechanisms other than peri- 
eye l i t  one* and deserve chapters o f their own: reunanfrmmti and fngnmUatiMU.
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p r o b iC m   ̂^  ^  , „ pv lW n,n«« in , I.n I he ICC...

LH*

j .  Give МГГ*--— —  <• * ■  Л т и п и  lymhein of two (used 
^.membered nn*j

Pyrolysis of thu compound «1 46041 gave a dime whose NMR 
spectrum included Sh (p .p .m .)  6.06 (IH , dd. /  10 V 12.1 Hz). 
6.2J (IH . dd. /  10.Э, 16.7 H i). 6 J I ( IH . d. / 14.7 H i), and 732 
( IH , d, /12.1 Hz). l)oet the agree with rhe itruvture jrven? How 
i t  th ii diene formed and why doe* it have that stereochemistry?

t .  Careless attempts to carry out a Claisen rearrangement on this 
allyl ether often give the compound shown instead o f the expected 
product. What is the expetted product? How is the unwanted 
product formed? Addition o f a small amount of a weak base, such 
as PhNMej helps to prevent the unwanted reaction. How?

— OCx
7. Treatment o f this imine with base followed by an acidic work
up gives a cyclic product with two phenyl groups cis to one

Ш. This question concerns the structure and chemistry o f an 
unsaturated nine-mem bered ring. Comment upon its structure 
Explain its different behaviour under thermal or photochemical

t .  In Chapter 33, Problem 13. wt  used j  tn tyd ic hydrory-ketonc 
*hu»c stereochemistry had been wrongly assigned. Now wc arc 
foing to show you how it was used and you are going to interpret 
the results Thu и  the с

6. Propose a mechanism foe this reaction that accounts (nr the 
stereochemistry of the product

й & Г Г * ’»» ^  «inverted intoa compound with HiS 
Explain the stereochemistry of this process. 

1 .  T s C I, „ л и ™

3PhSNa DMF 

, *. гиен., EtOM 
*■ A caO . p>rtdln«

r nI
Hy w M

tto,c W '  « о /  W t



Problems

I I .  Treatment o f cydohexa- 1,3-dione with this acetyienic amine 
gives a stable enamine in  good yield. Reflunng this enamine in 
nitrobenzene gives a pyridine after a remarkable series of 
reactions. Fill in the detail*: give mechanism* for ihe reactions, 
structures for any intermediates, and suitable explanations for 
each pericydic step. A mechanism is not required for the last step 
(nitrobenzene acts as an oxidant).

6 o ]~6q
И J  "

U . Problem II m Chapter 32 P 1
was concerned w ith two dia- М в О ^ ^ ч  , Л  r co,Me 
stereoisomers o f this com
pound that were formed in ’a 
chemical reaction'.
We can now let you in to the secret o f that ‘chemical reaction'. A 
benzocydobutene was healed with methyl acrylate lo  give a 1:1 
mixture o f the two isomers. What is the mechanism o f the reaction 
and why is only one regioisomer but a mixture o f stereoisomers 
formed? Isomer В is converted into isomer A on treatment with 
base. What is the stereochemistry o f A and B?

A ♦
l i w

12. Treatment o f this amine with base at low temperature gives an 
unstable anion that isomerizes to another anion above -3 5 4 1  
Aqueous work-up gives a bicydic amine. What arc thc two anions’ 
Explain the stereochemistry o f the product. Revision o f NMR. In 
the NMR spectrum o f Ihe product the two green hydrogen* appear 
as an ABX system with /АЛ15.4 Hr. Comment

or» « Ы Я

HjO

IS . How would you make the starting materia J 
reactions? Treatment o f the anhydride with butanol 
that gives two inseparable compounds on heating ( 
with an amine, an easily separable mixture o f  4 

neutral compound is formed. What are the c o m p o n rn t iJ ^ P  
mixture and how are (hey formed?

R *

r  *

14. Treatment o f this keto-aldehyde (which exists b rp ^ J I  
enol) with thc oxidizing agent DDQ (a quin one— see p 001) 
an unstable compound that converts into the product Я  
Explain ihe reactions and comment on the stercochem ivtryfl

■Х Й “ - Х О
15. Explain Ihe following observation*. Heating th i* j  
brings it in to rapid equilibrium with a bicydic com p<**| 
docs not spontaneously give thc final aromjtw p ro d u c t Щ 
treated with acid.

p r W c d

J
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Connections

*ub» tH irtlon  i t  .a tu .a t .d

ISrtwST»7
__chM

p # c t re f h M c  a re m a tle  s u b s titu tio n  

«Н22

« S M * * 4
IC tl3 l

Arriving at:
•  М М н И о к я у с Ы р М Ц и т м п  

efficient К they «га already part of the 
molecule

•  Participation mean* acceleration and 
retention of stereochemistry end may

e Participating groups can have lone

Looking forward to:
e  Fragmentations ch38
e  Carbone chemtatry cMO
e  Determination of mechanism ch41

e Stereoeiectronlcs cH42 
e  Main group chemistry ch46-cM7 
e  The chemistry of Me ch4»-ch&l

e Carbecatlona often rearrange by alkyl 
migration

e Hew ta  work out the mechanism of а

e Ring expansion by rearrangement
e Controlling rearrangementa
e Uetng rearrangementa In eyntheeta
e Ineortlon of 0 , N, or С next to  e ketone

Neighbouring groups can accelerate substitu tion reactions
Compere the rale* of the following substitution reactions Each of the*e reactions is a substitution of 
the leaving group (ОТ* or Q ) by solvent, known a* a solvotysis

"•ecu «*hCF«COrH 
Э000 times faster then to11«

Эк cc

•MteftneemOwnrriT 
e rton  *  «nc*  e* m Mk  is

N«stby group* can evidently increase the rate o f s u b s titu tio n  reac tion * n g n itn a n t lv  N o w . you 

hack to Chapter 17 and ta y in g  y r*. ye*, w r  kn o w  th a t — w hen  wc were d ucuss ing  
^J te d ttn u m s  of substitution re a c tio n * w r  p o in ted  o u t tha t a ca tio n  s ta b iliz in g  g ro u p  at the reac 

1 «Леа Ssl reactions ve ry  fast: fo r  exam ple—

10*11 -  Jsa
, fOUr ехжтР*« above, th o u g h , it is no t at the reaction  centre its e lf th a t the fu n c tio n a l groups 

ЩГ *  *be carbon n rx f  to  the rea c tio n  centre , and we call these g roups n e ig h b o u r in g  g io u p s

t
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Neighbouring grcxjp participation 
is occasionally caller anchlmertc 
etsletence (Greek 9ПСЫ • 
ne<#*ourlnt m e r-  part).

The mechanism by which they «peed up the reactions is known as neighbouring , r 
tion Compare the reaction of this ether and this sulfide with an alcohol ' 1 ‘ n
Sul reaction of tthoivtncfli^ cWwkJ*

Г**0 *>оипг4  0 OUV participation of a auMdc

.-СХэ —-
ihr»o maŵ awi  nng Memiedate 

In both cases, ionization o f the starting material is assisted by the lone pair o f an C|ecr 
functional group. The ether in the first example assists by forming а Ж bond, the sulhdr 
forming a three-membered nng, and a common feature o f all mechanisms involving n 
group participation is the formation o f a cyclic intermediate.

Stereochemistry can indicate neighbouring group partic ipa tion
How do we know that neighbouring group participation is taking place? Well, the fust bit J
dcncc is the increase in rate. The neighbouring groups w ill become involved only i f  they can ■
the rate o f the substitution reaction—otherwise the mechanism w ill just follow the or dm
pathway. But more important information comes from reactions where stereochemistry u ,
and one of these is the last o f the four examples above. Here it is again in more detad Not о
the first o f these reactions go faster than the second— its stereochemical course is different ti

and «eaeton ̂ as Mtn tyn reart>спрлсч*'.»
(•«stereoisomer retention at this eanto sm woaom r r irwuon л thi* c*ni>r I

coac cc=cc
Although one suiting material has syn and the other anti stereochemistry, the products hmi 

same (anti) stereochemistry: one substitution goes with retention and one goes with mwfli 
Again, neighbouring group participation is the reason. To explain this, we should lust Jrsvl 
<ix-membered rings in their real conformation. For the anti compound, both substituents caal 
equatorial.

However, not much can happen in this conformation— but. i f  we allow the nng to flip ramcM 
see immediately that the acetate substituent is ideally placed to participate in the departure rfl** 
tosylate group. . I

if you • •  unwxe whet * •  ere uaeng 
•beuL flD Sadi вЫ read Owpter IS

e»titu*nu  synmatncai

Wfhle tha mechanism at this Srst 
step of tha аиЬгШЛюп reaction 
is S**2 m appearance a 
nucteophMe (the acetate croup) 
enwes |ust aa a leewnf ̂ oup 
(thetoayiale group) 
also, of course, only

What results is an entirely symmetrical intermediate— the posi
tive charge on one o f the oxygens is, o f course, delocalued over both 
o f them. The intramolecular S^2 reaction takes place with inver
sion, as required by the orbitals, so now the junction o f the two rings
is cis.

The next step u  attack o f acetic acid on the intermediate. This is 
another Sn2 reaction, which also proceeds with inversion and gives 
back a trans product.
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~^L-OC
* * T -  ^  ( „ V ,  r r tr r r tu n t o f  s te reochem is try  As you  kn o w  SN > reas linns go «n th  in ve rs ion , and 

! • «  o f d e m x h c m io l  in fo rm a t io n  i o  th is  resu lt IS possible o n ly  i f «  !'■ *«  « *о  
S ' " V  j  r n c t ia M  lik ing  place— in  o th e r w o rd s  n e ig h b o u r in g  g ro u p  p a rtic ip a tio n  

l f * " <" l h e n .  doe* t i n  o th e r d ias te rco 'som er react w ith  m ve is io n  Ы s te reochem istry ’  W e ll, try  
m echanism  fo r  m tra m o le s u l. it  d isp lacem ent o f  the to ry l group W hethe r you  p u t the 

drawing j c r t i l e  g ro u p  equa to ria l d oesn 't m a tte r; there u  n o  w ay in  w h ich  the acetate oxygen 's 

reach the c ‘  о Л Ы  o f ihe tosyUte C-O  bond

C C - < |  —  ts **.
N e ighbou ring  group p a r t ic ip a tio n  is im poss ib le . and s u b s titu t io n  goes s im p ly  by in te rm o lc c u la r

---------- —  I  o f  ОТ* by AcOH. Just one Sn2 step m eans o ve ra ll in v e n io n  of c o n fig u ra tio n , and  no

ins a slower reaction.

ИОАс

Retention o f configuration is an ind ica tion  o f neighbouring group partic ipation
Enantiomerically pure (5 )*2 -b ro m o p ro p a n o ic  a d d  reacts w ith  concen tra ted  s o d iu m  h y d ro x id e  to  
give (R)-bctic add. The reaction goes with in ve rs io n  and is a typ ica l Sm 2 reac tion  a n d  a g ood  one 
(oo. since thc reaction centre u  adjacent to  a ca rb o n y l g ro u p  (see C h a p te r 17).

I t  on the other hand, the rea c tio n  is ru n  us ing  A g jO  and a lo w  co n ce n tra tio n  o f sod ium  
vdroxide. (Я -lactic add is ob ta ined— there  is o ve ra ll rcten tum  o f  ste reochem istry

-V
AfaO. M ,0. N 0 °

substitution reactions th a t go w ith  re te n tio n  o f  ste reochem istry  arc ra ther ra rc  and
*  ®*roulh  iw o  successive inve rs ions w ith  n e ig h b o u rin g  g ro u p  p a rt ic ip a tio n . like  ihe 

IS * * *  **C*ion. T h is  tim e  the n e ig h b o u rin g  g ro u p  is ca rb o ry ia te  the s ilver o rid e

id t c b ^  L n j ^ fC<u>< '*  c o u r a g e s  the  io n iz a tio n  o f  the  s ta rtin g  m a te ria l by ac ting  as a halogen
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►
l  лг tones (that if .  cyclic astern) 
don't m u—у react wtth hydroede 
by this mechanism, and you m i£* 
expect this intermediate (whld) a  
a cyclic ester) to hydrotysa by 
attack of hydroede at the C-O 
roup. You m qj* M«e to thmfc 
about why tt«« doesn't haooen in 
this case.

ГI (SI rtH M0" ' ■плеаюпоГ N s J  n  
? T s >

A three-mem bered ring intermediate forms, which then gets opened by hvdr,,* i 
Sfj2 step. j

л т Л  n i m w i  Cl vor^fu*M»»xi ^  __

•  Retention suggests participation

I f  you see a substitu tion  reaction at a stereogenic saturated carbon atom that 
w ith  retention o f  stereochemistry, lo ok  fo r  ne ighbouring group pari it ipatiotJS

Why docs the carboxyiate group participate only at low HO " concentration and in ihe J 
o f Ag* ? You can think o f the situation in these two reactions in terms of the factors that f a f l  
and Sn2 reactions. In the first, we have conditions suited to an 5ц2 reaction: a very £ (ю Д  
phile (HO ") and a good leaving group (Br~). Improve the leaving group by adding А** <
Br~*s departure much as 1Г  assists the departure o f 0 1 Г  by allowing it to leave js IM  
worsen the nucleophile (H jO  instead o f HO*, o f which there is now only a low 
we have the sorts o f conditions that wouU favour an Syjl reaction. The trouble is, w i t h j  
bouring group participation, the cation here would be rather unstable—  right next to J 
group. The carboxyiate saves the day by participating in the departure o f the Br and Г о ггтЦ | 
tone. The key thing to remember is that a reaction always goes by the mechanism v* ith (heI 
rate.

s participate on ly  i f  they speed up the reaction

W hat sorts o f  groups can participate?
You’re already met the most important ones— sulfides, esters, carboxvbtes. F ibers and 
will see some o f these shortly) can also assist substitution reactions through ne ig h b o u rin g  g 

ticipation. The important thing that they have in common is an dcctron-rich hetc roa tom  *  

pair that can be used to form the cydic intermediate. Sulfides are rather b e tie i th a n  e lhe rv  
fide reacts with water much faster than n-PrO but the ether reacts with acetic acid four tie 
stowfythan n-PrOSOjAr.

reacts with MjO 600 И

reacts **th AcOH a n
•that pervvaown'*

The OMe group slows the reaction down just because it is electronegative more than  it  ^  
it  by participation. A more dutant OMe group can participate: this 4-McO alkyl sulfonate f 
alcohols 4000 times faster than the rrBu sulfonate.
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►
these nng 4

•» those we discussed in Chapter 
13 when we tsNted «bout the 
lunettes (rates) o f formation and 
thermodynamics (stability) of

particiJarfy rAodty m any ri 
See also Chapter 42.

Ф^лтят»*"

Not *11 pertitip«4n»: Rr-°ups have lone p«irs
■ Г».*.. |,m r f u m p l f l  wc « M lfd  With ihows llv il r» fn  Ih r « r lr .  H o r n  i l l  a <. < double bond 
M t k v a ic  H flcn tiim  Ы H c fm h c m m rv  in Ih t product I th t « jr t in c  tmylatc anil product 

,  b o th  u iu i lo  th r  doublr bond) and th< n m m *  fa il гса И ю п  ! 10 1 n m o  lha l of Ihe vatu 
* , f d  analofB») m  t r t - u l »  lie n * o f  neighbouring цгоир  p a rt*  ipatmn

Ъ  - Just one way of represent***

W hat la  th e  s t ru c tu re  o f  th e  In te rm e d ia te ?  

Our** Thc 1990ft and 1ВвО». this sort of question

n or st n«ng up. and a l we «М do is point 
rmedUta *« the reaction is not *J»y 
Iw  structure we have here: It Is

Лгу1 participation is m ore com m on than simple alkene partic ipation
, lf ^ , ® e u n ip lc w ith a  n e ig h b o u rin g  phenyl g roup  P a rtic ip a tio n  is h in lc d  at by thc re te n tio n  o f

СГГ err
(Cha«^>* e*evtron‘  are involved, b u t the reaction и now e lc c tro p h ilic  a ro m a tic  su b s titu tio n  
иf t - , , ,  22  ̂ f* lh rr * * *  «*" intramolecular F n e d d -O a f ts  a lk y L tio n  w ith  a d c lo ta lu c d  in tc rm e d ia ic  

a Phewm.um
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There is •  subtlety here that you

canted out by Cram In 1949. 
eaoeedmgfy elegant. Both of

stereochemistry of the products

stereochemistry of the starting 
materials. Vet. «Me the absolute 
stereochemistry of the starting 
materials is retained w one case 
(we get a single enanbomer of a 
single diastereoisomer). it is lost 
In the other (we got a racemic 
mieture of ooth enantiomers of a

are important distinctions, and Ш 
you are In any doubt about them, 
re-read Chapters 16 and 34. 

Cram <1919 -t of UCLA

1967 jointly «4th iearvMene lahn 
(1939-) of Strasbourg and Parts 
and Charles Pedersen (a 
Norwegian bom In Korea in 1904) 
of DuPont for *the*r development

T* гч Г  "я»* У*

C r f - c ^ ' ^ C r r f
M ore stereochemical con irqucncM  o f neighbouring group pertic ipat;0i|
The phenonium ion « symmetrical. The acetic acid cm  attack either atom m th, ,h 
ring lo  p v t  the lame producL ’ ^ 1

- *-U .-n ом  molecule owar - It's the

The phenonium ion i t  nonetheless still chiral. since it  has an axis (and nm a plane u e L  
symmetry, so i f  we use an enantiomencaly pure starting material we get an etunimn
product.

O r V - c N
o V - o ^

СГГ!
c m

Not so with the other diastereoisomer o f this compound! Now, the phenonium 10ft M  
metrical with a pLine o f symmetry—it  is therefore achiral and the same whichever 
we start from. Attack on each end o f the phenonium ion gives a different cnai 
whichever enantiomer o f starting material we use we get the same racemic mixture of)
You can compare this reaction with the loss o f stcreochcmical in form ation  that o c d ^ ^  
an SnI reaction o f enantiomerically pure compounds. Both reactions pass through In  * *  
intermediate.

т ешшЩ 

1
r . . .  we get tha same achiral phenonium ion . and therefore racem-c product

r

СПГ
r 

- Q 4 .
(  turn molecule oner • % 
к they are indanttcal )

o V —

o V
fterr
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«МММ Г

Ос-
________ Ш т - * *  “ ЛГа-иплЯП (Charter 22) еле addition to the cation does not occur th e *  either The

4 м а м М м  aC-Cbond<«liR*m » • •« > « < c h « W M a a M i«
v ^ r 7 * < * » * CW,hr"

^  I  a f  absolute stereochem ical in fo rm a tio n  (b u t re te n tio n  o f re la tive ste reochem istry) 
T W ■ * * * ? *  ^ „ o n  th a l you  met a t the start o( th is  chapter W e then  emphasized tw o  feature»

2 Г — *«• «■* " ,яп ю п  ы  •*n * h m M rr

*  / V »

^ o c
I  oxonium km i> detocaliied and j ,  h ir jl I f  •  angle cnannomer of the Mamng 

■ ^ М а ш Г -  Г-  P,o d u a  11 trou gh  thia achital intermediate. Attack at one carbon
a p m  « *  е гш ггю т е г . attack at the other p m  the mirror image

ас
дееепалгюпи af tt«r 

and tf.a*i».feoK<JiT»e* ______

In this case ihe neighbouring group can be caught in the act—when the rearrangement is 
earned out in ethanol, the intermediate is trapped by attack at the ccntral carbon atom. It is as 
though someone «witched the light on while the acetate’s fingers were in the biscuit tin (the cookie

C & - C &  -cxx.

■cc
i t *  tfher «nanttotner </ the

IdtMrroitemer 51%ИеМ

The product is an  orthoester and is a c h ira l to o  I h u  chem is try  shou ld  re m in d  vou o f ihe  fo rm a 
bon of *.etabe§described ,n Chapter 14.

Jk^Tangemcnts occur when a participating group ends up 
bonded toad ifferent atom

n theae example* are symmetrical. 50*. ot the time one substituent ends 
t  1 * ? Пе ч г Ь о п  a tom  «о ano the r d u r in g  the reaction T h is  is clearer in  the fo llo w in g  

unusual ‘ in iiM ii ^  m a tc ria * '*  Prcp a red  such th a t the ca rbon  a to m  ca rry in g  the phenyl g ro u p  is an 
Thu doesn 't a ffect ih e  chem is try , h u t means tha t the tw o  carbon 

the t l  in,,llu^ Wf R eecting the c o m p o u n d  w ith  In flu o ro a c e tK  acid  scram ble* the label 
n*K*«ophile ih - °  1 ° ' , t ,o n t; * * *  in te rm e d ia te  is sym m e trica l and. in  ih e  5 0 4  o f reactions w ith  the 
^ * ^ 1  c a r t * *  m U  C * * * * *  41 l ^ e E x i le d  ca rbon a to m , the phenvl ends up  m ig ra tin g  to  the unla 

m  ,n  •  r « « a n g e m e m  reaction

Labelling an atom w*h an 
unusual isotope is a standard way 
to probe the detail* of a reaction. 
Radioactive (tnttum) or 14C 
M ed to be uaed but. wtth the 
advent of h irtH M d NMR. norv 
radioactive 5H (deuterium) and 
1SC have become more popular. 
These methods are treated more 
tborou#i»yin Chapter 41.
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5сч мам* м О S '* »•*

Л'
NaOH. н,о

Now. consider this substitution reac
tion in which OH replaces Cl but with a 
change in the molecular structure. The 
substitution goes with complete re
arrangement— the amine ends up 
attached to a different carbon atom.

We can easily see why i f  we look at the 
mechanism. The reaction starts o ff look
ing like л neighbouring group participa
tion o f the sort you are now familiar with 
(thc carbon atoms are numbered for 
identification).

The intermediate is an aziridinium ion (aziridincs are three-mcmbered rings contamimJ 
gen— the nitrogen analogues o f epoxides). The hydroxide ion chooses to attack only th« | * ц  
dcred terminal carbon 1, and a rearrangement results— the amine has migrated from arb* 
carbon 2.

H<4 >

We should just pause here for a moment to consider why this rearrangement works. Wr « * ]  
with a secondary alkyl chloride that contains a very bad leaving group (Et2N) and a good о 
but the good one is hard for H O " to displace because it is at a secondary centre 
secondary alkyl halides are slow to react by S ^ l or Sn2). But thc N E tj can p a rtic iiv ite lie d f] 
an aziridinium intermediate— now there is a good leaving group (RNEt2 without the I 
charge) at the primary as well as the secondary carbon, so HO docs a fast react** Ш i f ]  
primary carbon.

|K d  iraw * frorr 
printtry nr (4K4W«Oiy cartre

food r*x>o»#Jr /

Г ч  I v
had (poift flood lea*ng pnup

fast S*2 at primary сел№

Another way to look at this reaction is to see that thc good internal nucleophile Ь12̂  
successfully for thc dectrophile with thc external nucleophile IIO 1". Intramolecular 
usually faster than bi molecular reactions.

•  Intramolecular reactions, induding participation, that give three-, f iv e - .«
membered rings are usually Caster than intermolecular reactions.



■ gLg ppen ts  OCtu 
_

__ a r r a n g e m e n t

-poxy alcohol in base does n o t always give the expected p ro d u c t.
^  o '* "  ̂

when a partic ipa ting  group ends up bonded to a d iffe rent *»tom 977

85%yMd

n uc leoph ile  has n o t opened the epoxide d ire c tly , b u t instead a p p e a rs  to  have dis 

^ H C T ^ a  very  bad leav ing  g ro u p  A lm ost no  n u d e o p h ile  w il l  d isplace O H  . so we need an 
placed . - — ijn a t io n .  T h is  com es in  the fo rm  o t a n o the r rearrangem ent th is  tim e  in v o lv in g  oxy- 

jl!CTlM e therw ue rather s im ila r to  the ones you  have »ust m et Again, ou r epoxide. th o u g h  reactive 
^ C b i c  suffers fro m  be ing  secondary at b o th  e le c tro p h ilic  centres / BuS is a b u lk y  n u d e  

d irect attack o n  the epoxide ls s low  Instead, under the basic co n d itio n s  o f the reac tion , the 
^ ^ E e a lk o x id e  g ro u p  attack* in tra m id c tu la r ly  I.» make a new. rearranged q n ix y  a lcoho l.

rt __ . . l l a J  »k <  P i v n #  r M m n e r a v n l
Т Ъ и яаггапц п lent U called the Payne rearran gement

Now we do have a reactive, primary electrophilic site, which undergoes an S^2 reaction with the 
I-BuS” under the conditions of the rearrangement. Notice how the black OH. which started on the 
varboa labelled I . has ended up on carbon 2.

The direction o f rearrangement can depend on the nucleophile
CCompare these reactions: you saw the first on p. 000 but the second is new.

1 P  ttoOH. M *  NEt, NBn, HjO. NaHCO, OH

" м(ч ^ \  сч Л /  » ^ ч Л /
* *e f ir *  reaction, the amine m igrates Iro m  the p r im a ry  to  the secondary p o s it io n ; in the  o the r 

to primary. B oth  go th ro u g h  very s im ila r a / in d in iu m  in te rm ed ia tes, so the d iffe r 
* ® * * b td i|e to the rcgioaelectmty w ith  w h ich  th is  a h n d in iu m  opens in  each case.

о ? . .

vJCL
- K . .

When a group migrates from a 
pnmary to a secondary carbon. 
v« say the rearrangement haaa 
pomary w tyatlaw art^h and a 
secondary Migration terminus 
The migrating group moves from 
the miration oh^n to the 
mgrabontarmmua.

a П h ,T '̂0 l ! * , l l  ̂ n t B a  ! ^ c nuc leoph ile  used in  the reaction . I ly d ro x id e  o p e ra  the  a / i r i -
'•*«««) - 4 * > ~ h , „ d , r fd

4. Why; end; water opens Ihe  a n r id im u m  io n  at Ihe  m ore  h in d e re d  (m oee suhsti-
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The fbutytmethytfrocjp is also 
called neopentyt'.

We can think o f ihe aziridinium ion as a compound containing two alternative |Ca 
one from a primary centre and one from a secondary one. Primary centres can take p 
reactions, but cannot undergo Sn I . Secondary centres can undergo either SN | o r SN i  r M 
in general do neither very well. Now, the rale o f an S^2 reaction depends on  the n u j* *  
good nucleophile (like HO") can do fast Sn2 reactions, while a bad one (like H jO )*  
fastest reaction HO can do then is Э Д  at the primary centre (remember: you see only 
that goes by the fastest mechanism). Water, on the other hand, take» part only re lu itj \ 
tution reactions—but this does not matter i f  they are S^l reactions because th e ir  rate* 1 
dent of nucleophile. HaO waits until the leaving group has Rrft o f its own accord, to ^  
which rapidly grabs an у  nucleophile—water w ill do just as well as HO". Thu can happen 
secondary centre because thc primary cation is too unstable to form.

weak гчкк;а(*мк' Maoks 
•eccroarv cation

« a .

All the rearrangements you have met so far occurred during substitution reactions All 
because reaction wtlh rearrangement is faster than reaction without rearrangem ent m iherwZ? 
rearrangement occurs because o f a kinetic preference for the rearrangement pathw ay You с о ^ Я
these reactions as special case’ examples o f neighbouring group participation in both |-----
tion and rearrangement, the neighbouring group speeds up the reaction, but in геаги . mjJ J  
tions the neighbouring group gets rather more than it bargained for, an d  ends u p  < U whotinfc 
molecule. Both proceed through a cyclic transition state or intermediate, and it  is sim ply (hew 
which that transition state or intermediate collapses that determines whether r e a r r jn g rm a l«

Rearrangement can involve m igra tion  o f  a lky l groups
You have seen reactions in which the lone pail» o f N, O, and S atoms partic ip a te , and r ________
which the К orbitals of alkenes and aromatic groups participate, and pa rtic ip a tio n  cm  k a i f l  
rearrangement for any o f these groups. Alkyl groups too may rearrange. This example № a nudb- 
ophilic substitution under conditions (A f* .  H jO ) designed to encourage S^l reactions <r 
leaving group, poor nucleophile). First o f aH this is what does not happen (and  indeed w ith o *  A| 
nothing happens at all).

W O ,
о

Y
**S*1 -pnmary 
cation loo умШЙЯ

Compounds like this, with a /-butyl group next to the electrophilic centre, arc n o t < » n « ^ ^ e  

undergo substitution reactions. They can't do S^2, they axe too hindered, ihey 1

:> r A«W0,

cation you would get is primary.
In fact, a rearrangement occurs. One o f the 

methyl groups moves ('migrates') from carbon 2 
to carbon I, the new OH group taking its place at 
carbon 2.

How has this happened? Well, firstly, our principle (p. 000) teds us that it has ПЩ 
cause SnI and S^2 are both so slow that this new rearrangement mechanism is ***** ̂  
Adding Ag* makes Г  desperate to leave, but unassisted this would mean the formal*” 11

r l



occur when a participating group ends up bonded to a different atom
F  ^ n n e n t

o lccu le  the only thing it can to «top this happening, and uses the electrons in

, - t ^  bowl w  *“ “ > ,ь« « И » " . '*  < *r - 

г V * it

* z p r -  MT‘I- — ̂ p “

979

УС'M#
form n o r  o# primary caifeocation

I  ^^«ated. the methyl g ro u p  co n tinues  to  m igra te  lo  ca rb o n  1 bem use by d o in g  so it 
tertiary ca rbcnation , н-huh then  captures water in  a ite p  rem in iscen t

iI! ° T ^ o n d  h a lf o f  * n  ^N * react,on
K r a t to *  step we used a slightly unusually curved curly arrow to 

' " V  th{ movement o f a group IM r) along * bond lik ing  it. bonding -  ' x
r‘T' ^  „  We «ball u k  this type of arrow when a group migrate! from м» I 

ю  saother during a rearrangement M*
в°ОЛеп, you will see this rearrangement represented in a different way. Both 

£0Cte«b hut we (eel that the first is more intuitively descriptive

Some of the cychc apectes you 
hove M en so far (aandmum 
ions, epoxides) are 
intermediates. this cydtc species 
is probably only a transition state.

( lo c a t io n s  readily rearrange
In Chapter 17 we ihowed you that it is possible to run the NMR spectra of carbocations by using a 
polar but ■ •e n u c le o p h ilic  solvent such as liquid SOj or SOC1F. Treating an alkyl halide RX with the 
powerful Lewis add SbF* under these conditions gives a solution of carbocation: the carbocation 
reacts n e th e r with idvent nor the SbF^X counterion because neither u nudeophilic We know, for 
example, that the chemical shifts in both the 1JC and 1I I  NMR spectra o f Ihe f-butyl cation are very 
large, particu la rly  the ,3C  shift at the positively charged centre.

„ . S O * ,  ™
с н / Ф ч н ,  “  с н Г Г с и ,

■ W ?

N M R  can be used to follow the course of rearrangement reactions involving carbcKations too. We 
can illustra te this with an experiment that tries to make the neopentyl cation by the substitution 
reaction you have |ust teen. This time ihe starting material and solvent are slightly different, but the 
outcome is aonethelevs most revealing. Dissolving neopentyl tosyiate in fluorosulfonic add (a 
f T * * ’ " • ^ « t t leoph.l.c »dd) at - 7 7 T  gives a 77% yidd of a cation whose spectrum is shown 

>w. Asugm ng ihe peaks is not hard once you know that the same spectrum is obtained when 2.2- 
■m**hyl-2-butan.>11> dissolved in fluorosulfonic acid with SbF$ added.

Clearly, bo th
*** l* fh t o f  d * ГС ° *  ! **r  , c r tu r v  2-methvlbutyl cation and the neopentyl cation never saw

*H )irlcJ tL I»a< t*0 n  ** ! ^ Г M m f , r ‘i r r j n llr m fn t  Vой 4aw ,n s u b s titu tio n  reac tion  o f  
^«opentyl ’ ***** *he rate of rearrangement can be measured and it is extremely fast.

even ih*1*  ,0 0̂rm * C4,*on under these conditions about I04 times as fast as ethyl 
**Ut '* niigratioo^# «  primary. This massive rate difference shows i

Щ * " * p n i . l t n  group can allow rearrangement to a more stable carboca- от»

Infect, all seven  possible 
isomers of pent)! alcohol 
<C*H1X0H) give this same 
spectrum under these conditions 
at temperatures (raaer than 
-30-c.

FSO.H

“ d happen rapidly.

. Л r I
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Primary cations can never be observed by NMR—they are too unstable. Bui <,<- 
can, provided the temperature is kept low enough. sec-Butyl chloride in S02C1F ^The distinction here is qmtei ® .

subtle and need not deta* us stable, observable cation. But. as the cation is warmed up, it rearranges to the t 
s rearrangement truly is a cartxKalion rearrangement: the starling material i>

because we can sea it by NMR: it 
subsequently reairenges to a 
tertiary cation. Aa we can never 
see pnmanr cations, we don't 
know that they are ewar formed.

bocation, and so is the product, and we should just look at the mechanism in a littlc

Sbf*. SO^Cr
"4>T'i

f t jm le  J O t

to f»ve
expianabon for rearrangements 
of the type you saw on p. 000 is 
that mipation of the alkyl group 
begins before  the leevmg group is 
fully gone. ТЫ* has been prowen 
in a few cases, but we will from 
now on not dlstneuiah between 
the two alternatives.

Л
•ternary e«,

W ith rearrangements like this it is best to number the С atoms so you can see clearly I 
where. I f  we do this, we see that the methyl group we have labelled 4 and the H on C i f j j  
places. (Note that СЭ starts o ff as a C H j group and ends up as C H j.) |— -

•  Top tip  for rearrangements

N um ber the carbon atom s in  s tarting m aterial and p roduct befo re  you try t0 « 
out the m edian ism. i н

A  -  > '
^  Using the sort o f arrows we introduced on p. 000, we can draw a mechanism for this in whkfcfag
You will see why Me hae to ‘be Me migrates, and then the hydride. We say hydride migration rather than hyJrofen larp
migrate first If you tr> drawing the because the H atom migrates with its pair o f electrons.

—- >5. —- JL"
As these rearrangements are a new type o f reaction, we should just spend a moment 1< >• > k a | * i  

molecular orbitals that are involved. For the first step, migration o f the methyl group, the li 
must clearly be the empty p orbital o f the cation, and the HOMO is the C -C  О bond, whi J if c l
to break.

-Mif
The methyl group migrates smoothly from one orbital to another—there are bonding 4 ^  

actions all the way. The next step, migration o f H. is just the same—except that the H O M O l* * 1  
C -H  О bond. The methyl migration is unfavourable as it transforms a secondary la tu ia l jH  
unstable primary cation but the hydride migration puts that right as it gives a stabU tcrtu*?^
The whole reaction is under thermodynamic control.

....

Wagner- M c rrw n n  rearrangements
Carbocation rearrangements involving migration o f H or alkyl groups don’t just hapP1'0̂  ̂  
machines. They happen during normal reactions too. For example, add-catalysed dchyd ra**^^*



. ..  w (,en a partic ipa ting  group ends up bonded to a d iffe ren t atom 
OC«

h e n ilo l g ive «he »lk n ,t santene (a key component of the fragrance of sandal- 
r lU ,rd  P ' ^ ^ ' T o n  in v o lv in g  migration o f a methyl group.

" "  —U
^  sbowi why the rearrangement happens: the first-formed cation cannot eliminate ■ 

Thr mee»n“ ™’ . of the only available proton would give a very strained alkene«1 t l  reaction  becau«

model шЛтЛ-

• Д?г
M ,  (nun eanrat be lost ths aaone m l  be wy strvnM

.........  migration o f a methyl group both stabilizes Ihe cation—it becomes tertiary instead of
allows El elimination o f H * lo  take place lo  give a stable alkene

ТЪе flb a r io n  of an alkyl group to a cationic centre is kn«»wn as a Wagner-Meerwrin rearrange 
mart o r  W^»er-Meerwein shift, and this migration is, of course. a synthetic mam festal ion o f thr 
rearrangement we have just been looking at in NMR spectra Wagner-Meerwein shifts have been 
studied extensively in the dass o f natural products to which both of these natural products belong— 
terpenes—and we will come back to them in Chapter 51 (natural products). For the moment, 
(hough, wc will just illustrate 
this type o f reaction with 
one more example—anoth 
er add-catalysed dehydra
tion. of Mborncoi to give 
camphene.

This one terms much rmire complicated—but. in fact, only one alkyl migration is invnhrcd. To see 
w*u l ha* happened, remember the ‘top tip —number the carbons You can number the starting male- 
па' an/ way you chooac—we’ve started with the дет dimethyl group because it will be easy lo spot in 
*** product The numbers iust follow round the nng. with C l being the methyl group attached to СЛ 

J^ow for the hard bit—we need to work out which carbon in the starting material becomes which 
the product. The best thing is just have a go—mistakes will soon bet onie obvious, and you

“■аКмуя try again.
••brtitucnts to help you— some will have changed, but most will be the 

sc or ИтДдг-—for example. C l u  still easy to spot as the carbon caxrying the 
«••ethyl group

^ ^^N n e c tm ty  to help you— again, a C-C bond or two may have broken or \  j  ✓ 
’ m° e* *he C-C  bonds in the starting material will be there in the

1 ** and C2 w ill probably still be next door to one another C2 wo* а \
Cl i_ -a 4аЛ«« in the starting material, and there is a bridgehead С attached to \

r ^ u c t ;  assume that’s C2



17 • Rearrangements

C3 and C4 were unsubctituted carbons in the starting material, and are identifi
able in the product too. The other easily spotted atom is C7— an isnsubstituted 
С attached to C2

•  CS.Cfc,andCSare harder. We can assume that C8 is the -C H 2cafbun— itwasa 
methyl group but perhaps has become involved in an elimination. C5 wa* 
attached to C l.  C4, C6, and C t: one o f the remaining carbon* is attached to C l 
and CS. so that seems more likely to be CS. which leave C l  as the bridgehead, 
attached as before to C7 and CS 

Now we have the whole picture and we can assess what has happened in the геааюг>—u 
bonds have been broken and which new bonds have been formed

*  » rewtwjrd 
I» tomcd

Numbering the atom* this way identifies the likely point o f rearrangement— (hr onlv 
ken is between C4 and 05. Instead we have a new one between C5 and Сб: C4 appears bo Z j  
migrated from CS to C6. Now for the mechanism. The first step w i l l  o f course. be loss ol J 
generate a secondary cation at C6. The cation is next to a quaternary centre, and migration Ы щц  
three bonds could generate a more stable tertiary carbocation. But we know that the no* bond atte 
product is between C4 and C6. so let’s migrate carbon 4. Manipulating the diagrams л bit t u riu« | 
structure remarkably similar to our product, and all we need to do is lose a proton from C*.

*o»#e и п к ъ г г  мхял W *

И you are observant, you may aak 
why the alkyl group impaled n  
th*s e«ampie and net the methyl 
group, or the ether akytpoup—

migrate Ca f ic n  CS to СЛ to m a t  tertiary с я б с г

Although migration o f an alkyl group that forms part o f a ring leads to much more wgai 
changes in structure than simple migration o f a methyl group, the reason why it happens tuipa*

the methyl ■
M ro o p -  I
give similar I
The reason I

) Alky) migrations occur in order to make a carbocation
tertiary cwbocationa. The reaaon 
invohee the aHfwiw *  Ы the 
orbitals involved. which we v*N 
discuss at the and or tha chapter. Ring expansion means rearrangement

'More iub l<  usually means 'more subuiluled . but canons can also be nude more u M  lf 
become leu  ttrmned. So, for example, four-membered rings adjacent to cations readily rearrae|* 
five-membered rings in order to relieve ring strain.



Carbocation reanangements: blessing or curse?

ration is formed by protonalion of an alkene, not departure of a leaving group, but 
y t,*  t i* * * ,hr *  gi^juid now be a straightforward matter to you

Ж~~ ф '5гФ
re a rra n g e m e n t step transforms a slable lertiary cation inlo a less stable secondary 

ThO^ J ^ ^ ra in  in expansion from a four- to a five-membered ring makes the alkyl migration 
I f 6 4 .  F J .  Corey publuhcd a synthesis of the natural product a caryophyllene alcohol 

K lT S jb  of a u m i la r  nng expansion. Not к  с ihe photo», hem ical |2«2'  cydoaddilion (Chapter

УСУ-v j)
I of this ternary alcohol in acid gives the target natural product. The four- 

m e in b e red  ring has certainly disappeared but it  may not be obvious at first what has taken its 

place.

IN* bond IОПТ*»

40% H ,S0«

As usual, numbering the atoms makes clear whal has happened: carbon 7 has migrated from 
carbon 6 to carbon 5. Loss of water gives a tertiary carbocation thal undergoes rearrangement to a 
M C N tey carbocation with expansion o f a four- to a five-membered ring.

K$
kinetic bamef to капштцргты* ia 
too You did meet a few 
encepton* и the latt chapter 
cydopentadtenes. for example. 
unde«co rapd [1 .StwpnaUop*:

witi respect to the postion of the

probably ihe most important class 
of ipedet thal haMuatyundergD 
rearrangement reactions, even at

*̂*^>°cation rearrangements: blessing or curse?
P ^ u o * *  ^ ou ***** n<m useful carbocation rearrangements that give single
Ьос*ц^ ^  **** Bul y°u have also mel al least one reaction thal tannut be done because of car- 

I F 1 Arrangements: Friedd-Crafts alkyiation using primary alkyl halides.
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О
The Fnedd-OaAs alkyLitioo illustrates the ргоЫстт o f trying to нм сагЪощ 

menu lo  та кс  single products in high yidd. We can give ihrre guiddincs to ^ , H|

Ptnacoi. the tn * *  nama for the 
start** material. wNch »  mart* 
hom acetone toy a inaction yaw 
wil meet in Chapter Э9. g»et *s 
name tothiadaM of

pwcuct.

1  The rearrangement must be fa t  so

2 The product cation m ud be sufftcaettly more stable than the starting 
rearrangement happens in high yield

S Subsequent trapping o f the product cation must be reliable: cations 
intermediates, and are therefore unseiecrive about bom  they react 

A reaction и  no fond i f  thc cation reads in more than o ik  «ray—it may react 
eliminate, or undergo further rearrangement —but it must do only one o f these! For tkT 
chapter, we will address only reactions that, unlike this F riedd-O aft* reaction follow t f a S H  
lines. Thc rcactioos wc w ill tafti about a l happen in good yidd.

The pinacol rearrangement
When thc u - d io i 'риъкЫ' и  Ifta to l with I t i j ,  а т л л ^ л к п !  take* pUic.

The pinacol rearrangement 985

,h f "  * » " ' •  ™ «er whuh hydroxy) group „  . .
^ ^ G C b c r J  migrate. i h t y t r t .11 .he u m t (Mefive-memberednnge J T n d , » !  J

-  * * * “  "  * ...... * —  of -  ~

с£Ъ -ф О ~(^р-£р

Of courw. it doawtl matter fern 
P U T** the alome. Ы* the

IM A .  | M  м ш  Ч М К »  «• 
Г е Л »  changed т о И с и Ш Ш  

с о т а  d o «n u >  jual о " .  or К »  
«опх спи»»»»»» И *» * * * »  
M lle m . and ПЦПЙ.ПЛ*'я» W 0  
you to «о* out « *« * ""* •  **»

Whenever you асе а rearrangement. you ihould now think 'carbocuBon'. Hen, [ 
one o f the hydroiyl group* allow* it lo  leave и  water. g m a f [he carbocation.

л х /-“y t r “y t r JU-т Г

10 leave ta 
You пЛфЛ etto  She W IN * about * * th a

SaradueflDbacfctep.000

You now know that cartxxatiom rearrange by alky! shifts to gel as stable as they can эе—Ы »  
carbocatkm is already tertiary, and there is no nng a  ram, so whv should it rearrange' WdL k r t«  | 
have another source o f electrons to stabilize thc carbocadon: lone pairs on an oxvgea *&m- 
pointed out early in  thc chapter that oxygen is very good at stabilizing a positive charge о 
cent atom, and somewhat less good at stabilizing a positive charfr two atoms away. By re 
the first - formed carbocation gets thc positive charge into a position where the oxygen cani 
.nd  k .  o f .  p r o * *  < n « - W t o  ф ш  а Ш Ы . k c „ K .JSL V j

You can view the pinacol as a rearrangement with a 'push' and a puli' The caH"K jl °* ^  
thc departure o f water ‘pulls' thc migrating group across at the same time a* the ^
pair pushes' it. A particularly valuable type o f pinacol rearrangement form ' ‘Г'г<х̂ " у И  
systems. You may find this one harder to follow, though the mechanism и  ident**l 
thc last example. Our top tip* o f numbering the atoms should help you to sec wh 
atom 2 has migrated from alum I lo  atom 4.

ЫаЫйнле ate re»

Epoxides rearrange w ith  Lew is acids in  a pinacol fashion 
] The Intenaediate cation in a pinacol rearrangement can equally well be formed from an e 

M fog^gm des with acid, including Lewis acids such as MgBr3. promotes thc same type o f reaction.

j k . ----- ~C
KwfW ftm ent o f epoxides with magnesium u lts  means that opening epoxides with Grignard 

"■ •« U  CM give surprising resulta.

CK
* l» * y l lu h m m  reaction и  quite U i.ngh lfo rw .td  и  long Ihe J k y lli lh iu m  11 free o f lnh ium  

( ‘ lo  v hal has happened w ith  (he ( .r ig n jrd  reagents tom e* from ihe (-*<1 I h j l  treating lh i\

^ * * h •“ «  M g B rj (no  RMgRr) give* an aldehyde

reagent, rearrangement occurs tester than addition lo  the epoxide, and then the
Gr«n*rd r«*gent adds to the aldehyde
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Some p in  ас ol rearrangements have a choke  o f m igra ting  group
W ith these symmetrical diols and epoxides, it  does not matter which hydroxyl group 
and leaves, nor which end the epoxide opens, nor which group migrates. When an u '* P 
d id  or epoxide rearrange», it is important which way the reaction goes. Usually, the rr ^ 
behind the more stable cation. So, for example, this unsymmetrical diol gives the nn 
ketone, a starting material (or the synthesis o f analogues o f the drug methadooe 

4 *
Thia product is formed because the green OH group leave* more readily than the ЬЦ<*| 

the carbocation stabilized by two phenyl groups forms more readily than the carbocatioi 
by two alkyl groups. The migration step follows without selectivity as both alkyl groups о 
alcohol arc the same.

oJ- *  c$r -* -  c fk*-••
Moat unsymmetrical diols or epoxides give mixtures o f products upon rearrangement 1 

lem is that there is a choice o f two leaving groups and two alternative rearrangement due* 
only foe certain substitution patterns is the choke dear-cut.

Semipinacol rearrangements are pinacol reactions w ith  no choice about whichЩ 
to  go
In 1971, French chemists needed this seven-membered cyclic ketone. A reasonable uartin g e a u n d  
to use is this diol. because it can be made in two steps from the natural product uo n o p it .one.

ф" j*- £>-
T V  ruction  they needed fcx the laat Hagr и  a pinacol rearrangement—(he frr itu ry l 

froup needs perwadmg to lenve at the r io f  expand,. The problem it, Ы counr that Л» 
hydroxyl (roup it  much moee likely to leave unce it leave* behind a more rtabte carbocaue

The solution to this problem к  to force the primary hydroxyl group to be the I r a v in g l j j  
making it mto a tocylate. The primary hydroxyl group reacts more rapidly with TsO Ллп 
one because it i» leu  hindered. A weak Ьаье is now all that is needed to makr «he L ■ I 
rearrange in what is known as a semipinacol rearrangement

&L -ЛЬ €>-



The pmacol rearrangement

rCTIT,n ( i r n i c n l5  ir e  rea rra iifttm rnu  in which a hydroxyl group provide* th r rlct- 
•cross, but the ‘puli' comes from the departure o f leaving groups 

^ b t c  in this example, but typically also halide or nitrogen (N 2). Since losvta 
*** ^  ̂  hindered hydroxvl group «»f a ditil. r**t only tan vrmipinj» ol rearrangement* be 

^тШвт* J than pin^oJ rearrangements. but their regiosde«.trvity may be in tbc opposite

К

-H
pinacol product

Cflfev explo ited this in a synthesis o l the natural product longifolene He needed lo persuade an 
caady p ia ir fused ring system to undergo rearrangement to a ring-expanded ketone Again, a 
norm #  *c»d-catalysed pinacol rearrangement is no good—the tertiary, allylic hydroxyl group is 
n iK h  w ore  likely to ionize, and the acid-sensitive protecting group would be hydrolysed too. 
Tesfiatioci o f  the  lecoodary alcohol in the presence of the tertiary is possible, and seimpirucol 

lent gives the required ketone.

TW leaving group need not be tusyiate: in the following example, part of a synthesis of berg 
raolene (« component o f valerian root oil and the aroma of Earl Grey tea), a 2-iodo alcohol

^ a t m c t u r e  o f  b c rgam o tr

for some were dunne the i960». eme«ee el 
the c ^% » e b o n  of ̂ c tw e i  centre n r* rd w  Мес* 

car rw w so l* a w  type of р г М ^ т Щ у  
^ W " 2 * * * <,,,e,* n w*  to sy»«h#w»e the two isomen and compere •w m w 'ttitw

Th*»e *» #*** Ы гцп«*тпш  m O apler 46 /

JT̂ r ,n * t®l rearrangements o f diasonium  salts
Chapter 22 how aromatic amines can be converted to diazonium salts by treatment with 

■ nitrite

Treating 2 halo alcohols with 
base >s. of course egood weyto 
mahe epondes. Using AgNO) to 
enprovc « M i  leevnf at» И у 
without Increasingtno
■ HI !■ n ^ i  ifc I ill j j  f, L. • -nucteo*»HKcTy ov vie nyoroxyi 
group fwotex rearrangement at 
the expense of epoiirte 
formet on There would certainly 
be a danger of epoede formation 
ei strong base.
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К m f t f  и» an Idea to review 
pp. 000-00of Chapter 2210 be 
sure you understand the c r — cx**"

cf>
«у14а/эпят

AryWiiazonium salts arc stable but аЛуШлюшмт salts arc not: nitrogen gas u the ■  
leaving group, and, when it goc&. it leaves behind a carbocation. (1»Ц

~ x
«•ntabte * % M M f t  Nt

father

One o f the ‘further reactions' this carbocation can undergo is rearrangement. I f  th (  - 
am me is a 2-ammo alcohol, the cation can be stabilized by a semipinacol rearrangement

o^~[cfod-cr
 ̂ ■* ei»yw»d

While alkvldiazonium salts are unstable, their conjugate bases, diazoalkanes. are stable c l 

be prepared and are nudeophilic towards carbonyl compounds. Diazoalkanes are neutr^ 
pounds having one fewer proton than dtazoniura salts and are delocalized structures w ith  a r  
sp nitrogen atom.

When diazomcthane (a compound wc w ill investigate in more detail in Chapter 40) I 
to a ketone, the product undergoes a ring expansion by rearrangement o f the same type of ■ 
mediate.

cfc. c ^ - c f
Pi of on* СИ, ro up

tort»*

The problem with reactions like this is that both the starting material and product a re  

they work cleanly only i f  the starting material is more reactive than the product. ‘ > J o h c *  

more reactive as an clectrophilc than either cydopcntanooe or cydohcptanonc. *> it  nn* 
cleanly to cydoheptanone. But expansion o f cydopcntanone to cydohexanonc is m e *sy  

mixture o f products. We shall come back to diaro compounds in more detail in  C h a p te r  *  '■ 

um salts w ill reappear in Chapter 31 where their decomposition w ill provide the driving 
fragmentation reactions.

The dicnone-phcnol rearrangement
The female sex hormone ocstrone is the metabolic product o f another hormone, proge^et'” 
made in the body from cholesterol.



The benzllic add rearrangement

one of p.oge*erone's m *hyl groups probably removed in the body a. W ,  after
^  ___ ______ ....... ........I. I . . i J . . .  lk .  . „V .n l.n .! „ I  lk< . m i l t  I. .. . -___ . . . . .  ___O e * r o «  c^ m J l  a m an  whose w o rk  l t d  d ire u ly  to  (he in v e n tio n  o f  the  con tracep tive  о Ш  c m *  a  citu . "fUZ* tb- another derivative of c h o l« .e ro l c o u ld  be rearranged to  the  oestrone  analogue * 

[«*• «otice how the methyl g ro u p  h i»  Ih u  tim e  im p a le d  lo  an a d |a .e n l la r b o r  
_____th<  j,e n o n e  has becom e a pheno l. wm  a oweer of т а м  »pec*ometry. 

wdH i «НИМ — Ш УШ fty рми

Tlu. ITP« rearrange**! > k n o w n  h e lp fu lly  *» a 
to n u d e f i t  quite lim ply a» « type o f  reverse p in a .n l rearrangem ent P inaco l and  se m ip in a m l 
rearrangement* are driven by th e  fo rm a tio n  o f  a ca rbony l g ro u p  The rearranged c a n o n  is s ta b ilire d  
by being nett to oxygen, and i t  can ra p id ly  lose H *  to  give a ca rbony l c o m p o u n d  In  the  key step o f  a 

mi rearrangement, a peotona led  ca rbony l c o m p o u n d  re a rra n g e  to  a le r lia rv  и * . м

The reaction c\ driven from d ien o n e  to  ph e n o l because the p ro d u c t ca tion  ta n  ra p id ly  u nde rg .i 
e lim ina tion  o f H '  to become aromatic.

ITie benzilit acid rearrangement
You haveac*n rearrangements in  which ca rb o n y l gn>up> fo rm  at the m ig ra tio n  o r ig in : th c  m ig ra tin g  
> Up in  the pinacol and temipinacol rearrangem ents i \  pushed by the o rvg e n 's  lone p a ir as it 

IWW carbonyl group. You have also w e n  ca rbonyl g ro u p * be ing  destroyed at the m ig ra tio n  

^  « «grating group in the dienone pheno l rearrangem ent is p u lle d  tow ard»  the p ro to  

»n * ГОи*>' ^ rSt re•,п ■Jn^^«m c n , reac tion  ever to  be described has b o th  of these at

V - n , ' ,? 1' 1иПШ ,on '-«big fo u n d  th a t tre a tin g  b e n n f  ( l . 2-d ip h e n y le th a n - l.2-d io n c ) w ith  
*f»er acid que tH h . 2 h yd ro xy -2 .2 -d ip h e n v ta ce tu  acid. he called b e n n lu
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You m»y hod it hdp ftji to Tfvnti of

pare «he mijr< 
«гтцигвео! f

The mechanism o f this benzilic add 
carbonyl groups. The tetrahedral intermediate

starts with attack o f hydron^ <*, 
in a reaction reminiscent ., 'д °

In wtMcti we h M  a tyraMng C-0 
я bond mstead of a leaving group.

C-0 * bond К  bro*c*n h w  (Wottnr-on-d»'lad n<»Mi t t*  reaction

W ith alkoxides, the benzilic add rearrange* 
ment can lead directly to esters by the same sort 
o f mechanism.

The Favorskii rearrangement

Meerwein to pinacol and semipinacol through dienone-phcnol to bcnrilk avid. Our aim is t, 
gain an overall view of the types o f rearrangement* that take place (and why) and not to  present i 
lots o f disconnected facts. It is at the point, however, that our mcchanittic journey takes a hair 

A surprising one. too, because, when we show you the Favorskii rearrangement, you w ould be (  
kn wondering what the fun  is about; surely it’s rather like a variant o f the benzilic a u d  геаггя

rearrangement of an с*Пяк> Mrtone to an e matraneenwnt of a d-hetore to an estiw 1

а м  damatfm ы dw ром ««*«•

аиреФе<«1у а*тЯ«:
•nciwnMUiw** *iw»e (Шегыч!

Well, this is what chemists thought until 1944, when some Americans found that two ^ 
a-chloro ketones gave exactly the same product on treatment with mcthoxidc. They *U| 
both reactions went through the same intermediate.

о п г ^ с ^ г ^ с Л
That intermcdute is a three-membered cydic ketone, a cydopropanonc: the a lk o n d t acts*** 

nucleophile (its role in the benzilic acid rearrangement) but as a base, enolizing the ketone. H f  

bte can alkylate itself intramolecularly in a reaction that looks bizarre but that m any с 

is not unreasonable. The product is the same cydopropanonc in each case.

C rV -C T T 3

o Y - o V
с Л



The Favotsloi rearrangement

__ ( l ,  pcncydu deicription of Ihe ring-cloaure uep The и м  enolate
(jthef in  ‘oxyallyl cation a dipolar species with in  oiyamon in d  i  de_ i—,» chkioo

* < -
This ip c o n  can cYch/c in i  two-electron disrotatory devtrocYclic 

l» l to  give the tim e с-yclopropinone We chill return to this discussion in the
the mechanism. there u no doubt thu  i  cyclopropanone 1» in  inter

B r - |d * ? - O lh crT
.......... j f t  v r r y  reactive l o w j f d i  n u ile o p lu le s . in d  Ihe le t .a h r j .a l  in te rm ed ia te  л ш (

• ^ ^ ^ ^ ^ C o T m e t h o x n i e  C (n in ^ . open t.. g ive the ester p ro d u c t The m o tr  J i b l f  c irh a m .m  
j f b i n i o n  в  n o t i c t u i l l y  lo rm e d  is  1  free species, there m ust be consider able 

ы  Л г  Li r b o n  i lo r a  is  the th ree  m em bered  n n *  op e m  Here Ih r  h e n /v l g ro u p  tc the

c r ^ - o ^ - c r * -
Fivonkn rearrangem ent o f cyclic J-bromoketones leads to nng contraction and this his become 

me of Ihe m in i fruitful uses o f Ihe rearrangemenl in synthesis Brominatum of cydohexanone is a 
e reaction ((Э14ЧСГ 11) and treatment with met bolide gives the methyl eater o f ordopenUne

carhwytk acid in good yield.

6 Ь - с У — с Г -
Enduation occur* on the tide of the ketone away from the bromine atom and the enolate «.ytlizes

*  befaec but the cyclopropanone intermediate u  rvmmetrKal to  that the product u  the um c 
• fckh m i C-C bond breaks after nucleophibc attack by the rocthoabde ion.

►
Cydopropanones and 
cydobutanones о т  very reactive, 
rather Шш epondes. because. 
«Me the 60* or 90* a r*e  in the 
nng I* nowhere near the 
tetrahedral an#e (10Г). К la 
nearer 108* than the 120* 
preferred by the во3 С of the C-O 
grout) Co»werae*y. the smell rtng 
Ketones are resistant to 
enoiUetion. because that would 
place Гиоар2 carbon atoms In 
the ring.
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Thr overall consequence o f the Favorskii rearrangement i t  that an alkyl group U tu  
ne side of a carbonyl group to the ocher. 'Mrr4 |

This means that it can be used to build up heavily branched esters and c*rbox . |, 
that are hard to make by alkyiation because o f the problems of hindered enobte\ 4n<j
ondary alkyl halides. Heavily substituted acids, where CO3H  is attached to a tcrtUrv u „ • 
would be hard lo make by any other method. And the Favorskii rearrangement u л 
synthesis o f the powerful painkiller Pethidine.

JT о Ъ ~ ( 9 0  X T "
The favorskii mechanism wW help

Ramberg- BacMund reaction in 
Chapter 46—the two reactions

Try writing a mechanism for this last reaction and you run into a problem there 4rf 
protons 40 the ketone cannot be enolized! Yet the Favorskii rearrangement still work*. I * 
warnings against confusing the mechanisms o f the Favorskii and henzilic acid rc.irr.,nr  
Favorskii rearrangement may. in tact, follow a ben л lie (or 'semibenzilic, by analogy with d 
pinacol). rearrangement mechanism, i f  there are no acidic hydrogens available.

i«TT*o*»wc го **»*»  rearrangement or nonenousatue ketones

± _ _
Migration to oxygen: the Baeyer-Villiger reaction
In 1899, the Germans. A. Baeyer and V. ViUij 
(RCO3I I) can produce an ester. An oxygen atoi

rr, found that treating a ketone with a pr 
1 is ‘inserted* next to the carbonyl group.

6
в с и л

'6

6
pmrnaa Q

h o V ^

И ,?- 1
Now, you saw a similar ‘ insertion* reaction 

earlier in the chapter, and the mechanism 
here is not dissimilar. Both peradds and dia- 
zomethanc contain a nudcophilic centre that 
carries a good leaving group, and addition of 
pcracid to the carbonyl group gives a struc
ture that should remind you o f a semipinacol 
intermediate with one o f the carbon atoms 
replaced by oxygen.

У
CarboryUtes are not such good leaving groups as nitrogen, but the oxygen-orygf'1

very weak and r alent oxygen cannot bear to carry a positive charge so that, once



Migration to  oxygen: the Baeyer Villiger reaction

xyUtc u  concerted with a rearrangement driven, at in the case o f the pinacol 
h -  by fcnnation O f. Cifbonyl group

'— «Р V -• J
,  « .'» *• I

V I I  er reactions are am o n g  the m ost useful o f a ll rearrangem ent r a t io n s ,  jn d  the most 
«* f»»*CPBA ( rw rttf- ih lo ro p e rb e n /o K . as»d) because it  is lo m m e r .u D y  available

\S"hich |re u p  migrates? {•) <h« f»rts
M  have d e lib e ra te ly  jvotdrd up to  Ih n  p o in t is th is  w hen there и  a c o m p e tit io n  be tw eer 

p o u p ^  wkkk р м Г «Ц Р — ■> r h “  question  arises in  p m a ..J  cem ir i r u .  ,J. and 
re a rra n g e m e n ts  .,nd in  Baeyer-V illsgeT ieac tions  ( in  the h e n n lu  acid m d  I  avorsk i. 
there u rs o  (h o le r  I and  the aw kw ard  fa n  ia th a t the answer u  d if t r re n l in  each case1 

J U  lrt-s  start with the Baeycr-Villiger rea c tio n  because here the question  is always >a!id 

bept when the ketone being o i id i r e d  is sym m e trica l H e rr  a r t  som e examples, and you can peoba

CFjCO.H

" 1  1

O Y  сЛ"
TtoW to* Я (%) ГШ4 П (%)

•»4rr.W«h f-jlkyt the ben at migrating, then  » a lky l J o se ly  fo llo w e d  by  11* then  I t .  then  Me. 

7  faOowi the order m w h u h  the g roups are able to v l jb t l i /е  a positive charge Piimary
* 4 *  are much m o re  reluctant to undergo m ig ra tio n  than  secondary ones o r a ry l g roups and th is 

■ * -  " P — « „ e  ftaeye r-Y iU ige r « о и ш  fo u b U
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The Baeyer-Villiger reaction has solved a regioselectivity problem here. Ц п  
cheap amino acid, can be converted to the important drug L-dopa provided it СД|̂ Д  
ortho to the OH group. This is where electrophilk substitutions o f the phenol 
trophilic sufetilutions with *HO*’ are not роьыЫе However. after a F riedeM :^ 
acyi group can be converted to hydroxyl by the Baeyer-Villiger reaction «* 
Baeyer-ViUiger reaction means that MeCO* can be used as a synthetic equivajcn, f a 
the unusual use o f the leas reactive I I jO j •* oxidizing agent in this reaction. T b is 
when the migrating group is an electron-rich aromatic rin^j these reaction* are * *  
l)akin reactions.

Unsaturated ketones may epoxidize o r undergo Baeyer-V illiger rcarr*- 
Peracids may epoxidize alkenes fasteT than they take part in Baeyer-Villiger reactions л *  
ketones are not often good substrates for Baeyvr-Vilhger reactions. The balance »  - - f t .  
The two factors that matter are: how rlrt rr<^»hilic is the ketone and how nucieuphilijTgJ 
You might like to consider why this reaction Joes work, and why the C ~ C  double 

ticularly unreactive. ,—

«ey mtermeciete и

•eoondanr «rouoa m.*r»te »n preference to 
unmary, so oxygen m w ia  on n#v

Small-ring ketones can relieve ring я  nun by undergoing B a e y e r-V illig e r reacti- 
butanone (an intermediate in a lynthesu o f die perfumery co m p o u n d  .м -м ч п о п е Ц  
ketene (2*2J cydoaddition. and i .  h i reactive that it need» o n ly  l l j O j  to  i 
CF3CO ,H or w -C P B A , H jO j  will not epoxidize double bond» ( unless they a r t  ele 
lee Chapter 2)).

One point to note about both of the Lot two reactions a  that the inaertion 
retention o f stereochemistry. You may think thu is unsurprising in a cyclic ^>lem Кке«в“  
indeed, the ЛгЛ o f the two cannot pouiMy go with invcnion. However, thu is , . r n e r » t ^ |  
Raeyer-Villiger reactions, even when inversion would give a more «able product09— c a 83% ywM of one

Even when you might imagine that racemization would occur, as in th is  Ь с п г И к М ^ Н ^

t ion is the rule.

"Т Г
87% yMd: 98.5% M 

•To *

By looking at the orbitals involved, you can sec why this must be so. The sp y{0( 4 
grating carbon just slips from one orbital to the next with the minimum *****



Migration to  oxygen: the Baeyer-VHIiger reaction

lobe o f the sp3 orbital is u<ed «о thc new bond form* to thc u m r face o f thc 
and stereochemistry is retained„ th e  d d  one.

M0M0:6u IU-0! P 0Ô А/

^ Ml ____ _ i l l  U -m i*ra tiom  are lim ilar. and ihe migrating group m a im  iu
The orb*» too. In the mure familur S^2 reaction. invcnion occur» because the anti

arrtodwrniitrr ||иц  the bonding в  orbital u lued. In tb t ^ 2  reaction, carbon undergon
l» * * * 1 ” '  m w rnm  in rearrangement! the m inuting carbon atom undergoes elec

«M l r r tm rt»  <* configuration.

i» the m igra ting  group reta in* its Mereochemiatry.# !и 1 Д н п « Г *к> г

Which group migrate»? ( 4 )  ^ e r
\VHy does the more aubalitutcd group migrate in the Bacyer-Villiger reaction’ The transition state 
Im  •  positive charge spread out over the molecule as thc carboxyiate leaves as an anion. I f  thc 
ггфаНтфgroup can take some responsibility for the positive charge thc transition state w ill be more 
,иЫе T V  more stable the charge, the taster thc rearrangement.

* y ?
« A irt? » Л

''hen •  benjene ring migrates *  participation u in  voter d as the ben ie n e  r in g  acts at a nude
*  - d  the poative char,, can be .Tread out even further N ote  tha< the Pt, » ctabilinug the 

* J *  * * ■ * ) ' *hat it tlahdirc. the in le rm e d ia lc  in an e lcc tro p h ib c  a ro m a tic  cuhadtlfliufi 
■ e s  pw id ieny l .ation rather than like a benrylic саГюп What was j  tranntion ju te  in

Ьвоашв an intenncdirte in pbcejrl migration
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Me, but is most definitely not true for Ph versus C 02El  The cation-drs&ibw,.,,, 
migrates even though Ph it  much better at stabilizing a positive charge! * ,7o* J

/ ' V  CFjCOjH

The reason is that CO,El it  so cation- J n u h t a i  that it prefers to migrate ralhfT t | l  
behind nett door to a cation. In this case. then, it it  the catKm-stabOtnng ability 0f ,hr П|* |Л  
does nor migrate that manert most. * ч Я

W hich  group migrates? ( I l l ) — stereochemistry m atters too
Selectivity in rearrangement reactions is afTccted by the electronic nature o f both ih< р < я р 0  
migrate), and the group that is left behind. But there is more! Stereochemistry ь  imnortjni u .  Д  
outcome o f diazotization and semipinacol rearrangement (Tiffeneau-Demjanov r f  ir . 
this amino-alcohol depends entirely on Ihe diastereoisomer you start with There art fa* 
diastereoisomers, and we have drawn each one in the only conformation it can rcaso 
with the r-butyl group equatorial.

NaNO j, MCI

90% yield

N•N0,. MCI

75* )M«d

77% yield

rrifnnet.

In all o f these reactions, the OH group provides the electronic ‘push*. In the first tw o j^l 
the nng contracts by an alkyl migration from the secondary alcohol, while in the thud Ш •» 
migrates from the same position.

The only difference between the compounds a  stereochemistry and. if  we look J' ' 
involved in the reactions, we can see why this is so important. As the N ; leaving group dcp^ . 
trons in the bond to the migrating group have to flow in to the C -N  O* orbital—we d i* 'pJ4



The Beckmann rearrangement

-r - —  ^  didn’t talk about then was the bet that beat overlap between thcac two orbitals (c
p>000.*M* urt they are anti-periplanar to one another >ust as in an FJ elimination reaction

^ К . м « И * « * м1  ________

I r-SrAH “ s r / "

___ _
t w o  compound., with th e -N j group equatorial, Ihe group b u t placed lo  migrate u 
^  formt the ring: for the third ra t io n ,  there u •  hydrogen atom *nti periptanai to

the к т щ  Р **!*. * °  ̂  nu* ra ,a '

The fourth K K tion haa. rather than a (roup that might migrate, the hydroiyf group ideally 
pUed to d u p l» t N j and form an epoxide—another example o f participation

+ * {  —  y >

W t

:b .

•  t

The requirement for the migrating group to be anti-penpLnar to the leaving group u quUe gener 
J  in rearrangement reaction». The reason we haven’t notked its effect before ts that т о й  o f the tom 
pounds we have considered have not been conformationally constrained in the way that these are 
Prer rotation means that the right geometry for rearrangement u always obtainable—stereochem 
I*1? »  not a factor in the Baeyer-Villiger reaction, for example We will come back to some more 
M^ecU f B A a i c a l  control in the next chapter, on fragmentation reactions. Before then, we 

r  ene last rearrangement reaction, in which stereochemistry again plays an important

TheBeckmann rearrangement

&  
t  ;>к . я

^ — -Лиге o f nylon relics upon the alkaline polymerization o f a cyclic amide known 
Caprolactam can be produced by the action o f sulfuric acid on the oxime of

^*gyer-V j||- ||  Beckman rearrangement follows the same pattern as a pinacol or
" ^ « te t  09 ^  •*** converU the oxime O il uUo a leaving group, and an alkyl group

* “  WatCT departs The product cation is then trapped by water to give an

/V
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с?
►
A linear system like this was 
impossible m the sever* 
membered ring of the last 
example.

* * 0 4
/ ^ 0 H a

c f - c r *H®

This rearrangement is not confined to cyclic oximes, and other ways o f convert ing o i l  
group also work, such as PQ y SO d2. *»d other acyl or sulfong^ehloridcv In an j ,  , ° *  
rearrangement, the product cation is better represented as th i*  mtrilium ion. When 
mechanism we can then involve the nitrogen s lone pair to ‘push’ the migrating group t **** A

<*es*arur* of H^O pu«s Mnaar ПН/Шит ion * 0**-™

N 't loot pair pushes I Ы  I u

Which group migrates in the Beckmann rearrangement?
In the Beckmann rearrangement o f unsymmetrical ketones there are two group* th a t к щ Ц  -• 
There are also two possible geometrical isomen o f an unsymmetrical oxime: C -N  double 
exhibit cts/tnms isomerism just as О С  double bonds can. When mixtures o f geometrical t 
oximes are rearranged, mixtures o f products result, but the ratio o f products m irrors 
o f geometrical isomers in the starting materials— the group that has migrated is in c a c h * *^  
group «runs to the OH in  the starting material.

т ф А п с гги р м  fr« *  Mi OH

*M>. o ^ M ,NHjOH

И

75:25 rebo of gsometrical isomers

j£ *) 

73:77 raOo of products

We have already touched on the idea that, for migration to occur, a migrating group ha* tobf dfc 
to interact with the O* o f the bond to the leaving group, and this is the reason for the чр<чА<^
In the example a couple of pages back the stereospecificity o f the reaction was due to t h e * « ^  
material being constrained in a conformationally rigid ring. I lere it is the O N  double ЬовЛ 
provides the constraint. I f  one o f the alkyl chains is branched, more o f the oxime with the OH p 
anti to that chain w ill be formed and correspondingly more o f the branched group will m i^ H  

mgrat*if ffoup is traru tn OH

NHjOH AIjOj

86:14 redo of fsomatrtcal isomers

A
O T ^ M a  

88:12 raOo of Produtf*



The Beckmann rearrangement

J l ^ ,  ,hose double uo m rri to interconvert can allow either group to migrate— 
^ j i i  lhcn be decided, as in the Baeyer-Villiger reaction, by electronic factors. Most 

^tlich 4°“  Ih£ „ lim e  isomers to equilibrate—so. for example, Л и  lotvlated oxime rearranges 
I*® ******—^pecif ic ir y ,n *Ь О з < * •  «nfl methyl group migrates) but with TsOH. equilibration of 

m(||fcJ| iaomers means that either group could migrate—in the event, the propyl 
the « *•** able to «upport a positive charge! migrates baler.
»euP<**‘

■ C -O . — XX - v jC
x  М агетмапмп fastm than f f  « f r r i f m f r t

Л
. .... ^  effect o f the Beckmann rearrangement is to insert a nitrogen atom next to the

-  || forms a useful tno with the Baeyer Villiger oxygrrl insertion and the diaroallcane 
.jrbinty1 >■ '

H _ < r - ( — *■ story: steroids from v .fo tak ie s

arty Пщ part *1 ГЫ framr m

t £ r
отпит* ttmataaacybo<Mn<anana 1Ь» to ассолфИаПде  ̂
n H H |n w n t  The otfnc to m * M№ the OMpoup tram to th r г*ч»г bulky

Toaylaitan and Beetonann

The B e d eu m i fragmentation
To fatohtbltchaptr, a Beckmann rearrangement that u  not all that it iecim f-Butyi group* migrate 
,f *  *Ь» Berm  Villiger reaction and. indeed, Beckmann rearrangement o f this compound

■W *«t*b. quit, nomwl too.

» t  - t h i t  lU tn m a n .J  1 ... . L ...........compound and another compound w ith  a te r t ia ry  ie n tre  next to  the  < 
r <actin* <MHl ,rCalC^  W ,lh ** * ' “  becom e* J p p ^ r n i  ih a i w h jt  ь  happen ing  u  no t an

oxune are 
miramol-
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Fragmentation 38
Connections

Buildmg on:
n at saturated

>M « t lo n . c h l9  

мМ пс aU*wch«TU»try chie.

,e h J 7

Arriving at:
•  Electron donation and electron 

w ithdrawal combine to  create 
molecules tha t fragment

•  Fragmentation literally means the 
breaking of a molecule Into three by 
the cleavage of a C-C bond

•  Reactive groups should have a 1,4

Looking forward to:
•  Carbone chemistry ch40

nch41
IC M 2

•  Main group chemistry ch46-cM7

e AntH>erlplanar conformation Is

о Small rings are oasy to  fragment 
e  Medium and large rings can be made In 

this way 
e  Double bond geometry can be

о Using fragmentations In synthesis

Polarization of C-C bonds helps fragmentation
Wc innhcd th< L it chapter with an attempted ш ц ш и п  tha t went wrong beiaute the migrating 
group stabilised a cation too well. Here is a m ore  convincing « a m p le  of the same reaction: again, ihe 
londitioas for, but not the result Ы. a B eckm ann rearrangement

. «Urby ^  л  bicycbc, the product monocyclic. «о w* have broken a C-C bond, the 
" V t  fraemeatatioe. The mechanism is straightforward once you know what happens to 

iements when the migrating group u  tertiary—but hard to follow unleu you

to form st Л*е tert«a»y саФосМоп

Beckmann rearrangement* that 
go wdth fragmentation ate

rearranfemenu. You ahoukl not 
use the second of these names

Is much better

Y t  f

fragmmution reaction*—reactions in which C-C bonds are broken—largely
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Before w t extend these ideas any further, consider these two quite d i f f , tcn | 
similar compounds.

' , r ' Nv T

T j

t t /«

EtOM H yO

.X 01*  « / .

ftO H . И ,0

lust as with the rearrangements we looked at on p. ООО, we need to draw these 
reasonable chair conformations in order to understand what is (tom* on In the ,,,, 
stituents can be equatorial; in the пит  isomer one has to be axial, and this w ill r 

group, since the two methyl groups o f NM ej suffer greater 1,3-diaxial interactiom

Now. the cis bom rr has clearly undergone a fragmentation reaction and. as usual, i 
atoms can help to identify the bond that breaks. The nitrogen lone pair pushes, the dep 
pulls, and the resulting im inium  ion hydrolyses to the product aldehyde.

Yet the trans isomer only docs (his in very low yield. Mostly it eliminates T sO H  t< give а я 
o f alkenes. Why? Well, notice that, in the cis isomer, the fragmenting b o n d  is tram  I  
group—indeed, it is both parallel and Irons, in other words anti-periplanar to  the h i 
Electrons can flow smoothly from the breaking О bond into the O* o f the C-OTs b o n ^ l 
they do so, a new к  bond.

homo - e o ft*  a

IJMO -  « •  0ft*a l

For the tram isomer, fragmentation o f the most populated c o n fo rm a tio n  is im|*<L—  

the leaving group is not anti-penplanar to any C - C  bond. 1Ъe only bonds a n ti-р е п г1 
C-H bonds, making this compound ideally set up for another reaction whose гсч|ч" 
periplananty you have already met— E2 elimination.

cant IraenenL bonds are nd
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can fragment because now the OTs is anti periplanar lo the right C-C 
„  other “ * ’ fo" " l i v  where the 11% fragmentation product comes from 
^ n d r t-» b,pro^ r

- ^ 1 .
v > V - i  

U » '

. making longifolenc in the early 1470s, a fragmentation reaction saved thc
*Л — ^ I t .  addition reaction using a cuprate gasc an uneipeHrd lYcliratlon product 

**  ’̂ „ '^ « n o le c u b r  aldol reaction

■ M -a McMurry wanted had the framework of the molecule on Ihe left, hut was 
the alkene below, so he needed to fragment the uneipeeted product at the

Fortunately, reducing Ihe carbonyl group gave a hydroxyl group anti-penplanar to the green 
ta>n<! and th e re to "  up (or fragmentation Making the hvdrotyl a leaving group and treating with 
I U K  lave the required compound by a fragmentation reaction.

ko%u

k*ng expulsion by fragmental ion
I “ *«  greater than eight are hard to make Yet five- and чи-membered rings are easy to make. 
‘ realize that j  fused pair of m  membered nngi ь  really j ten membered nng with a bond 

middle, the potential for making medium rings by fragmentation becomes apparent

I D  CO
“  lo nuke the bond to be broken the 2-3 bond in a I, 2, 3, 4 electron 

- • - ^ ^ ^ ■ ■ ■ ■ ■ « n e n t  and the ten-membered ring should appear out of the wreckage o f the frag-mcn*ation. Here u
example— a decalin that fragments to a ten-membered ring.

cp
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Muscone and cxalto r important perfumery compounds with hard i „  IT1 . 
ring structures. Cydododecanone is commercially available; addition of a fused fi*  * *' 
and fragmentation o f the 123-ring system is a useful route to these 15-membered*

15

In the bte 1960s, the Swim chemist Albert Eschenmoser discovered an lm p o r t a j^ ^ ^ ^ e  
can he used to achieve similar ring expansions and that now hean h *  name. rh« 
fragmentation The starting material fur an Fachenmuaer fragmentation u the 
a.fl-unsaturated ketone. The fragmentation happens when this epoxy-ketone is
hydrazine, and one o f the remarkable things about the product is that it is a n ________
Поп happens across die epoxide (shown in black), and the product contains both akctaiai 
different place to the ketone in the starting material) and an alkyne. You ian see

ii give muscone (R = Me) or exaltone (R Hj.hydrogenation o f the triple bond can a

Н Л

15

on, and It is A uacM Щ 
e to dincurs the fngrae

an insect pheromone, с

The Eschenmoser fragmentation docs not have to be a ring 
method for making keto-alkyncs. The following reaction, which we 
mechanism, was used to make an intermediate in the synthesis o f i

The reaction starts with formation o f the tosylhydrazone from the epoxy-ketone. H *

The suirur-conta*»lng la av4nj 
group bare « n o t

ene sulfonate (tosytata. ArSOi 
or T s d  t*M toluenesuWnete 

a m

zone is unsUble with respect to opening o f the epoxide in an elimination reaction. 
ination that sets up the familiar 1,2 ,3 ,4  system ready for fragmentation The p u s h c e e j 
newly created hydroxyl group, and the 'puli’ from the irresistible concerted lo *  of « I n 
group (Ts~) and an even better one (N 2). Notice how all the (green) bonds that br ^  
one another, held anti-pcnplanar by two double bonds. Perfect!

ArSOjH
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^>* ^ _ 3>reochcm»trY »nd fragmentation,
H J o r t0 "  i„ n in «  o f ih e  lost le c t io n . i  r in g  expansion  rea c tio n  o l a decalin .

v ^ - i r  С

cp
N«*.

Лшмогг r f,h ,t e»p4n»‘on “  * l,ttlc m orf ,h jn  we W  Xой *o believe. because ■
' has three stereogenic centres (*) and hence can exist as four diaMereoisomers: weeГ— .1____, ^ l  has three stereogeni

,Ье ьur iflf  t<ru ^  p^o nt-drcaJms What is more, the product has a double bond in a ten- 
Will I t be (isor tran*. (Both are р о ш Ы г-к с  Chapter 31.)

rfrn  , dustereoisomei\ of starting material чпп«( pla«.e the tmyiatr anti penpUnar to /— ---- ^
^ < i r -  bond. >0 l l  u n 't  frjpnen l l i b
THr other th w  dwtereoiftomers all can, hut two of them gne a M ns double bond while the third

* ?
Irene

c ?
-C 9

Looking at the alignment o f the bonds that end up flanking the double bond in the product 
*»owi you where the geometrical tsomm  come from: these are the black bonds in the starting mate 
'Д  and are tram across the forming я system in the first two isomers and cis in the third. 
r ^ iR la liu a i arc stereospecific with regard to double bond geometry, much as E2 elimination 

"Kbootarc.

***** “ e»Oipctificiiy in conjunction with a nng eipontion reaction to nuke 
' ‘п е с о п Г <a,?0l>K7ttcnc Cw jG jfc jfim c n a bicvclk molcculc with a nine membcrcd 
■ ■ ^ Ы le a ^ П !^ * tЛвUЬ*™U,C<, <1оиЫс bofKl "П * nght relative stereochemistry in the starting

10 fr*r**n ta tion  o f the nght bond and to formation of the alkene with the nght

B " ~ -  ф -

,Ыбв «rnthois of iuvendc hot 
met in O upte, 31) bv thenmts 

“ Pharmaceutical



1010 38 • Fragmentation

The major challenge in making juvenile hormone is 
the three tnsubatitutcd double bonds (one of which ends 
up as an epoxide), and the in itial target was to make the 
related aldehyde, which contains two o f them.

The Syntex chemists reasoned that, i f  this methyl ketone could be made st 
fragmenting a cydic starting material the (haid-to-control) double bond «ereoc 
derive directly from the (easier-to-control) relative stercoc^cmistry o f the cydic 
starting material they chose was a 5/6-fused system, whjfch fragments to give 
bonds. ^

T h r  r t r o d u i t  o f  th i*  r r u l i n n  u  пгеплтеА  fn r  in m b r r  f n a m M l i l iA n  fw  __  -

I I
The product o f this reaction is prepared for another fragmentation by addition of 

(you might like to consider why you get this diastereoisomcr) and tosybtion of the 
ondary alcohol. Rase promotes the second fragmentation.

/  pyrtd in .

In  the next 
iO be radical

you w ill meet, among many other reactions, more fragm entadefck**f 
rather than ionic fragmentations, and involve homeMc dtr*§t*

A second synthesis o f  longifolene
In Chapter* 2Я and 35 we introduced paru o f OppoUcr’s synthesis o l longifolene. We * * * ?  
those reactions and bring thc synthesis a stage further forward with a fragm en ta tion  г с а * Д * * ^ И  

ent from the one used earlier in thc chapter for the same molecule M ^ M u rry  usfd  
to escape from a disaster. Oppolzcr had planned to use one right from the vtart I be 

synthesis involves thc building of two five-membered rings in to a 1,3  -d ike tonc



The synthesis of nootkatone

o f the IJ -d ik e to n e  fo rm s  a ne w  fo u r-m e m b e re d  r in g  by a [2  ♦ 2] p h o to

N**1 ** €1*г\^лСПОП **v<in ,n Chip,fr 3S but you arf ,nvitrd to wori out for vourlfU whjt

12 0 1

^ngg roup  (a С Ы  g ro u p  fro m  C hap te r ? 1 1 is rem oved jn d  the fra g m en ta tion  

fou r-m em bered  nng ts cleaved jn d  the nng m ie m  o f  lo n g ifo le n e  m e a le d  Y 

,fl пЛООП f jm p a re  thus route with M c M u n r ’s ro u te  described ea rlie r in  th is  chapter

И* W/C

set

You

I he synthesis of nootkatone
lathe I f 70s i tw *  supposed that the characte ris tic  sharp  f r u i t y  K e n t and fla vo u r o f  g ra p e fru it came 

n M d y  if not entirely fro m  a simple b icyc lic  enone ca lled n o o tk a to n e  1Ъеге was q u ite  a rush to  syn 
this com pound in  va rious  labo ra to ries  and a rem arkab le  fea tu re  o f  m any  successful syntheses 

«rat the useK o t t t i a n  reaction* W e shall describe parts o f  three syntheses in v o lv in g  the frag  

mentation of a six-, a fo u r - , and  a th re e -m em bered  r in g .
Most syntheses make the side-chain alkene by an e lim in a tio n  reac tion  so the f irs t d isco n n e c tio n '

■  an FCI adding H X  back into the alkene. T he  last C -C  b o n d  fo rm in g  o p e ra tio n  in  m ost syntheses is 
an intramolecular aldol reaction to m ake the enone so th a t can be d isconnected  next. I t  is  the sta rtin g  
material for the aldol. a simple monocyclic d ike tone , w h ich  is u su a lly  m ade by a fra g m e n ta tio n  reac 
two because this is a good way to set up the  s te reochem istry .

—= sCpY_ =s, ууРу.
monocyclic dihetone

agincntat ion o f a three-m e m b e r e d  ring
^  * *  does not look «  though  It w ill lead to  noo tka tone because the fragm enta tion  p roduct 

developm ent It  has the advantage that the stereochem istry is о и те И  4t one ,en 

«■■ь— I  | j * ? ! * IX *  *U lU h o *n  natura l ( -  i ca n o n e  coinugate a d d itio n  o f the enolate to  hutenooe 
^  d ik r to n c  w ith  one cstra  stereogenic centre The enone add> to  the bot 

Н И Р ® * 0TT<** te  the d im e th v k v c lo p ro p jn e  r in g  m i the m ethv l g roup  is lo n e d  upwards

4 =  ^ Щ г ^ Ц -
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Now the dike tone is cyili/ed in H O  to give a bicydic enone. A new ■fa-memberej 
formed but the old three-membered nng has disappeared. First, an intramolecular i

i the stage is bet |0 r  *  frdoses the new six-membered ring to form an enone and then the s

л ' З Д х ^ ' с1 1
The fragmentation is pulled by the enone (with some hdp from the add) and pushed 

ity o f the tertiary carbocation as w d l as the release o f «train as the single bond tha t is fra,

three membcrcd ring. The fragmentation product»  an enol on the left and a carlnxution о» 
Addition of a proton to the end of the enol and a с Monde ю г to (he cation give* the l.,
The chhiroalkH tide chain mu«t be on the top of the molecule because only one ., f  the ( 

the three-membered ring ha* been broken and the remaining bond cannot change iu  

utry. The further devdopment of this compound into nootkatone is beyond the w opf  ,f rK^yi^

Fragmentation o f a four-membcved ring
This approach leads directly to the enone needed for nootkatone. A d ike to n e  prepared f-nta a n iv 

al terpene (Chapter 51) is also treated with H Q  and much the same reactions ensue с и ф  t a i l  
fragmentation now breaks open a four-mem bered ring  First, the in tra m o le c u la r aldol react*** 
make the second six-membered ring.

—  X p ' I
Now the fragmentation, which follows much the um e course as the last one the е п о е Й И *^  

vides the electron pull while the cleavage o f a strained C-C single bond in a lo u r 
give a tertiary carbocation provides the electron push. A simple elimination i> all 

make nootkatone from this bicydic chloroenone.

Fragmentation o f a six-membered ring ,̂ Л Ш Я
This chemistry is quite different from the examples we have just seen. T he  s ta rtu p  
bridged bicydic structure and was made by a Dids-Aldct reaction (C hap te r .« )  Ш
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............ K x id  (HCO2H), which protonates thc ternary alcohol and create» a tertiary
^jpand И  д |к г  рте»»)» the puih Moee «спои* electronic interaction» arr needed in thu 
. lb * * 000 ,k,  C-C bond being broken и  not in a «rained nng

| J j  of 504 is not wonderful but there is obviously * lot of chemistry going on here so it is 
ад much is being achieved. The first stage is the fragmentation itself Drawing the

in *C  ««"* ■h*P* “  ,h t material and then redrawing, to сшиге that we
r" u « a k ' l t » l‘ tjk ' '  we diactrvrr that we are well on the way to nootkatone Note that the веге» 

d«  tom ** a»««tr I™ » '• *  uereochenrntrr of the tu m n *  nuterub
X n * * * " * " " 1 c rttrc**re  created in the fragmentation Though one u i  membered nng и 
fragmented. «pother remain».

The first formed product now cydizes to form the second йх-mcmbercd nng. This recreates a 
, jrboi л  ion at the tertury centre like the one that set off thr fragmentation as thc more nudcophilic 
end of thc isolated alkene attacks the end o f the conjugate dectrophile. This is a thermodynamically 
controlled reaction with thc new stereogenic centre choosing an equatorial substituent

TV  canon pick» up the only nucleophile available— the very weak formic acid Thii gives the 
* »  h fe n la t io n .  wtuch contain! two unstable functional group»—» tertiary formate 

«her —and Ihia product > not nutated from Ihe reaction nurture

'•w k-«p and Ihe <,. '1ydr0*y*U °* •*** ended enol ether to rdeasc thc enone may occur during
Pound — ____ _ ГТЮП* *  *be fo»t compound that can be isolated Thc 504 yieid o f this com

^ ^ •u d a a n d e n o U th e  ^  *Га* тСПШ*ОП* °*cftn c* d “ jUoei’ ^ЛЛЬол of

B r _ ~  - " V  v r ^ X T V .
***** of the tynth

o f  " « X k a to n c  s im p ly  requ ires pyro lys is  o f  th c  fo rm a te  ester in

"*1ctP y
■
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г с fluxing 2,4.6-trimethyl pyridine (b.p. I72*C). The reaction it  a syn elimination к 
mechanism and it give* nootkatone in  79% yield. > *

The synthesis o f nootkatone occu 
lent examples o f fragmentation reactions. However, the synthetic sample* o f nootkai 
deliver the intense grapefruit taste and smell o f the material from grapefruits. The r
that nootkatone is not the flavour principle o f grapefriiit! The samples o f nootkatone t u  

• r j t  II«row*»* pnnr .pie grapefruit contained minute traces of the true flavour principle—a simple thiol. HLn, ' j *  Ы  
<f fr«oe?iuK 2 x  Ю"5 p.pJ>. (yea. parts per billion) o f this compound, so even the tiniest tract is Vfl

Ma br%n wououcta **•

■ Г  Г —  V -  r---------- -------------------------------------r -----------------------------------------  V< P o w J
At least the syntheses allowed chemists to correct an error.

A revision example: rearrangements and fragmentation
We shall end thu  chapter with an example that involves many of the reactions \*f hav* ^  J  
cussing in recent chapters. It culminates in a fragmentation but takes in two different rea lty , 
ments (Chapter 57) on the way at. wdl a* a cydoaddition (Chaplet 3S) and an cleitt 
(Chapter 36). Here is the whole scheme with the main changes in each step highlighted in hUditM 
might cast your eye over the scheme and see in general terms what sort ol reaction *• tp p o u * ^  
step (substitution, rearrangement, etc.).

о ^ о ^ - с Д
O f ccr

o V -o ’ %  -  ‘
The first step is a simple W ittig  reaction with an unstabtlued ytid (Chapter 31 "hk fc^f 

to favour the Z-alkene. It does but. as is common with W ittig reaction*, an EJ7 tmsto** 
but not separated as both isomer* eventually give the same compound The react** “  g 
com rolled and the decomposition of the oxaphosphetane intermediate is in some

c d /"^ —  o 5 ^ c 0 l
ouphovrf'rtane ^  ^ З И

Now the alkene is converted in to an epoxide by a slightly unusual sequence. Bror •  **
(N-bromoaucunmude) in water gives a mixture of bromohydruu by efcevophibe
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ir <7*") H > 4 I ^ I agWHIirtonH^HlsiV

c c f '■“? -  c d -  a i r
^ ^ ^ ^ L b r o m o H v d n n  i> treated with hue and an intramolecular Sfj2 h i non (Chapter 17) doles 

Thu too is «етеоч'ечй. and Ihe maim ivimer onlv is shown ; Ъе m murr ol epoxides 
Ihf [//.alkene m irturr Potassium lartsotule is loo weak a base lo generate mush of ihe 

* * ” Т 'е110Г bulthecysliration may irill go this wav in methanol In Chapter 41 you will leam ol an

c d
Wc law some eponde rearrangements in Chapter 17 but this reaction seems rather lame by rompar- 

oon I V  (poiide open* inacid lo jrv e  Ihe more liable (secondary and bemylic) o f Ihe Iwo рашЫе <ж- 
boolions and then a hydrogen atom migrates with ihe pair of electron» from the C -H  bond ('hydride
iM T) to pseit ketone. The rearrangement is toeful becuuc it a low i the fynthem o f aryl kctono. which
uimot easily be made by a Friedel-Cralti reaction since ihe carbonyl group it  in the wrong position on 
irteude.haul(Oiaprer 21).

о ^ с с - о э — OCT
The taun t и then brommated, also with NBS, in a regiosdective manner. The more conjugated 

rnol u formed between ihe carbonyl group and the aromatic ring and this is attacked electrophilicaJIv 
br the bromiBf atom o f the NBS (Chapter 20).

t
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The oxyallyl cation with its two electrons delocalized over the altytic system 
a (2 ♦ 41 cydoaddition to give a new cation stabilized by the oxyanion or. i  
ketone. Thc reaction was supposed to go like this.

(*•«1

The best base turned out to be thc tertiary amine Et jN  and the traction had to he 
alcoholic solution as alcohol* were the only solvents аЫс to keep the organic and ioni|; 
solution. However, a substantial amount o f a by-product was formed m ethanol 
product o f a Favorskii rearrangement.

c i r - o ^ ' c x r -
■
Ш » ta an tum cfe Of OAC (вммга! к 4  
сяМум) м  е ц и ь ы  т ОщЛ* at.

What is happening here b  that thc oxyallyl cation is in equilibrium with thc cydopt 
dectrocydic reaction (Chapter 36) and the alcohol is capturing this unstable ketone b y M d i ^ ^ B  
addition. Hcmiacctals o f cyclopropanoncs form spontaneously in alcoholic solution 
because ol the strain in the ketone. The anion o f thc hemiacetj] decompose* by i  leaver Ы a C-C I 
bond to release what would be the more stable of the two carbanion*, that i*. the U-nzylkcsrtM la» 

This carbanion is not actually formed as it is protonatcd by the akohol as it leaves.

l t £ L „

о г  =  а ^ а ! ^
onyei* eadon cydopropanona |  >..«Ч ■—

‘t ч ~. .j  IиИ Ч и Л ^  k

So how can the cydoaddition be promoted at the expense of thc Favorskii I 
Nothing can be done about the equilibrium between the uxvallyi anion and the cyd 
that's a fact o f life. The answer is to reduce the nudcophilic it у o f thc Jcohol br 
ethanol instead o f ethanol Under these conditions the major product is the c y d o a d ^ ^ ^ ^ f _ _  
be isolated in 73% yidd.

ccV ^  o f
Th t two compound» с м  easily be separated as I hey have completely difletent 

not stereoisomers or indeed п о л и п  o f any kind. Now it i t  time foe the fra*menU 
the tyOoadduct.
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. m jo n ro c t io n
 ̂^  fragmented with Me»SiBr in acetonitrile. The electrophilic silicon atom attacks 

tb* fu « n ожУвсп * !om Prov,des ,he electronic push. These two groups have the 1.4
| л л Ш Ш ^  сьиту for a fragmentation. First o f all. we shall draw the product in the same way as 

is a good tip in a complicated meihanum The product may look odd hut

I product b  a wlyl end ether (Chapter 21) at one end and an oxonium ton at the
-||[irfr proton removal and hydrolyus of the silyl end ether in the work up reveals a furar 

^  b< u o b t c i l  ,Л » l *  у к И  и  t h e  m ic  p r a d t K l .

н  СССР — G X ^
Thu pr«»duct is worth a dose look. The three-atom chain joining the two aromatic rings has the 

iM tO i iK a b d d l t  carbon atom and it is therefore on C2 (fi) with respect to both rings. This is the 
| diAcak petition for a carbonyl group and so this product cannot be made by a Friedd-Craft* reac- 

noo on either ring
Fragmentation reactions cleave C-C  single bonds by a combination o f electron push and electron 

pull to  that both electrons in the bond move in the same direction as the bond breaks. In the next 
chapter we shall see reactions that break C-C bonds in a ^uite different way. No electron push or pull 
t lW p lp it fB — c one electron goes one way and one the other. These arc radical reactions.

Problems
lust to check yew skill at finding fragmentations by numbers, 

draw a mechanism for cmch o f th e *  onc-s tep  fragment at ions in 
heii lufcttiuu (with an acidic work -up). C (^ .= "~ c fx

S. Suggest a mechanism for this reaction that involves 
_ fragmentation as a key step.

C p ^  ~ 40CX.
^ ^ С О Л  4- Fjmlaifi whv both o f these tncvrisc ketonca fraement I^  C0,H 4 . Kxplain why both of these tncydu ketones fragment to the

W hjt U thc «nature of the intermediate | 
^^■■Iprodwrt» t t the meiharmm ol the formation <>t
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S. Suggest a mechanism for this ring expansion in  which frag
mentation is one step.

ф - ^ d  
e. Suggest a mechanism foe thit fragmentation and exptun thc 
stereochemistry Ы  the double bonds in the product. This ш a tricky 
problem but find thc mechanism and thc stereochemistry will follow.

J
Jk£ =■

1 * .  Suggest mechanisms for these reacti„n 
alkene geometry in  thc first case. D o  you  согин 
fragmentations? 1

А /  h „

и Д - ' "  "

f t

U .  What steps would be necessary to 
carry out an Eachenmoser fragmen
tation on this ketone and what 
products would be formed?

7. Suggest a mechanism for this reaction and explain why the 
molecule is prepared to abandon a stable six-membered ring for a 
larger ring.

12 . These related spirocydic c o m p o u n d s  g , , t  1  

naphthalenes when treated with s o d iu m  bo.„hvd r id e o r « i  
H O . Each reaction starts with a d iffe re m  f r j e m e n , ^ ^ ?  
mechanisms for the reactions and exp la in  w h y  th t  l ,2 т а ^ Я  
are different. Treatment o f the s ta rtin g  ketone w ith  I U H ,n « ^  
of NaBH< gives the alcohol b e lo w  w ith o u t 

Comment on thc difference between the tw o  г,-,|йяц  ift j  
stereochcm ist ry o f the alcohol.

* .  Grire mechanisms for these reactions, commenting on the frag
mentation.

• .  Propose mechanisms for the synthesis o f the bicydic 
intermediate and explain why only one diastereoisomer fragments 
(which one’ ).

13.Revision content. Suggest mechanisms for the* 
explaining the stereochemistry.

r ~ * 4

: -:
1. T*ci. HitMlM X>=

Problems 1019



Radical reactions

Connections
Building on:

•  С M^ugato addition chlO & ch23
•  Energy profile diagrams ch l3
•  Nudeophilic substitution с h i  7
•  Conformational analysis ch l8
•  Elimination reactions сh l9
e Controlling stereochemistry c h lG .

ch33.4ch34 
e Retroeynthetk analysis ch30 
e Oiastereeeelecttvtty chJ3-ch34

Arriving at:

•  Radical reactions follow different rules 
ta those ef Ionic reactions

*  Bond strength to vary Important
e Radicals can be formed wHh Br, Cl, Sn, 

andNg

U otdn*forw ard to:
•  Carbon* ekw nl.oy c „« 0

• Dotonalnatlanoln

•  Radical, favour coolugat* addition
•  Cydtzatlen I, aaay wtth redteal

**ch4J
* erawp chem l.tty t ► 

Natural product, ch 51 
Pofymartiatlon n 52

Radicals contain unpaired electrons
You may remember thal at the beginning o f Chapter g we said that the cleavage o f H-П m o  H* 
jn d  СГ о possible in solution only because the ю т  that art formed are solvated ui the gas phase, 
the reaction is endMhermic with ЛЧ rn 4 1 )4 7  k lm ol a value so vast that even i f  the whole 
universe were made o f gaseous HQ at 0  0
273 K, not j  single molecule would be Hcl *  •* ♦ Cl
dissociated in to H* and С Г  ions *

At temperatures above about 200"Г, however. Н П  doe, begin to dinociate. but not into 
■on*- Instead o f the chlorine atom taking both bonding dectroni with it. leaving a naked proton, 
the electron pair forming die H-O bond u  shared out between the two atoms. AG foe this 
reaction i i  a much more геаюпаЫе »43l k lm o T 1 and, at high temperatures (above about 200"C, 
that is). HU gas can be dissociated . .. .  >200 T

**** ► c fИ*into HandQ atom s.

•  Heterolysis and liomotysls

•  When bonds break and one atom gets both bonding electrons, the process is 
called hetcrotyais
The products ofheterolysis are, o f course, ions.

•  When bonds break and the atoms get one bonding electron each, the process 
is called homolyais
The products o f hemolysis are radicals, which may be atoms or molecules, and 
contain an unpaired electron.

►
Thewn^e.

Ы/екЬЩтШ
I b y i M H

It was, in fact, a reaction o f a closely related molecule, hydrogen bromide, that was among the first 
to alert chemists to the possibility that radicals can be formed in chemical reactions even at ambient
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* 0 * 0
temperatures, and that they have a distinct pattern o f reactivity. In the 1930». Morris Kharasch found 
that the regjoaelectivity of addition of H -B r to isobutene was dependent on whether or not oxygen 
and peroxides were present in thc reaction mixture.

“ ( 4* *4
It turm  out that in thc abterue of peroxides the addition takes place hy thc type of (ionic) mecha

nism that you have already met. The tertiary bromide is formed because the intermediate, a tertiary 
cation, is more stable than the alternative primary cation.

rr *
In thc ptnetue of peroxides, thc mechanism is quite different Hemolysis o f the H-Br takes place, 

|0M and bromine radicals that attack the О С  double bond at its less hindered end are formed Moady
it la not isobutyl bromide is formed.

r(
eixywie 6\*Ш

tN * end of doubt* bond

T fy to a r ta to ib 't  '
s t*n £ M  * t*> a llr* ta fto th e m  
•  tot in f« s  chapter a* they re 
>«*y»nport»* to radical

■  tN s w n h th e l

|a k « i( ih s o fth *  bonds 
fwohvd «««Hen much less 
r4**«am «мп pou- (%t* 

» « *« n * te o n p . 000. for

5 S 8 * 5 5 !S I5 ;

What docs thc peroxide do? Why docs its 
presence change the mechanism? The peroxide 
undergoes homolysis of the weak 0 - 0  bond 
extremely easily, and because o f this it initiates a 
radical chain reaction We said that H -Q  in thc 
gas phase undergoes homolysis in preference to 
hctcrolysis: other types o f bond are even more 
susceptible to homolysis. You can see this for 
youn d f by looking at thu table of bond dissoci 
ation energies (AG for X-Y - *  X* ♦ Y*).

Dialkyl peroxides (dimethyl peroxide is 
shown in thc tabic) contain the very weak 0 - 0  
bond. The radicals formed by homolytic cleav
age o f these bonds, stimulated by a little heat or 
light, initiate what we call a 'radical chain reaction', which results in the formation o f the Br‘ radicals, 
which add to thc alkcnc's C -C  double bond. We shad return to radical chain reactions and their 
mechanisms in detail later in this chapter.

Radicals fo rm  by homolysis o f  weak bonds
You’ve just met the most important way of making radicals: impairing a pair o f electrons by homo
lysis, making two new radicals. Temperatures of over 200 *C will homulysc most bonds; on the other 
hand, some weak bonds w ill undergo homolysis at temperatures little above room temperature. 
Light is a possible energy source for the homolysis of bonds too. Red light has associated with it 167 
k j m oT1; blue light has about 293 k j m oT1. Ultraviolet (200 nm). with an associated energy of M6 
k j m oT1, will decompose many organic compounds (including the DNA in skin cells: sunbathers 

«).

•end X-V да tar X-V
-  X* ♦ v \  
(UmaT*

•ттй X-V AS tar X-V
- •  I е •  T \  
Ы м Г 1

H-OH 496 CHj-вг 293

MjC-* 436 си H 234

ИдС-ОН 383 СМ2 243

HjC-CH, 366 Br-ar 192

к - a 431 H 161

н-ег 366 MO-ON 213

M-l 208 MeO-OMe 161

CH j-a 349



Radicals contain unpaired electrons

There arc a number of compounds whose homolysis is particularly important to chemists, and 
the most important ones are discussed in turn below. They all have weak о  bonds, and generate rad
icals that can be put to some chemical use. The halogens are quite readily homotyscd by light. These 
process are important in radical hafogenation reactions that «re shall discuss later.

Ц0М itoi
Cl----Cl »  a s  a *  .UT -  243 W mer‘

t#ti#p»i .  V
Br---- St *  !■ ■ > ' U1* -  1Ю kl mrt-1

4 t I I*»i .  V
1---- • ---------- 1 1 a n  i f f  •  151 UrnoT*

Dibenwyi peroxide u  an important compound became it can act aa another in itiator o f radical 
reactions; we ll M r why later. It undergoes homotyus simply on heating.

■ 4 " ЫСР •  139 KJ r u t 1 A. T
Another compound that is often used in synthetic reactions for the same reason (though it reacts 

with a different set of compounds) is AIBN (uzoaofatyronitnle).

- - x - v
Some organometallic compounds, for example organomercuries or organocohalts. have very 

weak carbon-metal bunds, and are easily homolysed to give carbon-centred radicals. Alkyl mercury 
hydrides are formed by reducing alkyl mercury halides, but they are unstable at room temperature 
because the Mg-11 bond is m y  weak. Bonds to hydrogen never break to give radicals spontaneously 
because H* is too unstable to exist, but interaction with almost any radical removes the H atom and 
breaks the H g-H  bond. This is the process o f hydrogen abstraction, which forms the next section of 
the chapter.

weafc C-«netal bonds

h as МвОви ага u tM  n«te ad m

Radicals form by abstraction
Notice that we didn’t  put HBr on the list o f molecules that form radicals by homolysis: relative to the 
weak bonds we have been talking about, the I l-B r bond is quite strong (just about as strong as a C-C 
bond). Yet we said that Br* radicals were involved in the addition reaction we talked about on p. 000. 
These radicals are formed by the action of the alkoxy radicals (generated by homelyns o f the perox
ide) on HBr— •  process known as radical __n *^ N  „  Г У  _ •
abstraction. Here is the mechanism.

The peroxy radical RO* ‘abstracts’ H* from the HBr to give ROH. leaving behind a new radical Br*. 
We have described this process using arrows with ‘half-beads’ (also known as ‘fish-hook arrows’).

reaction
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They indicate the movement of single electrons among orbitals, by analogy with our normal curly 
arrowy which indicate the movement o f electron pairs.

movement of '" 4  movement of a
a peed elecuone X '  X '  и

Writing radical sw c h a n ls

elects* a* p»red

electrons* the к-вг bond «пае the othe* a— o'
Thefudvtofy 
with one of the 
move* on to the

Весомее radical «•eettoneeAwaysmvoK* the 
геофШмОоп of electron ptfn. we can chooea tv 
«how what happem to either er both of •

The ability o f radicals to propagate by abstraction is a key feature of radical chain reactions, which 
we shall come to later. There is an important difference between homolysis and abstraction as a way 
o f making radicals: homolysis is a reaction o f a spin-paired molecule that produces rwo radicals; 
abstraction is a reaction o f a radical with a spin-paired molecule that produces one new radical and a 
new spin-paired molecule. Radical abstractions like this are therefore examples o f your first radical 
reaction mechanism: they are in fact substitution reactions at H and can be compared with proton 
removal or even with an S>*2 reaction.

------------- --  KOCH, ► * r e  Ц2 «ас*»

Radical substitution* differ considerably from Sn 1 or S*j2 reactions: importantly, radical substitu 
Пот almost never occur at carbon atoms. We shall come back to radical substitutions, or abstractions 
(depending on whether you take the point o f view o f the H atom or the Br atom), later in the chapter.

The ve*y fret redeal Id

was made «1900 by 
eb*tr»ctor of O* hom
PhjCCIby/fcmeM. 9?» A -



Radicals contain unpaired electrons

Radicals fo rm  b y  add ition
The key step in the radical reaction with which we started the chapter is the formation o f a radical by 
radical addition. The Br’ radical (which, you w ill remember, was formed by abstraction o f I f  from 
HBr by RO’) adds to the alkene to give a 
new. carbon-centred radical. This is the 
mechanism: again, notice that half- 
headed arums are used to indicate the 
movement o f single electrons. *

fust as charge must be conserved through a chemical reaction, so must be the ppin o f the electrons 
involved. I f  a reactant carries an unpaired electron, then so murt a product. Addition o f a radical to a 
spin-paired molecule always generates a new radical. Radical addition is therefore a second type of 
radical-forming reaction.

The simplest radical addition reactions occur when a single electron is added to a spin-paired 
molecule. This process is a reduction. You have already met some examples o f single-electron reduc
tions: Birch reductions (Chapter 24) use the single electron formed when a group I metal (sodium, 
usually) is dissolved in liquid ammonia to reduce organic compounds. Group I metals are common 
sources o f single electrons: by giving up their odd s electron they form a stable M * ion. They w ill 
donate this electron to several classes o f molecules; for example, ketones can react w ith sodium to 
form ketyl radicals.

N . _____ — .A. A
Radicals fo rm  b y  h om o ly tic  cleavage o f  weak bonds
A fourth class o f radical-forming reaction is homolytic cleavage. For an example, we can go back to 
dibenzoyl peroxide, the unstable compound we considered earlier in the chapter because it readily
undergoes homolyus.

The radicals formed from this homolysas 
arc unstable and each breaks down by cleav
age o f a C -C  bond, generating C 02 and a 
phenyl radical These homolytic bond 
cleavages are elimination reactions and are 
the reverse o f radical addition reactions.

•  To summarize methods of radical formation

Radicals fo rm  fro m  spin-paired molecules by:

•  hom olysis o f  weak о bonds, e.g. no— OR

CO,

•  electron transfer, that is, reduction 
(add ition  o f  an electron), e.g.

Radicals fo rm  fro m  other radicals by:

•  substitu tion  (abstraction)

•  add ition  x *

•  e lim ina tio n  (hom olysis)
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102*

Most radicals are extremely reactive...

Chemist* are more interested in radicals that arc reactive, because they can be persuaded to do 
interesting and useful thing». However, before wc look at their reactions, wc shall consider some rad 
icals that arc unrcactive so that wc can analyse the (actors that contribute to radical reactivity.

. . .  but a few radicals are very unreactive
Whilst simple alkyl radicals are extremely short-lived, some other radicals survive almost indefi
nitely. Such radical» arc known as persistent radicals. Wc mentioned thc triphenylmethyl radical on 
p. 000: this yellow substance exists in solution in equilibrium with its dimer, but it is persistent 
enough to account for 2 -104 o f thc equilibrium mixture.

Persistenl radicals with thc single electron earned by an oxygen or a nitrogen atom arc also 
known: these three radicals can all he handled as stable compounds The first, known as TEMPO, is a 
commercial product and can even be sublimed.

There are two reasons why some rad teals are more persistent than others: ( I ) steric hindrance and 
(2) electronic stabilization. In the four extreme cases above, their exceptional stability is conferred by 
a mixture o f these two effect». Before we can analyse thc stability of other radicals, however, we need 
to look at what n  known about the shape and electronic structure of radicals.

How to analyse the structure of radicals: electron spin 
resonance
For thc last few pages we have been discussing the species we call radicals without offering any evi
dence that they actually exist. Well, there is evidence, and it comes from a spectroscopic technique 
known u  electron spin resonance, or ESR (also known a» F.PR, electron paramagnetic resonance). 
ESR not only confirms that radicals do exist, but it can also tell us quite a lot about their structure.

VHa*fa E tam e a r a d ic a l*



Radicals have singly occupied molecular orbitals

Unpaired electron», like the nuclei o f certain atoms, have a magnetic moment associated 
with them. Proton NMR probes the environment o f hydrogen atoms by examining the energy differ
ence between the two possible orientations o f their magnetic moments in a magnetic field; ESR 
works in a similar way for unpaired electrons. The magnetic moment o f an electron is much bigger 
than that o f a proton, so the difference in energy between the possible quantum states in an electron 
field is also much bigger. This means that the magnets used in ESR qKUromcters can be weaker than 
those in NMR spectrometers: usually about 0.3 tesla; even at this low Add strength, the resonant 
frequency o f an electron is about 9000 MHz (for comparison, the resonant frequency o f a protqp at
9.5 tesla is 400 MHz; in other words, a 400 MHz NMR machine has a magnetic field strength of
9.5 tesla). •  .

Rut there are strong similarities between the techniques. ESR shows us, for example, that 
unpaired electrons couple with protons in the radical. The speclrum below is that o f  the methyl rad
ical, CH j .  The I J  J : I  quartet pattern is just what you would expect for coupling to three equivalent 
protons, coupling in  ESR is measured in railhtesla (or gauss; 1 gauss -  0.1 mT), and for the methyl 
radical the coupling constant (called d||) is 2.3 mT.

ESR cpectrum for the methj< radical 
recorded as the fia t derivative of the 
absorption spectrum

2.3 mT

ESR hyperfine splittings (as the coupling pat
terns are known) can give quite a lot o f in form 
ation about a radical. For example, here is the 
hyperfine splitting pattern o f the cyclohepta- 
trienyl radical. The dectron evidently sees all 
seven protons around the ring as equivalent, and 
must therefore be fully deiocalized. A localized 
radical would see several different types o f pro
ton, resulting in a much more complex splitting 
pattern.

Even the rebtivdy simple spectrum of the methyl radical td k  us quite a lot about the radical For 
example, the size o f the coupling constant оц indicates that the methyl radical is planar, the trifluo- 
romethyi radical is, on the other hand, pyramidal. The oxygenated radicals ‘CH jO H and *CMe2OH 
lie somewhere in between.

planer CMj radical T  J * pyramidal CF,‘ radical

R spectra the d 
the ftr»t derivative ol 
absorption spectr 
spectrum you «

О
cydoheptainenyt n

J

Radicals have singly occupied molecular orbitals
ESR tells us that the methyl radical is planar: the carbon atom must therefore be sp2 hybridized, with 
the unpaired electron in a p orbital. We can represent this in an energy levd diagram.
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In chapter 4 WC talked about the HOMO (highest occupied molecular orbital) and l.UMO (low
est unoccupied molecular orbital) o f organic molecules. C H j (like all radicals) has an orbital con
taining one electron, which we call a Singly Occupied Molecular Orbital (SOMO).

As with all molecules, it is the energy of the electrons in the molecular orbitals o f the radical that 
dictate its stability. Any interaction that can decrease the energy levels of the filled molecular orbitals 
increases the stability o f the radical (in  other words, decreases its reactivity). Before we use this ener
gy level diagram of the methyl radical to explain thc stability o f radicals, wc need to look at some 
experimental data that allow us to judge just how stable different radicals are.

Radical stability
On p. 000 we used bond strength as a guide lo  thc likelihood that bonds will be homolyscd by heat or 
light. Since bond energies give us an idea o f thc ease with which radicals can form, they can also give 
us an idea o f thc stability o f those radicals once they have formed

AC ■ c n * fp  rebated m c o m tn * *  radical*

This is particularly true i f  we compare the strengths o f bond* between the same atoms, for ex
ample, carbon and hydrogen, in different molecules; thc table does this.

A few simple trends are apparent. For example, C -H  bonds decrease in strength in R-H when R 
goes from primary to secondary to tertiary. Tertiary alkyl radicals are therefore the most stable.
methyl radicals thc least stable.

=X, F JZ. -А. г СИ,

C -H  bonds next to con>ugating groups such as allyl or benzyl are particularly weak, so ally) and 
benzyl radicals arc more stable. But C -H  bonds to alkynyt, alkenyl, or aryl groups arc strong.



Radical stability

Adjacent functional groups appear to weaken C -H  bond»: radicals next (o carbonyl, nitrite, or 
ether functional groups, or centred on a carbonyl carbon atom, are more stable than even tertiary 
alkyl radicals.

A. )
Whether th t functional (roup i i  electron-withdrawing or electron-donating is clearly i i t i M n l  

here: both types seem to stabilize radicals. We can explain all o f this i f  we look at bow the different 
groups next to the radical centre interact electronically with the radical.

Radicals arc stabilized by conjugating, electron-withdrawing, and electron- 
donating groups
Let-» consider first what happens when a radical centre finds itself next to an electron-withdrawing 
group. Groups like O O  and G«N are electron-withdrawing because they hare a low lying empty * •  
orbital By overlapping with the lusuatty p) orbital containing the radical (the SOMO). two new 
molecular orbitals are generated. One electron (the one in the old SOMO) is available to fill the two 
new orbitals. It enters the new SOMO. which is of l o w  energy than the old one. and the radical 
experiences stabilization because this electron drops in energy

SOMPolradul
I t a W l

new SOMO is ol к ю т  tnergyV
ГГМЦ* or тмЛг^ nr 

O OWII U Vi « KWW H4E
aiMtai

We can analyse what happens with electron-rich groups, such as RO groups, in a similar way. 
Ether oxygen atoms have relatively high-energy filled n orbitals, their lone pairs. Interact»* this with 
the SOMO again gives two new molecular orbitals. Three electrons arc available to fill them. The 
SOMO it  now higher in  energy than it was to start with, but die lone pair ia lower. Because two elec
trons have dropped in  energy and only one has risen, there is an overall stabilization o f the system, 
even though the new SOMO it  Ы  higher energy than the old one. We shall see la ta  what effect the 
energy o f the SOMO. rather than the overall energy o f the radical, has on its reactivity.

v j w d ' i x a

\
new. Ы^кчогн*!© SOMO

H- n i|o « t pwr) i *  
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In Chapter 17, you u w  how the electrons in  C -H  О bonds stabilize cations: they stabilize radicals 
in the same way, which is why tertiary radicals are more stable than primary ones.

Conjugation, too. is effective at stabilizing radicals. Wc know that radicals next to double bonds 
are delocalized from their ESR spectra (p. 000); that they are more stable is evident from the bond 
dissociation energies o f altylic and benzylic C -H  bonds.

ф  A nyth ing that would stabilize an anion o r a cation w ill stabilize a radical:

•  electron w ithdrawing groups

•  electron-donating groups (including alkyl groups w ith  О Н  с  bonds)

•  conjugating groups

St eric hindrance makes radicals less reactive
On p. 000 we showed you some radicals that are remarkably stable (persistent): some can even be 
isolated and purified. You should now be able to see at least part o f the reason for their exceptional 
stability: two o f them have adjacent powerful dcctron-donating groups and one hat a powerful dec - 
tron-withdrawing group as well, and three o f the four are coniugated.

But electron к  (actors alone are not sufficient to explain the exceptional stability of all four radi
cals, since the next two radicals (in the margin) receive just about the same electronic stabilization as 
the first two above, but are much more reactive.

In fret, the stability of the triphenylmethyl radical we know to be due mainly to stem, rather 
than electronic, factors. X-ray crystallography shows that the three phenyl rings in this compound 
are not coplanar but are twisted out o f a plane by about 30*. like a propeller. Thu means that the 
ddocalization in this radical is less than ideal (we know that there is some delocalization from the 
ESR spectrum) and. in b e t M it  little more deiocalucd than the diphenytmcthyl or even the benzyl 
radical.

Yet it is much more stable than either. This must be because the central carbon, which bears most 
o f the radical character, it  Mentally shielded by the twisted phenyl groups, making it  very hard (br 
the moleiule to react. And when it does dim erne, we know that it  does so through one o f its least 
hindered carbon atoms.

Further evidence for the role of steric effects in helping to stabilize radicals comes from triphenyl-



How do radicals react?

methyl derivatives with ortho substituents: these force the phenyl rings to twist even more (at 50* or 
more), decreasing still further the extent o f electronic stabilization through delocalization. Yet 
these orf bo-substituted radicals are more stable than triphenyimethyl: this must be a steric effect. The 
rest o f this chapter is devoted to the reactions o f radicals, and you w ill see that the two effects we 
have talked about— electronic stabilization and steric hindrance— arc key factors that control these 
reactions.

How do radicals react?
A reactive radical has a choice: it  can either find another radical and combine to form a spin-paired 
molecule (or more than one spin-paired molecule), or it can react with a spin-paired molecule 
to form a new radical. Both are possible, and we shall see examples o f each. A third alternative is 
for a radical to decompose in a unimolecular reaction, giving rise to a new radical and a spin-paired 
molecule.

•  Three possibilities

•  Radical + radical —» spin-paired molecule
•  Radical + spin-paired moleculcs —> new radical + new spin-paired molecule
•  Radical —► new radical + spin-paired molecule

Radical-radical reactions
In view o f the energy released when unpaired electrons pair up, you might expect this type o f radical 
reaction to be more common than reaction with a spin-paired molecule, in which no net pairing o f 
electrons takes place. Radical-radical reactions certainly do take place, but they are not the most 
important type o f reaction involving radicals. We shall see why they are not as common as you might 
expect shortly, but l in t  we can look at some examples.

The pinacol reaction is a radical dimerization
We outlined on p. 000 a way o f making radicals by single electron transfer effectively, the addition 
reaction o f a single electron to a spin-paired molecule. The types o f molecules that undergo this reac
tion are those with low-lying antibonding orbitals for the electron to go into, in particular, aromatic 
systems and carbonyl compounds. The radical anion formed by addition o f an electron to a ketone is 
known as a ketyi. The single electron is in the a* orbital, so «re can represent a ketyi with the radical 
on oxygen or on carbon and the anion on the other atom.

A this «fcctron cm *%  from a (flsaoMng met a ,
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Ketyi* behave in  a manner that depends on the solvent that they are in. In  protic solvents 
(ethanol, for example), the ketyi becomes protonated and then accepts a second electron from the 
metal (sodium is usually used in these cases). An alkoxide anion results, which, on addition o f acid at 
the end o f the reaction, gives an alcohol.

u s if^  sodium
and ro t  sodium t  

l e s t * * "
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In aprotk solvents, such as benzene or ether, no protons are available so the concentration of 

ketyl radical builds up significantly and the ketyl radical anions start to dimerize. As well as being a 
radical-radical process, this dimenzation process is an anion-anion reaction, so why doesn’t electro
static repulsion between the anions prevent them from approaching one another? The key to success 
is to use a metal such as magnesium or aluminium that forms strong, covalent metal-oxygen bonds 
and that can coordinate to more than one ketyl at once. Once two kctyls are coordinated to the same 
metal atom, they react rapidly.

ш ш • 1 1
I» MB l l l l l

The example shows the dimen/ation o f acetone to give a diol (2.3-dimethytt>utane-2,3-d»ol) 
whose trivial name, pinacol. is used as a name for this type of reaction using any ketone. Sometimes 
pinacol reactions create new chiral centres: in this example, the two diastereoisomenc diols are 
formed in a 60:40 mixture. I f  you want to make a single diastercoisomer of a diol. a pinacol reaction 
is not a good choice!

tP .
45V ywM

60% of mnrtur*

B enzophenone a s  an ind icato r In TNF atilla

As you si m. THF is an important

atmosphere reactions are conducted. It has a drawback, 
however It Is quite hygroscopic, and often the reactions 
for Which It la used as a solvent must be kept absolutely 
free of water It It therefore ahrayqdtataed Immediately

before use from eodhjmmeta.vtfMch reacts with any 
traces of water in the THF. However. It *  necessary to 
have an indicator to ahow tha the THF is 6y and tha the 
sodium has done lU |ob. The indlcaor used Is a ketone.

When the THF is dry. the dstifcrg liquid containing the 
beruophenone becomes bright purple. Tbs colour <a due 
to the ketyl of beruoctonone. the formation of which 
under these conditions should not surprise you. R should 
also come as no surpnse t«a this ketyl. bemg st *»h/ed 
by conjugal on and quite hindered. Is pers stent (ton*

the ketyl is rapid* quenched m the manner a  the 
reduction described above to the (colourless)

Pinacol reactions can be carried out intramoieculariy, from compounds containing two carbonyl 
groups. In bet. thc key Лер o f one o f thc very fia t syntheses o f Taxol* (thc important anticancct 
compound) was an intramolecular pinacol reaction using titanium as the source o f electrons.



The McMuny reaction

The 'Itanium metal thal is th t tourer o f t ltc tro m  u  produced during th t reactionbrrtduction of 
T iC I, using a zinc-copper mixture Thu reaction it, in (ad. unusual because, as wc shall ice bdow. 
pinacol reactions using titanium do not normally slop at the diol, but give alkenes.

Titanium promotes the pinacol coupling and then 
deoxygenates the products: the McMurry reaction
Titanium can be used as the metal source o f electrons in the pinacol reaction and, provided the 
reaction is kept cold and not left foe too long, diol* can be isolated from the reaction (see the example 
at the end o f Ihe previous lection). However, unlike magnesium or aluminium, titanium reacts 
further with these diol products to give alkenes in a reaction known as the McMurry reaction, after 
its inventor.
McMuny reaction of cydohexenone

Д r f i  ■ rH?
т Ъ у м М  observ'd only tf t>« reaction №

canted out at tow temperature

Notice that the titanium(O), which is the source o f electrons in  the reaction, is produced during 
the reaction by reacting a T i(H l) salt, usually T iO j.  with a reducing agent such as LiAlH4 or Zn/Cu. 
The reaction docs not work with, say, powdered titanium metal The McMurry reaction is believed 
to be a two-stage process involving firstly a pinacol radical-radical coupling. Evidence for this is thal 
the pinacol products (diols) can be isolated from ihe reaction under certain conditions (you've just 
seen how this was done during the synthesis o f Taxol).
first step of the McMuny

The ТЦО) then proceeds 10 deoiygenate the diol by a mechanism no) hilly understood, but 
thought lo  involve binding o f th t diol to the surface o f the Ti(0) particles produced in the reduction 
ofTiQ>.

■ •TaTHOI, I T
0 -0
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We expect you to be mildly horrified by the inadequacy of the mechanism above. But, unfortu
nately. we can’t  do much better because no-one really knows quite what is happening. The McMurry 
reaction is very useful for making tetrasubstituted double bonds— there are few other really effective 
ways of doing this. However, the double bonds really need to be symmetrical (in other wordy have 
the same substituents at each end) because McMurry reactions between two different ketones arc 
rarely successful.

M cMuny reactions also work very well mtramolecularty, and turn out to be quite a good way of 
making cychc alkenes, especially when the ring involved is medium or large (over about eight mem 
ben). For example, the natural product flexibilene. with a 15-membf red ring, can be made by c y c l
ing a IS keto aldehyde

Esters undergo pinacol-type coupling: the acytoin reaction
You've seen examples o f pinacol and McMurry reactions of ketones and aldehydes. What about 
esters? You would expect the ketyl radical anion to form from an ester in the same way, and then to 
undergo radical dimerization, and this is indeed what happens.

The product o f the dimerization looks very much like a tetrahedral intermediate in a carbonyl 
addition-elimination reaction, and it collapses to give a 1,2-diketone

The diketone is however still reducible— in fact, 1,2-diketones are more reactive towards elec- 
trophiles and reducing agents than ketones because their x* is lower in energy and straight away two 
electron transfers take place to form a molecule, which we could term an enediolatc.

On quenching the reaction with acid, this dianion is protonated twice to give the enol o f an f i 
ll yd roxy-ket one. and it is this a-hydroxy-ketone that is the final product o f the acytoin reaction. The 
yield in this example is a quite respectable 704. However, in many other cases, this usefulness of the 
acytoin reaction is hampered by the formation of by-products that arise because of the reactivity of 
the enediolate dianion. It is, of course, quite nudeophilic, and is likely to be formed in the presence



Radical chain reactions

o f the highly electrophilic diketone It is also basic, and often catalyses a competing Claisen conden
sation o f the esters being reduced.

*  to the (Mtttonc:

7OftytaW
The solution to  these problems is to add tnmethyisilyl chloride to the reaction mixture. The silyl 

chloride silytates the enediobte as it is formed, and the product o f the acyloin reaction becomes a 
bis-silyf ether.

95* уMd

The silyl ethers, arc rarely desired as final products, and they can easily be hydrolysed to 
a-hydroxy-ketones with aqueous acid. This improved version makes four-membered rings 
efficiently.

Л  * *  , л ”  - f \ .
It1» not by accident that th a t  two examples o f the acyiom reaction thaw the formation 

o f cyclic compounds. II  is ■ particularly powerful method o f making carbocyctic rings Ы  from 
four members upwards: the energy to be gained by pairing up the two electrons in the radical 
radical ruc tion  step more than compensates for the strain that may be generated in forming the

flhrm-and

The pinacol, M cM urry, and acyloin reactions are exceptional
We’ve already said that this type o f reaction, in which two radicals dimerize. is relatively uncommon. 
М ол radicals are simply too reactive to read with one another! Thu may sound nonsensical, but the 
reason is simply that highly reactive species are unsciective about what they react with. Although it 
might be energetically favourable for them to find another radical and dimerize. they are much more 
likely to collide w ith a solvent molecule, or a molecule of some other compound present in the mix
ture, than another radical. Reactive radicals are only ever present in  solution in very low concentra
tions. so the chances o f a radical-radical collision are very low. Radical attack on spin-paired 
molecules is much more common and. because the product o f such reaction is also a radical, they 
give rise to the possibility o f radical chain reactions.

Radical chain reactions
In looking at how radicals form, you've already seen examples o f how radicals react. In fact, we've 
already dealt ( if  only very briefly) with every step o f the sequence o f reactions that make» up the 
mechanism o f the radical reaction you met at the beginning o f the chapter.

►
T h r*  of гж И с****^  
grab
s h o p th *c T  
smash the 
w ith a h a n d M _  
the front of W i f l i  
MliXKirirt*
They scan a* t**

4, choose!
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“К ■Ч
Let's now consider each step in turn and in more detail

1  The dialkyl penmde i t  homo- 
lysed (hy heat or light) to jive 
two alkoiy radicals

2  RO' abstracts H  from HBr f  \  I )  
(radical substitution) to pve Br' *  0  H ■'

I  Br" adds to isobutene to give a A  _ £ V  
carboncenlred radical *  '  = H

r J r t  ‘U n
i dd it ion \

Thr carbon-crntred radical 
straits a hydrogen atom 
H-Br to form thc final addition 
product and regenerate Br*, 
which can react with another 
molecule o f alkene 

The whole process can conveniently be represented cyclically

■4
•4

\ _ L
tj( *4^

- * 4

l i  * 0 ' ^  H-^Jr ----

“( ^
In each step in thc cyde a radical is consumed and a new radical is formed. This type of reaction is 

therefore known as a radical chain ruction , and the two step* that form the cydic process that keeps 
thc chain running are known as the chain propagation steps. Only on* molecule o f peroxide in itia
tor is necessary for a large number o f product molecule to be formed and. indeed, the peroxide 
needs to be added in only catalytic quantities (about 10 mol%) for this reaction to proceed in gnod 
yidd.

Any less than 10 molfe, however, and the yield drops. The problem is that the chain reaction is 
not 100% efficient. Because the concentration o f radicals in  the reaction mixture is low, radical-rad
ical reactions are rare, but nonetheless they happen often enough that more peroxide keeps being 
needed to start the chain off again

Reactions Kkc this arc known as termination steps and arc actually an important part o f any chain 
reaction; without termination «cps the reaction would be uncontrollable.
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ф  Radical chain reactions consist o f

•  In itia tio n  steps

------- ►  *0  (* 2»

•  Propagation steps

. ' N - O '
•  Term ination steps

B# B r »  B r,

S^JL

/r\

. •V f
Selectivity in radical chain reactions
In the radical-radical reactions we looked at earlier, there was never any question o f what would 
react w ith what: only one type o f radical was formed and the radicals dimerized in identical pairs. 
Look at this chain reaction though— there are three types o f radical present. Br*. ВгСН^МегСН*. and 
RO\ and they all react specifically with a chosen spin-paired partner: Br* with the alkene. and 
BrCH2Me2CH* and RO* with HBr. We need to understand the factors that govern this chemoselec- 
tivity. In order to do so we shall look at another radical reaction with chemoselectivity and regiosc 
lectivity that is measurable.

C hlo rina tion  o f  alkanes
Alkanes w ill react w ith chlorine to give alkyl chlorides. For example, cydohexanc plus chlorine gas, 
in the presence o f light, gives cydohexyl chloride and hydrogen chloride.

to t t ie jf r r r '-  
Ch*r®ctenbn ••

____ht  a ;»'• 1(Щ_
wt«rthepo; 
•n a lk e ^ w .i 
alkyl bromide 1 attack*
imsijhs* •> • 
s less Mr- .. lyM 

the ten.*r\ ■ . ’ ca lfladT  
more 'M  '■ ''ЧПШ1 ' 
’.kIk .1 hf« - afBII 

H i ' s  о * ,Н |

0 a i O'
This type o f reaction is important industrially since it is one o f the few that allows compound» 

containing functional groups to be made from alkanes. As you might guess, since it needs light for 
initiation, the process is another example o f a radical chain reaction. As with the radical addition of 
HBr to alkenes, wc can identify initiation, propagation, and termination steps in the mechanism.

a - Q i  — 2 U .  a '  a ’

CP- ~0 ~ 0 ^ * 0 '”'*'
* 'v  — -  —  О л ” ' — ■ СУ

In this case, the termination steps are much lest important than in the last case we looked at. and 
typically the chain reaction can continue for 10* steps for each initiation event (photolysis o f chlo
rine). Be warned: reactions like this can be explosive in sunlight.
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When the chlorine radical abstracts a hydrogen atom from the cydohexanc. only one product 
can be formed because all 12 hydrogen atoms are equivalent. For ocher alkanes, this may not be the 
case, and mixtures o f alkyl chlo
rides can result. For example, 
propane is chlorinated to five a 
mixture o f alkyl chlorides con
taining 45% I -chkiropropane and .
55% 2-chloropropane, and иА и- 
tane is chlorinated to give 63% 
uo-butyl chloride and 37% trrf- 
butyl chloride.

Ilo w  can we explain the ratios o f products that are formed? The key is to look at thc relative sta
bilities o f thc radicals involved in the reaction and the strengths o f the bonds that are formed and 
broken. First, the chlorination of propane. A chlorine radical, produced by photolysis, can abstract 
cither 4 primary hydrogen stom. from the end o f the molecule, or a secondary hydrogen atom, from 
the middle. For the first process, we have these energy gains and losses.

First process:
c  ♦ -

а ц ы а и г*
on* M-O bond formed -431

one primary C-H bond bcoben ♦423

total -a

Cl* A* X

For the second process, thc energies are given in the table.

Second p fscsts:

--•»  * —a  • ✓

one H -a  bond formed

one secondary C-H bond broken

total

Л Л Ы яо Г *
-431

♦410

-21

•

% *  % % 
Abstraction o f thc secondary hydrogen atom is more exothermic than abstraction o f thc pnmafy 

hydrogen atom, for the related reasons that ( I ) secondary C-H  bonds are weaker than primary ones; 
and (2) secondary radicals arc more stable than primary ones. So, we get more 2-chloropropane than 
l-chloropropane. Hut in this case, that isn't thc only factor involved: remember that there are six 
primary hydrogen atoms and only two secondary ones, so the relative reactivity o f the primary and 
secondary positions is even more different than thc simple ratio o f products from thc reaction sug- 
grsts. This statistical factor is more evident in the second example we gave above, the chlorination of 
tsobutane. Now thc choke is between formation o f a tertiary radical and formation o f a primary one.

«£■ — — • - A
IH U m T *  

m H -O to n d ro m a d  -4 3 1
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* ■ X
AM. k im o T 1

-431

on* left ary С -H band broken *397 

ХОШ -34

Tertiary nulicd formation is more exothermic, yet more primary alkyl chloride is formed than 
tertiary alkyl chloride. I lowever, once the 9:1 ratio o f primary to tertiary hydrogen atoms is taken 
into account, the relative reactivities, as determined experimentally, turn out to be as shown in the 
table.

ratio or products formed (tarti ary: primary) 37:63

number of Hydrogen atoms {tartiary:pnm*ry) 1:9

relative reactMtyofeech C-H bond (tertienrprtmwy) 3 7 /1 :6 3 /9 - 37:7 -c a i 5:1

•  Bond strength is alMmportant In radical reactions

These reactions illustra te  a key p o in t about radical reactions— a very im portan t 
factor affecting selectivity is the strength o f  the bonds being form ed and broken.

The rate o f attack by Cl* on a tertiary G -H bond, then, is about five times the rate o f attack by G* 
on a primary G -H  bond. Wc said that this is because the formation o f the tertiary radical is more 
exothermic than Ihe formation o f the primary radical. Hut the rate o f a reaction depends not on AH 
for that reaction but on the activation energy o f the reaction; in other words, the energy needed to 
reach the transition state for the reaction. But we can still use the stability o f the product radicals as a 
guide to the stability o f the transition state, because the transition state must have significant radical 
character.

The energy diagram above illustrates this point. As the reactants (CT plus isobutanc) move 
towards the products, they pass through a transition state (TS1 for formation o f the primary radical. 
TSj for formation o f the tertiary) in which the radical character o f the Q* starting material is spread 
over both the C l and the С centres. The greater stability o f a tertiary radical compared with a 
primary one must be reflected to a lesser degree in  these transition states: a radical shared between Cl 
and a tertiary centre w ill be more stable than a radical shared between Q  and a primary centre. The
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transition state TSj for the reaction at the tertiary C-H bond is therefore o f lower energy than the 
transition state TSi for reaction at the primary C -H  bond. In other words, the activation energy ACr( 
is smaller than AG|, so reaction at the tertiary C -H  bond is (aster

T h t Tor ay process

A variant of IN» reaction. taown at the Tor ay prareaa.»

cepoiecterv а ргеоилог to nylon knieed of eNortne 
nitroeyi tUciOt >• uMd to form a mtroeo compound that 

* o  Тега» p k m i

♦ и а  J caprataden

Bromine will also halogenate alkanes, and it does so much more selectively than chlorine. For 
example, the following reaction yidds frrf butyl bromide with less than 14  of the primary isomer

X

■AH for the 
pihchlonne

In this case, the first step o f the radical chain reaction, the abstraction of I I  by Br*.is endothermic 
for both the primary and tertiary hydrogen atoms.

■ x X
Д К Ы я м Г * A K kJm er*

one K-вг bond formed -366 one н-вг bond formed -Э66

one primary C-H bond broken ♦423 one tertiary C-H bond broken ♦367

total ♦57 total ♦31

The second step, trapping o f the alkyl radical by Br2, is, 
however, sufficiently exothermic for the reaction to be exother
mic overall

Why is bromination so much more selective than the chlori
nation o f alkanes? This is a good example o f hfiw the 
Hammond postulate applies to real chemistry. Because the 

products of the fust step of 
the bromination (R* plus

a—* r  • ar*

AM, kJmeT1
one C-6r bond formed -263

one 6r-8r bond broken ♦192

-101

me Hamm*.4  poatulata р л »
Information about the structure of 
transition states. R says that two 
n  M et that irftefconveft directly 
(we dwectiy Mnfced m a reaction 
Pro*e d iapar) and that are 
cIom to ener^ «re m o  s*n«v In 
*n*ctum . So •  transition state 
»«  be most I * *  the a t * * *  
"»*в*а1. the intermediate, or the 
Product И «•« close in enew  to 
« • o r  these obaotvabk. 
structures.

HBr) are higher in energy than the starting materials, the transi
tion state must be similar in structure and energy to that product 
radical; the difference in energies o f the primary and tertiary 
product radicals should therefore be markedly reflected in the 
different energies o f the transition states TS| and TS>, and At»"} 
w ill be significantly larger than AG). For the chlorination reac
tion, the products were just slightly lower in energy than the 
starting materials, so the transition states for the two possible 
reactions both resembled the starring materials rather more and 
the products rather less. These are the same for both tertiary and 
primary hydrogen abstractions, o f course, so the difference in

% «
# \
Л  •



Selective radical bromination: ellytic substitution of H by Br

energy o f the product radicals exerts a less pronounced effect oa the difference in energy o f the tran
sition states.

Selective radical bromination: allylic substitution of H by Br
Because radical brominations are so selective, they can be used successfully in the lab to make alkyl 
bromides. There are relatively few ways o f functionalizing an unfunctionalued centre, but radical 
allylic bromination is one o f these. Just as tertiary radicals are more stable than primary ones, so 
allylic radicals are even more stable than tertiary ones (see the table on p. 000). In the presence o f a 
suitable in itiator, bromine w i l therefore selectively abstract an altyttc hydrogen atom to give an 
allylic radical that can then be tripped by a molecule o f bromine to regenerate a bromine radical 
(chain propagation) and produce the allylic bromide.

However, there is a problem with this reaction i f  bromine itself is used, because an alternative 
radical addition reaction can compete with radical abstraction.

The first step o f this competing addition reaction it. in fact, reversible, the reaction i t  driven for 
ward by the participation o f a second molecule o f bromine that traps the product alkyl radical. Thit 
side-reaction can be prevented i f  the concentration o f Br2 in the reaction is kept very low. One possi
b ility  is to  add Br? very slowly to the reaction mixture, but it i t  better not to use bromine «self, but a 
compound that releases molecular

f**ct*on соогфпмл

2  *  Br
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%0*°
The HBr produced in the substitution reaction reacts with the NBS to maintain the low concen-

•  —
tration ofbroinme

Л
While radical halogenation o f alkanes is used only rarely in the laboratory, radical allylic brorai- 

nation o f alkenes is a versatile and commonly used way o f making allylic bromides. NucleophOic 
substitution reactions can then be used to convert the bromide to other functional groups. For 
example, some chemists in Manchester needed to make the two diastereoisomers o f 5- r«rrt-butyl- 
cydohex-2-en-l-ol to study their reactions «nth osmium tetroxide. nm-Butyl cydohexene is readily 
available, so they used a radical allylic bromination to introduce the functional group in the allylic 
position, which they converted to a hydroxyl group using aqueous base. Steric effects play a role here 
in the regioselectivity o f the reaction: only the less hindered allylk hydrogen atoms further from the 

butyl group are removed.

Ibotf. * 0 * * 4  >л mfcuaet o f OiMtftfexHjmerb) 

И>0. HjCO,CC1*.

Reverting the selectivity: radical substitution o f Br by H
Radical substitution reactions can also be used to rtmovr functional groups from molecules. A useful 
reagent for this (and. as you w ill see. for other radical reactions too) is tributyhin hydride, Bu3SnH 
The Sn-H bond is weak and Bu3SnH will react with alkyl halides to replace the halogen atom with H. 
producing Bu3SnHal as a by-product.

BujSnH

Clearly, for this reaction lo  be energetically favourable, new bonds formed (So-Br and C-H) 
must be stronger than the old bonds broken (Sn-H and C-halogen). Look at thal table o f average 
bond energies and you will see that ih *  is indeed so.

The use o f a tin hydride is crucial to this reaction: Sn-H bonds are weaker than Sn-Br bonds, 
while, for carbon. C -H  bonds are stronger. BujSnH is therefore an effective source of Bu3Sn" radi
cals. and the BujSn’ radical will abstract halogens, particularly I or Br, but also U , from organic 
halides, breaking a weak C-halofrn (C-Hal) bond and forming a strong Sn-Hal bond. The complete 
mechanism o f the reaction reveals a chain reaction.

9 •

A *

*



Controlling radical chains

Homolysis o f Bu3SnH U promoted by the in itia to r AIBN
As you would imagine, thc weakest C-Hal bonds are thc easiest to cleave, so alkyl bromides arc 
reduced more rapidly than alkyl chlondcs. and alkyl fluondcs are unreactivc. W ith alkyl iodides and 
bromides, daylight can be sufficient to initiate the reaction, but with alkyl chlondcs, and often with 
alkyl bromides as well, it is generally necessary to produce a higher concentration o f BujSn* radicals 
by adding an in itiator to thc reaction. Thc b a t choice is usually AIBN, which you met on p. 000. This 
compound undergo» thermal homolysis at *0*C to give nitrile stabilized radicals that abstract thc 
hydrogen atom from Bu ,Snl 1. —'

Why use ЛГВЫ; why not a peroxide? (You came across peroxide» as initiators o f the addition o f 
H -B r to alkenes.) Sincc we want to cleave only a weak Sn-H bond, w t can get away with using a rela
tively unreactive, nitrilc-siabiluicd radical. Peroxides, on the other hand, generate RO‘ radicals. 
These are highly reactive and w f l abstract hydrogen from almost any organic molecule, not just thc 
weakly bonded hydrogen atom o f Bu3SnH, and this would lead to side-reactions and lack o f selectiv
ity. AIBN is needed only in sufficient quantities to be an initiator o f the reaction: К is the BujSnH 
that provides the hydrogen atoms that end up in  thc product, so usually you need only 0 j0 2  to 0.05 
equivalents o f AIBN and a slight exccsa (1.2 equivalents) of Bu3SnH.

Tha bond 
errfy 3fe0fcj и 
bond»»*! to

Bondwwrfroraaua*'
KJmoJ 1 fe* o-H* 

^ ■ n g M tr .v ,  440t!

97% уШ й

Controlling radical chains
You have now met two examples o f radical chain reactions:

1  radical addition o f halogens to double bonds

2  radical substitution o f hydrogen by halogens, or o f halogens by hydrogen
You have seen how thc selectivity o f these reactions depends upon the bond strengths o f thc bond 

being formed or broken. Until about lf7S, these reactions, with a few exceptions, were all that were 
expected o f radicals. Sincc that date, however, the use o f radicals in  synthetic chemistry has increased 
tremendously, to the point where highly complex ring structures such as thc natural product hir- 
sutenc and steroids ran he made from simple acydic precursors in one radical-promoted step.

What has made this all possible is that chemists have learned how to understand thc selectivity 
o f radical reactions to such a degree that they can design starting materials and reagents to define
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iO **
precisely the bonds that w ill break and form during the reactions. We shall now go on to look at the 
most important consequence of thu ability to control radical reactions; they can be used to make 
carbon-carbon bonds.

Carbon-carbon bond formation using radicab
The following radical reaction forms a new caibon-carbon bond. The mechanism u  quite similar to 
that o f the very first radical reaction we showed you. right at the beginning o f the chapter Now. with 
your additional appreciation o f the role o f bond strength in the selectivity radical reactions, you 
should be able to understand why each step proceeds in the way that it does

B rcct,
m  умл

Firstly, the weakest bond, G-Br. is broken by the light being shone on to the resoion. Two radi
cals form. CCli and Br'. and it is the Ш ;  that adds to the (less hindered) uiKuhstituted end оfthe 
alkene to produce a (more stable) secondary ben/rlic radical.

■ r -Q c t, с с ц \

» Ь о И В г and
_______ ЬвГяМс* ooidd add.

ool onca tt radical cha*> has 
LaNy * C O jit

This radical abstracts a Br. atom from the BrtXJ,. breaking the (weakest) C-Br bond, forming the 
product and regenerating ‘CClj, which adds to another molecule of alkene. Notke that the carbon 
centred radical abstracts Br* and not *CQ j from BrCClj— to abstract C Q j would require a radical 
substitution at carbon— remember, radicals want the easy pickings from the front o f the display, 
they don’t go nosing round the back to see i f  there's anything better to be had

CCI,

This reaction works quite well, giving 78% o f the product, but it  relies on the fact that the starting 
material. BrCQ j. has an unusually weak C-Br bond (the ‘CClj radical u  highly stabilized by those 
three chlorine atoms). You can't use most other alkyf bromides for a number of reason*. not least of 
them being that the product u  also an alkyl bromide and. without the selectivity provided by the 
C O , group, the result would be an awful mixture of polymers. The problem is that we want the 
product radical to abstract Br from the starting alkyl bromide to make a new alkyl bromide and a 
new starting radical, and there is no energetic driving force behind this transformation.

janwaf **r 4  « f t* *  to* гъжИо*.'
■ ч Д , .  ♦

For a way o f overcoming thu problem, let’s go back to the reaction we looked at a few pages ago, 
the dehalogenjtion o f alkyl halides by BujSoH The mechanism involves formation o f ал alkyl (car- 
bon-centred) radical by abstraction o f Br by Bu,Sn\ This alkyl radical then >ust abstracted I Г from 
B u jS n H .

■ Л  H-OnBu,
Is it not possible to use this alkyl radical more constructivety. and encourage it to react with 

another molecule (an alkene, say, like *CC3j did)? The answer is a qualified yea; look at this reaction.
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To explain why. we have 
to go back to our analysis 
(on p. 000) o f the electronic 
structure o f radicals and the
energy o f SOMOs. We said ANm im  %VMd
there that, while both electron- ^ N'4 H  95
withdrawing groups and dec- 
ti on donating groups will 
stabilize radicals, electron- 
withdrawing groups tend to
lower the energy o f the SOMO, ^  72
while electron-donating groups 
tend to raise the energy o f the
SOMO.

O ^ ^ I r O ^
АЯим % TtaM

' X  - 
*

or ■ Л
•  ElectropNIIc and nucleopMUc radicate

•  J o w - r n r r x y  S O M O s  a r t  m o re  « r i l t in g  t o  a c c e p t ■ ■  e le c t ro n  t h i n  t o  p m  o n e  u p , 
r a d ic a l ,  a d ja c c n t  t o  d r c t r o n - w i t h d r a w in g  g r o u p ,  e re  th e re fo re  rU ctrophitif

•  H tg h -e n r r y y S O M O i» n  m o r e  w i l l i n g  to  g iv e  u p  a n  e le c t ro n  th a n  to a c c c p t  an  
d c c t r o n ;  r a d ic a ls  a d ja c e n t lo  e le c t r o n - d o n a t in g  g ro u p »  a re  th e re fo re  а а й е о р Ы к

Hence the preferred reactivity o f the» alkyl radicals: they are relatively nucleophilk and therefore 
prefer to react with electraphilic alkenes. Reaction between a nucleophilit alkyl radical and an 
unfunctionaliud (and therefore nucleophilic) alkene is much slower. Similarly, radicals adjacent lo  
dectron-withdrawini group, do not read w d l with elect rophilic alkenes. We can represent all this 
on an energy level diagram.

We w ill now am ide? a third type o f radical—cyauide stabilized alkyl radicals.
The diagram above explains the third aspect o f radical chemosdcctivity in this reaction: why both 

thc product radical and thc radicals produced by AIBN chooac to react with BujSnH and not with \  
aaylonitrilc. Thcас radicals arc eieitrophilic—they have an elei Iron-withdrawing nitrile group 
attached to thc radical centre so reaction with an electron-poor alkene is slow.
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w ) >««* »

* •  o-4 and С-вг bond*

« ’ • ' ^ ^ И П П Л !

Eke I rophilic radicals
Having if f n  the energy diagram above, you will not be surprised to learn that the malonate radical 
adds readily not to electrophdtc alkenes, but to nudeophdic alkenes, such as this vinyl ether, which 
carries an electron-donating oxygen substituent. This electruphilk radical can abo be formed by I I-  
abftraction and by oxidation.

.АА» -^[.ЛЛ.1- -̂  -  JCL
This difference in reactivity applies to non carbon-centred radicals too. For example, the methyl rad 

ical C H j and the chlorine radical СГ will both abstract a hydrogen atom from ргорюше acid. As you 
would expect, the methyl radical abstracts the hydrogen atom from next to the carbonyl group to form a 
carbonyl -stabilized radical Perhaps surprisingly (in view o f what we said earlier about the selectivity of 
radical chlonnations), the chlonne radical abstracts a hydrogen atom from the terminal methyl group of 
the add. despite the fact that this C-41 bond is stronger. The reason has to be to do with 1IOMO-LUMO 
interactions. The methyl radical is nudeophilic. with a high-energy SOMO It therefore attacks the C-H 
bond with the lowest I.UMO, in other words, a  to the carbonyl group. The chlonne atom, on the other 
hand, is electrophilic: it has a low energy SOMO (because it is an electronegative element) and attacks 
the C-H  bonds o f the terminal methyl group because they have the highest-energy HOMO. 
Chlorination of functionalized compounds is not as simple as we implied earlier!

•  Summary of requirements for the successful use of the tin  method

•  Bu3SnH
•  R -X starting material
•  Radical trap

must be added or generated slowly
must contain л weak C -X  bond ( O l  or C-Br)
must he an electrophilic alkene
must he present in  a concentration at least 10 times
that o f BujSnH

*** р* ф(хМ*,1У surted to th* s^ thevs  of po fy r^r»  end •ubstftuenls on 'tficM  rtactMty **e n  •  о» *nyl acetate *nd methyl
> 4 » f* * * > *****ШР» o ' 'яЛс* rt«.Uqn n  Сbapte* Ъ2 But « .> *«* i» treated ar«»cal *+Шо1 e'«the< rcrnarfc

of *Р 0Ц»п*П2а»к)о л*» I» worth in c lu d n tb **  %mc* it takes piece. Th# potymer produced contain» a fte fna fw
■ the efte»t Ы electron withdrawing or donate^ methyl er.ryla>? monomers afc*< »he Hnjih  of it* chщг

. / у х Ш Г
с Ж  M ^ll *



The reactivity pattern o f radicals Is quite different from that of polar reagents

TtoradfcJorodUBMlbyttfOontovbMaorMtoi* Фшпюпттег ЫХЫ ц»—г*Г * * m t  аЛАМ+чогЦо
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The reactivity pattern of radicab is quite different from that of 
polar reagents
The fa n  reaction that you met m this book, in  Chapter 2, was the nudeophilic addition to a carbonyl 
group. Yet wc have shown you no examples o f radicab adding to carbonyl groups. This typical reac
tion o f polar reagents u  really quite rare with radicals.

In Chapter 8 we introduced the concept o f pAC, in  which we u w  adds and ham  exchanging pro
tons. Among the strongest organic acids are those containing O -H  bonds. Yet you have seen no rad
ical reactions in  which an O - l l  bond is broken— in (act the reaction on p. ООО used ethanol a> a 
solvent! Carbon acids tend to he much weaker—yet you’ve seen plenty o f examples Ы  C -H  bond* 
being broken by radical attack

In Chapter 17 %*r introduced nudeophilic substitution at saturated carbon, using as an example 
some alkyl bromides. Now, radicals do react with alkyl halide*—but not at carbon! You’ve seen how 
alkyl halides undergo substitution at bromine «nth tin  radicals. The difference in reactivity between, 
say, organolithiums and radicals, both o f them highly reactive, is nicely illustrated by the way in 
which they react w ith enones.

— h
We introduced the terms tardand in Chapters 10 and 17. From all these reactions it's evident 

that radicals are very soft species: their reactions are driven not by the charge density on an atom but 
by the coefficient and energy o f the frontier orbitals at that atom.

•  Summary ol typical reactivity patterns

WM* react Nk« tMs
Яавса* typteaBy 
raact M a t t *

w ita to ra te d M

X-M bonds

а*И*лМеа н - ^ н ^ а
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Um polung
In Chapter 30. you u m r across thc idea of umpolung. the inversion of thc usual reactivity pattern of 
a molecule. You may have already not wed that radicals often have an umpolung reactivity pattern. 
Alkyl halides are dectrophile* in polar reactions; yet they generate nudcophilic radicals that react 
with dectrophilic alkenes.

Л ---- ---- - X
Similarly, we consider thc carbon atoms a  to carbonyl groups to be nudcophilic, because cnolua- 

tion creates a partial negative charge there (in other words, ketones are a1 reagents). Yet carbonyl* 
stabilized radicals are dectrophilic.

J X , j u .  j j .
An alternative way of making alkyl radicals: the mercury 
method
Although the tin hydride + alkyl halide method is probably the most important way of making alkyl 
radicals, we should mention some otheT methods that arc useful We said at the beginning o f the 
chapter that carbon-metal bonds, particularly carbon-transition metal bonds, are weak and can 
homotyse to form radicals. Alkyl mercuries are useful sources o f alkyl radicals for this reason They 
can be made by a number o f routes, for example, from Grignard reagents by transmetallahon 

MC « » ,  |----------- 1
RHCBr ♦ M fB f j

Addition o f mercury acetate to a double bond gives an alkyl mercury bearing a functional group. 
H(|OAc)a. HOAc________  H tlOAc),. HOAc

— r ~ ~ . ------------ ► Y  и*0**
Alkyl mercury halides and alkyl mercury acetates are quite stable, but reduction with sodium 

borohydride leads to highly unstable alkyl mercury hydrides, which collapse at room temperature or 
in the presence o f light to yield alkyl radicals. One other product is mercury metal and you might 
think you would get H* as well but this is too unstable to be formed and is captured by something else 
(X)— you w ill see what X is in a moment. This initial decomposition o f RHgH initiates the chain but 
its propagation is by thc different mechanism shown below.

[ A ,
м а я  \+*и*шМлш aaiyradfcai

In this example a l-butyl radical docs conjugate addition on to acrytonitrilc.

.  y ' - ' ”
ЫЩукМ

The key propagation step in the mechanism is abstraction o f hydride from the starting alkyl mer
cury. In the propagation step anything will do to cleave the weak Hg-H bond but once the chain is 
running it is an alkyl radical that docs thu job, just as in tm hydride chemistry.



Intramolecular radical reactions are more efficient than inermolecular ones

fBuHgCI

n > * —  * Ng «  NX

Л _ / “

OSMoj

>&- *ть%у*ы.

C-S bond iM M < y  strong n Mom's ton# pair

Unfortunately, radicals derived from alkylmeriuncs are even more limited in what they w ill react 
with than radacak made from alkyl halides by the tin  hydride method. Styrene, for example, cannot 
be used to trap alkylmercury-dcrived radicals efficiently because the radicals react more rapidly with 
thc mercury hydride (which has an even weaker metal-H bond than BujSnH) than with the styrene.

Intramolecular radical reactions are more efficient than 
intermolecular ones
AU o f the reactions you have met so far involve radical attack between two molecules. We've pointed 
out some o f the drawbacks when C-C bonds are made in this «ray: the radical trap ha* to be activated 
(that is. dectrophilic to capture nudcophilic radicals) and must often be present in execs* and thc 
radical starting material must contain very weak C -X bonds (such as C-Br, С- I.  C -llg ). The 
requirements are much less stringent, however, i f  the radical reaction »  carried out intramolecularly 
For example, this reaction works.

Mftaocaodiotnati 
•Пр. 000.

Notice that thc double bond is not activated: ia fact, it  is nudcophilic. and the reaction « i l l works 
even though thc radical is also substituted with an dcctron-donating group. Thc C-S bond that is 
broken is abo relatively strong, yet nonethdess a high y idd  o f product is obtained. Why should this 
he so? What difference does it make that the reactions arc intramolecular?

The key is that the intramolecular cydization o f the radical is now enormously favoured over 
other possible courses o f action for the radical. Remember that when we were carrying out radical 
reactions irtfrrmoleculaHy. addition to the radical trap was encouraged by increasing the conccn 
t rat ion o f radical trap and decreasing thc concentration o f BuySnll to avoid radical reduction. For 
nttaanolecular reactions, the double bond that acta m  the radical trap is always held dose to the 
radical, and cydization takes place extremely rapidly, even on to unactivated double bonds. The 
hydride donor (BujSnH) doesn't get a look in. and can be present in higher concentrations than 
would otherwise be possible. Moreover, as there is only one equivalent o f radical trap, and the trap 
need not be highly reactive, there is little danger o f high concentrations o f Bu3Sn* reacting with it.
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?!
th t concentration o f Bii'Sn* can build up to levels where th t ratt of ahatraction o f group» lik t  O . 
SPh, and ScPh ia acceptable, despite their stronger C-X bonds.

•  Why are Intramolecular radical reactions so good?

radical and radfcal Uap are radKai trap аЬмау» held 
‘ cloat to romang radical vary fact

radical trap cannot be Uap doe* not need to be

I-er o< addition

radical la not red jced 
by Bu.SnH

of BujSr* to trap
concentration of Bu3Sn* 

*  can be Ntfwr

i

i
~ButSnH can be present

Overall then, intram»Jecular radical 
reactions are very powerful, and are 
often used to make five-membered 
rings

It is possible to make other ring sizes 
also, but the range is rather limited.
Because o f ring strain, three- and four-mcmbered rings cannot be formed by radical reactions. 
Otherwise, smaller nngs form foster than larger ones: look at these sdectivitics.

90% of product 10% of product

Th» prefereiur for for nut ion of * rmatler rind ■ *  w ry  powerful one: in thia traction, the fore- 
membered nng fom u and nor ihe tum em berrd one, even though eyduation to p v t  a iu  - mem
ber n l ring would alto give a stabilised radical.

ecu— o>
77Sy*M

Radicals are important because they react in ways difficult to achieve with anions and cations and 
with different selectivity. Though radical reactions are less important than ionic reactions you need 
to understand their mechanisms because they are widespread in an atmosphere of the oxygen dirad 
teal. In the next chapter we w ill move on from carbon atoms carrying seven valence electrons to car
bon atoms carrying only sa valence electrons called слгЫпа.



Problems

Problems
1. In Chapter 33, Problem 13, we used a silyhted ene-diol that 
actually made in th u  way. Give a mechanism for the reaction | 
explain why the Me«SiO is necessary.

COM*

was И

1. Heating this compound at 56СГГ gives two pT,Mi w tj 
spectroscopic data shown ̂ elow. What arc thev r  S. V  
how are they formed?

2. 11 eating the diazonium salt below in  the presence of methyl 
acrylate gives a reasonable yield o f a chloroacid. W hy is this 
unlikely to be nudcophiKc aromatic substitution by the S ^ l 
mechanism (Chapter 22)? Suggest an alternative mechanism that 
explains the rcgjoselecUvity.

'■JTC
3 . Suggest a mechanism for this reaction and comment on the 
ring size formed. What is the m inor product Kkely to be»

JO3

4. Treatment o f this aromatic heterocycle with NBS ( ,V-bromo- 
succinimide) and AIBN gives mainly one product but thia is 
difficult to purify from minor impurities containing one or 
three bromine atoms. Further treatment with 10% aqueous NaOH 
gives one easily separable product in modest yield (50%). What are 
the mechanisms for the reactions? What might the minor products

occ==occ>
f .  Propose a mechanism for this reaction accounting for the 
selectivity. Include a conformational drawing o f the product.

A ♦ В

A h u IR  1640 c m '1. m /z IM  (100%), 140 (J J % ) ; s ,, , ,  1 

(4H ,•).6 3 p .p .m .(IH .4 4 ,/1 7 ,11 H i),5.5ppm (Iн M r
< * / n |

'« H id

H z ), and 5.1 p  p m . ( IH , dd. 1 11,1  H i )

В hot IK 1700 c m '1; m/г 111 ( 4 5 4 ), 1 1 5 ( 15% ) .  |19 (
( 100% ). 141 ( 10% ) .  and 142 ( 53% ) ;  9.9 p.p.m. ( , ( Л |  
p .p .m .(2H ,d ,/ 9 H z ),a n d 7.4 3 (p.p.m. 211, d. /9  H z), ' 9

ft. Treatment o f methylcyclopropane with peroxide* at У пуШ  
temperature (-I50*C ) gives an unstable specvs щ
spectrum consists o f a triplet with coupling 20 7 p u u  dtW 
splitting showing dtt coupling o f 2.0,2.6, and 3.0 gauv*. \| 
to a mere -9041 gives a new spedes whose HSR speitruiac 
o f a triplet o f triplets with coupling 22.2 and 28.5 gauts and fa  
splitting showing small ddd coupling o f less than I gauu.

I f  methylcyclopropane is treated with f-BuOQ, var»ous 
are obtained, but the two major product* are С and D. At It 
temperatures more o f С is formed and at h igher ter

e o fl)

[ > — M . .

С 28% y«td

6. An ICI (now AstraZeneca) process for the manufacture o f the 
diene used to make pyrethroid insecticides involves heating these 
compounds to 500“C in  a flow system. Pr«»pose a radical chain 
mechanism for the reaction.

Treatment o f the more highly substituted cyclop 
PhSH and AIBN gives a single product in quanli 
Account for all o f these reactions, identifying '  *** J 
explaining the differences between the various e x p e n  i t

—  - 4 ^ ^ '
A,BN toaxr**

• .  The Uct few stage, o fС о к / s cpfeatidine synthcM* 
here. Give mechanisms lo r the first two reaction» •* 
rca ftn l Гог the Uat step.

M hO K . т а »  - 7 ,  ' i

XXe ^4
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Ьеплпе. reilim

U . SoflgrH j  mechanism Г«н thu reaction explaining why a 
mixture of diastereoisomers of the starting material g ive a single 
i lMteHoiipmer о/ the product. Is there any other form of

12. On the other hand, why docs a single diastereo isomer o f this 
organomercury compound gnre a mixture o f diastereoisomers 
(68:32) on reduction with borohydride in the presence of 
acrylonitnle?

HfCI .
■ N N«BM4 < и

i Y  ^  ̂ r ' Y
12. Reaction o f this carboxyfic add (CjHgOi) with bromine in 
the presence o f dibenzoyl peroxide gives an unstable compound 
(C jHftBriO j) that gives a stable compound (С5Н 5ВЮ 2) on 
treatment with base. The stable compound has IR 1735 and IM5 
cm -' and 1H KNIR «Н 6.1S r.p.m. ( IH . <). ЗЛО Р4>Л1 ( 2H. <). » d  
4 18 p.p.m. (2H, s). What is thc structure o f the stable product? 
Deduce the structure o f the unstable compound and mechanisms 
for the reactions.

(PbCOih
14. The product formed in Problem 9 of Chapter 20 was actually 
used to make this cydic ether. What is the mechanism?

-X b  —



Synthesis and reactions of carbenes

Connections
Building on:

« Conjugate addition chlO A ch2J
•  Energy profile diagrams c h l3
•  Elimination reactions c h l9
•  Controlling stereochemistry c h l6  A  

oh33-ch34
•  Retrosynthetic analysis ch30
•  Dtastereoselectlvlty th 3 3 -ch 34
•  Rearrangement* ch37
•  Radtcala ch39

Arriving at:
•  Carbenes are neutral species w ith  only 

s ix electrons
•  Carbenes can have paired or unpaired

•  Carbenes arc normally electrophilic 
e Typical reactlone Include Ineertlon Into 

C *C bonds 
e Insertion Into C~M and O-H bonds Is

Looking forward to:
о Determination of meefcartun
•  Heterocycles ch42-ch44
•  Main group chemistry с

•  OrganemetaHlc chemistry

i Carbones rearrange eeslty

Diazomct hanc makes methyl esters from carboxylic acids
In 1981, some chemists in  Pennsylvania needed to convert this carboxylic acid in to its methyl ester 
as pert o f the synthesis o f an antibiotic compound. What reagent did they choose to do the
reaction?

You remember, o f course, that esters can be made from carboxylic adds and alcohols under add 
catalysis, so you might expect them to use this type o f method. On a small scale, it ’s usually better to 
convert Ihe add lo  an acyl chloride before coupling with an alcohol using pyridine (or DMAP ♦ 
E tjN ) as a base; this type o f reaction might have been a reasonable choice too.

SOCI,
RCOjM

or (COCJh
RCO,Me

But, in (act, they chose neither o f these methods. Instead, they simply treated the carboxylic add 
with a compound called diazomct hanc, CH2N 2. and isolated the methyl ester.

с и л

I1 ' *
Iharomethane, CH2N2. is a rather curious compound that has to he drawn as a dipole. There are 

several different ways o f expressing il
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Duzomethane methyiates carboxylic acids because carboxylic adds readily protonatc i t  giving an 
extremely unstable diazonium cation. This compound is desperate to lose N2, thc world’s best leav
ing group, and so it  does, with the N j being substituted by thc carhoxylatc anion The carboxytate 
anion is in exactly the right position to carry out an Э Д  reaction and that is what we have drawn

A o  • —A -v  u ;  ц  pxtrrmHy jnitabtr

У» са*о«И« »c*d 

т Ы . but as lang • •  • * * * »

♦ Ni

Diazom ethane methylation is a good way of making methyl esters from carboxylic acids on a 
small scale because yields are excellent and the only by-product u  nitrogen. However, there is a 
drawback: diazomcthanc has a boding point o f -24 *C  and it is a toxk and highly explosive gas. It 
therefore has to be used in solution, usually in ether; the solution must be dihite. because concentrat
ed solutions o f diazomcthanc are also explosive It is usually produced by reaction of N-methyl-N- 
nitru»ourea or N-mcthyl-N-nitnMotulucnesulfunamidc with base, and distilled out of that reaction 
mixture as an axeotrope with ether, straight into a solution of the carboxytk add.

QS © e Йхх
По» U ■* Nw nwchonttm

Th» m t i t u n u m  Ы I h t  m r t i —  I h j l  fo rm ,  d u io m r t tu n »  *  * o » n  be low  The key Ucf> и  K u c  
м а е м  i i u l v w d  e lim in a tio n , Ih o u jh  th c  cu rl»  a r ro w , wc have lo  d r jw  tu  r c p t« c n l  I lm  arc ra tl ic r  lo r tu o u i '

e © e1.0 1

Diazomcthanc w ill also mcthylatc phenols, because they too arc acidic enough to protonatc it 
Ordinary alcohols, though, arc not methylated because they are not strong enough adds to proto- 
nate diazomcthanc.

*  I f

C M *,

___  •  degradation product ■ praaant In th* urtna of hydro«yl*c Г 4»1!» . subaaquandy. they А» want lo mediate throtho*
"  the phenolic hydnw^#oop or It» n#f«d twi hydroayt гоирь. they had to add aod lo • »  feacbon to proton*** the



Photolysis of diazomethane produces a carbene

Photolysis of diazomethane produces a carbene
Alcohob cun be methylated by diazomethane i f  the mixture it  irradiated with light.

The mechanism is now totally different, because the light energy promotes loas of nitrogen (N2) 
from the molecule without protonation. This means Out what is left behind is a carbon atom carrying 
just two hydrogen atoms (C ll2). and having only six electrons. Species like this are called carbene». 
and they are the subject o f this chapter.

•  Carbene* are neutral species containing a carbon atom with only six valence 
electrons.

' Р04П1 „

P'oOuets. «па ̂  p,
|ви*е«Окнкк^,с,#

"-ni lr»«fhyi ethers

*i . ..  ц л _ м— w ■ N. *

2 а^Лпуч tea*
Cavbenes have six electrons: two in each bond and two nonbonding electrons, which aTe often 

represented as rCRj (as though they were a lone pair). As you w ill see OH . CHj 
later, this can be misleading, but :CR2 is a widely used symbol for a 
carbene. This carbene is trapped by the alcohol to make an ether.

Like the radicab in  Chapter 39, carbenes are extremely reactive species. As you have just seen, they 
are trapped by alcohols to make ethers, but more importantly they w ill react w ith alkenes to make 
cyclopropane*, and they w ill also insert in to O H  bonds.

•  Typical carbene reactions

•  The carbene inserts itself into a a  bond or а я  bond.
insertion m m  O-H bond Insertion me C-C bond

Carbertfum ion» too 
valance electron» but. 
trtS * ca'beites they * «

insertion Ш ■ C-H bond

■■ — —  • ' ' гк
Л Л А Я

We w ill discuss the mechanisms o f these three important reactions shortly, but we have introduced t hem to yee 
now because they demonstrate that the reactions o f carbenes are dominated by insertion reactions (here. in f ^ I  
into 0 -H ,C = C , and C -H ) driven by iheirextreme eiectrophilicity. A carbon atom with only six electrons w i l i i  
almost anything to get another two!

H ow  do we know  tha t carbenes exist?
The best evidence for the existence o f carbenes comes from some very few examples that are stable 
compounds. An X-ray crystal structure o f the second example shows the bond angle at the carbene 
carbon to be 102*— we w ill come back to the significance o f this later.
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Bui these МаЫе carbenes are very much the exception: most carbenes are too reactive to be observed 
directly. Electron* and. more importantly, stenc effects make these two compounds so stable.

Even reactive carbenes can be observed, however, i f  they are formed by irradiating precursors 
(often diazo compounds tike diazomethane. which wc have just been ducuuing) trapped in frozen 
argon at very low temperatures On* than 77 K). IR and F~SR spectroscopy caa then be used to deter
mine their structure

How are carbenes formed?
Carbenes arc usually formed from precursors by the km  o f small, stable molecules. We w ill discuss 
some o f the most important methods in turn, but you have already seen one in action: the Iocs of 
nitrogen from a diazo compound.

am formd by protonaOon Ы d аю compands. an 
net They decompose rapidhi to rwtocshone 9aa mam 
hот tr* cxteo^k add gpt re thyiaud a» the Ьа^пЫщ о*

o' th* an vtd«are
esheneV^ee

Carbenes from diazo compounds
We showed you the formation o f a carbene fro m  diazomethane to illustrate how this reaction was 
different from the (ionic) methyiation o f carboxylic acids But this is not a very practical way o f gen 
crating carbenes. not least because o f the explosive nature of diazoalkanes. However, diaxocarbonyl 

are a different maner.

" " 'V *  - ___ ► Г Я
f t®  H ©  tb tc a rto n ^ ro u p

They are much more stable, because the electron-withdrawing carbonyl group stabilises the diazo 
dipole, and are very useful sources of carbenes carrying a carbonyl substituent. There are two main 
ways o f making diazocarbonyl compounds:

1 by reacting an acyl chlonde with diazomethane
0  ф  dtoae-toonyt compound isolated la 100% fiak)

2 by reacting the parent carbonyl compound with toeyi azide, TsNj. in the presence o f base. 

TaN,.Et«N
J L  J L  a— ci .  . ___

IteSMpeMJUL.



How are carbenes formed?

The reaction o f diazomethane with acyi chlorides starts as a simple acytarion to give a diazo 
nium compound. I f  there is an excess of diazomethane. a second molecule acts as a base to remove 
a rather acidic proton between the carbonyl and the diazonium groups to give the diazocarbonyl

li fta н

”T %  ' T S ' '
What happens to that second molecule of diazomethane? By collecting a proton it turns into the very 

reactive diazonium salt, which collects a chloride ion. and McG is given o ff as a gas. The second method 
uses tosyl azide, which is known as a diazo transfer reagent—its  just N :  attached to a good leaving

toe* «Me. Тяйа

Diazocarbonyl compounds can be decomposed to carbenes by heat or light. The formation of 
very stable gaseous nitrogen compensates for the formation o f the unstable carbene.

' V ' - V •v -
But it is much more common in modern chemistry to use a transition metal such as copper or 

rhodium, to promote formation o f the carbene.

x y
tha nature tx  
bondlrfts Important 
precise stiucture o(

Carbenes formed in this way are. in fact, not true carbenes 
because it appears that they remain complexed with the metal used 
to form them. They are known as carbenoids, and their reactions 
are discussed later in the chapter.

ere unstable, some tnm ibon metals much

Carbenes from tosyihydrazones
Many more carbenes can be made safely from diazoalkanes i f  the diazoalkane is just an inter
mediate in the reaction and not the starting material. Good starting materials for these reactions 
are tosylhydrazones, which produce transient diazo compounds by base-catalysed elimination o f 
toluenesulfinate. The diazo compound is not normally isolated, and decomposes to the carbene on 
heating.

« о , , ! -

— j r 0"- r  - J L -
NeOMe
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Noticr th a t the leaving group from nitrogen в  not the familiar tosyta le  (toiuene-p-sulforBte 
ТЮ  ) but th e  less tamiliar to luene  p S a ltifu te  (Ts“ ).

T r t ®

s s r  j P y  j T T
S(VI) S ilV)

Caibcnes are formed in a number of other similar reaction» - fo r  example, loas o f carbon monox
ide from kctenes or elimination o f nitrogen from aarine»—but these are rarely used as a way of 
deliberately making carbenes.

Carbene formation by a  elimination
In Chapter 19 we discussed $ elimination in detail, reactions in which a hydrogen atom is removed 
from (he carbon atom 0 to Ihe leaving group

a Eliminations (eliminations in which both the proton and the leaving group are located 
on the same atom) are also possible—in fact, the reaction we've put been talking about (elimi
nation of tduencsulfinatc from tosylhydraiones) u  an a  elimination, a  Eliminations follow a 
mechanism akin lo  an ElcB f i elimination—a strong base removes an acidic proton adjacent to an 
electron withdrawing group to give a carhanion. Lois o f a leaving group from the carhanion creates a

One o f the best known a  elimination reactions occurs when chloroform is treated with base. This 
is the most important «ray o f making diihlorocarbenc. £ Q j,  and other dihalocarbenes too, 
although it must be said that the widespread use o f dkhlorocarbene in chemistry is due mainly to the 
ease with which it  can be made using this method'

baeacetelyeed a  eSnwxeeon ы  н а  from tH o n b m
toss «С Г to n

« « ttt f te r r
abstract protont И 

* bw jy* portion»

w thd raw r* О aionn

и о ^ н ^ С а

erJMe

Hydroxide and alkoxide anions are strong enough bases to promote a  elimination from 
chloroform, and from other trihalomethanes. Carbenes can be formed from dihaloalkanes by 
deprotonation with stronger bases such as LDA, and even from primary alkyl chlorides 
using the extremely powerful bases phenylsodium or f-BuLi/f-BuOK (weaker bases just cause 
P elimination).

T  УС — [’T3]—
When geminal dibromoalkanes arc treated with BuLt, a halogen-metal exchange reaction pro

duces a lith ium carhenoid, with a metal atom and a halogen attached to the same carbon atom. 
Lithium carbcnokls arc stable at very low temperatures—they can be observed by NMR. but they 
dciompoftc to carbenes at about-I00*C
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1 r
While lith ium carbenoids have limited applicability in chemistry. an analogous Fine carbenoid. 

which can be fanned by insertion o f r im  in lo diiodometlune. i» a reagent in one o f the most widely 
used carbenoid reactions in  chemistry—«he Simmon»-Smith reaction. .

Z n /C u  L  7n l L  2 .  J
S r - 1

И, H. Ha H ,

11

to a sW iM ,,,
tha тегл s«crt^

The essence o f this type o f carbenoid is that it should have a leaving group, such as a halogen, that a 
can remove a pair o f electroas and another, usually a metal, that can dnnate a pair o f electrons. I f  the n t  fe n w , v .  :> .**, J 
metal leaves first, a carbanion is created that can lose the halogen to make a carbene. They might also ^
leave together. Both are a  eliminations.

H,

The problem with many o f these reactions is that they require strong bases either the 
organometalhc compound itself is basic or a base must be used to create the carbanion. Carbenes are 
so unstable that they must be formed in the presence Ы the compound they are intended to react 
with, and this can be a problem i f  that compound is base-sensitive. Foe dichlorocarbene. a way 
round the problem is lo  make Ihe carbanion by losing CO] instead o f a metal or a proton. 
Decarboxylation o f sodium trichloroacetate is ideal as it happens at about * 1 T  m solution.

■ЭЧ 0  CO| KIW I erthoul
ttv bondr* 4W*nor>

•  Summary: the most Important ways o# making carbenes

Carbenes are neutral species containing a carbon atom with only six valence electrons.

Type of cetbawe Method ef «егтевоп

A" metal <fhod***i or copper}«jteiysed decomposition of diazocarbonyi compound

V thermal decomposition of dtafo compound, often derived from totylhplraJone

uefcmmatton of ohlorofomi with base

This is a good point to remind you o f other 'double losses' from molecules, lust as a  elimination 
gives a carbene while 0 elimination gives an alkene. Iocs o f nitrogen from a diaro compound gives a 
carbene but loss o f nitrogen from an azo compound such as AIBN (oaubisisobutyronitrile) gives two 
radicals (Chapter Э9).

- x - s X .  s .  K .
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r ц и в е т т -" - Carbenes can be divided into two types
Wc made two important observations earlier regarding the structure o f carbenes that we
wiD now return to and seek an explanation fo r firstly, we said that the X-ray avstal structure
o f this stable, crystalline carbene show* that the bond angle at the carbene С is 102* md. secondly!
we said that many carbenes can be observed by ESR— in other wordy they have dr^wired
electrons. . f

SpKtrofc-opfc im w i t t f k »  o f •  num- Г  -Т 7 Г Г ------- ~T----------------------------------
b n  o fc a A o »  of differing «ructure haw . . T T . - T - T  " L  7 7 ™  . 7 -  V. . . . .  _ . .  ____bond « 0 .  1 » -  lS«r bond an^a 100-110*shown that they fall broadly mto two
groups: (1) those (which you w® learn ЛтаглЫс t *  ESR 41 etertrane paved ' 4  *
to cal ‘tnplets’) that ESR spectroscopy x h 2 CO, •/А■ :0#h -сна

w : 130-150*; and (2)
those №  the stable crystdbne carbene _ CHR _____________ W M e ^ .
above which you will learn lo  cal a 'singlet ) CPbj
that have bood angles o f 100-110* but can
not be observed by ESR. Many carbenes,
Kkc CH> itself, van be found In either style, 
thou^i one may be more common.

A ll these observations can be accounted for by considering the electronic structure o f a carbene/ 
Carbenes have 2-coordinate carbon atoms: you might therefore expect them to have a linear (diago
nal ) structure—like that o f an alkyne—with an sp hybridized carbon atom.

.. __ m  Mom fT W ......... tw> p a --------------
H*#ayarr»foriM usVeUon Мккоп
e ^ e rtls n o rth e s tiu c tv a e e ta  -  -Ж

Such a linear carbene would have six electrons to distribute amongst two О orbitals and two 
(highcr-cnergy) p orbitals. The two electrons in the degenerate p orbitals would remain unpaired 
because o f electron repulsion in the same way as in molecular oxygen *0 -0 *.

te rn »  toe* с«bene twoH«u>ms

eMfle 
kfeaaMoweiMtodetae

n'sspm .uuor down P --------  --------------- ? " '■  C <s

\и (З р с о  о с е ф н /

Yet few carbenes are linear most are bent, with bond angles between 100* and 150*. suggesting a 
trigonal (sp1) hybridization state. An sp2 hybridized carbene would have three (lower-energy) sp2 
orbitals and one (high-energy) p orbital in  which to distribute its six electrons. There are two ways of 
doing this. Either all of the electrons can be paired, with each pair occupying one of the ф 3 orbitals, 
or two of the electrons can remain unpaired, with one electron in each o f the p orbitals and one of 
the sp2 orbitals.



Carbenes can be divided Into two types

•  Singlet and trip let carbenes

Trip le t carbenes have two unpaired м \ ! L  и
electrons, one in each o f an ф  and a p — H ^ S ; T  _ w
orbital, while singlet carbenes have a pair o f ( у т \  Ш Л
electrons in a nonbonding ф 2 orbital and W
have an empty p orbital. И

onosbKlNR ........ ^  (T)

( i/Q bonJtng■Г
M> 0IM4

These two possibilities explain our two observed classes o f carhene, snd the two possible arrange
ments o f electrons ( spin states) arc termed triplet and singlet. The orbitals are the same in both cases 
but in trip let carbenes we have one electron in each o f two molecular orbitals and in singlet carbenes 
both electrons go in to the sp2 orbital. , •**

e«atu«Nc am*tor* *  a bent («о*; carter* <Mth 2 unp*«ad «toctrons atartroЫг u»uc*wa or ■ t* r*  1цг) ca*bane afcb 2 paired Hectic-,
С atom сartxne two И S on* up* bybndbad С atom сшЫпе two M atom»

p э>Ъ«а1

The existence o f the two spin states explains the different behaviour o f triplet and singlet carbenes 
towards ESR spectroscopy, the orbital occupancy also explains the smaller bond angle in singlet car
benes, which have an electron-repdlutg lone pan in an sp2 orbital.

Шашл и 
OvESn

<37q -ttssr

Щ  г я а ь
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4 0  • Synthesis and reactions of carbenes

In the table on p. 000 we saw that the substituents on the carbene affect which o f the two classes 
(which we now call singlet and triplet) it  falls into. Why? Most type of carbenes are more stable as 
triplets because the energy to be gained by bringing the electron in the p orbital down into the 
orbital is insufficient to overcome the repulsion that exist* between two electroas in  a single orbital.

All carbenes have the potential to exist in either thc singlet or the triplet state, so what we mean when 
we say that a caibene such as :CHi is a 'triplet caibene' is that the triplet Mate for that laibeoe is lower ш 
energy than the singlet state, and vice versa for <X32- For most triplet carbenes the singlet spin stale 
that would arise by pairing up the two electrons lies only about 40 kJmoT1 above the ground (triplet) 
state: in other words, 40 k j moГ 1 is required to pair up the two electrons. When a carbene is actualg * 
formed in a chemical reaction, it may not be formed in Hs most stable Mate, as we shall ŝ e.

Carbenes that have singlet ground states (such as .C Q j) all have electron-rich substituents carry *  
ing lone pairs adjacent lo  the carbene centre. These lone pairs can interact with the p orbital o f the car
bene to produce a new, lower-energy orbital which the two electrons occupy. Thu stabilization o f the * 
lone pair provides the incentive that the electron in thc p orbital needs to pair up ia tbe ф 3 orbital » »

■?о
sUbNUed swgjet carbene —  * "

el -----— -  *

©
*/>

*4

<S7'

ep* QftxtM Л | ' \

1 4 - .....................H h

This molecular orbital formation moves electrons e. ~  *
localized on oxygen into orbitals shared between carbon 4
and oxygen. We can represent this in  curly anow terms as * Jh *
a delocalizati on o f the lone pair electrons. t

As these arrows suggest, carbenes that have heavily electron-donating substituents are less dec- *
■  . trophilic than other carbenes: indeed, diamino carbenes can be quite nudcophilic. The division of

^  eteAophfcc carbenes into two types explains their structure. It also helps to explain some of their reactions, espc-
daily those that have a stereochemical implication. We will spend the rest of this chapter discussing • 
how carbenes react.

The structure o f carbenes depends on how they are made
So far we have considered only thc most stable possible structure, singlet or triplet, of a given car
bene. In real life, a carbene will be formed in a chemical reaction and may well be formed as the less 
stable o f the alternatives. I f  a reaction occurs by an ionic mechanism on a molecule with all electrons 
paired (as most molecules are!) then it must be formed as a singlet. Follow the a elimination mecha
nism, for example.

botn move on to 
/Л  _  cotanatonto i l  _

Him f  y *  fcm .1 » .» , V / a  In -P O te rd b — <
The starting material, a normal molecule of chloroform CHQ> has all paired electrons. Thc 

C-H О bond breaks and the two paired electrons from it form the lone pair of the carbanion. The 
carbanion also has all paired electrons. The two paired electrons of one of the G-Q bonds leaves

4



How do carbenes react?

the carbanion and the carbene is formed. It has two paired electrons in each o f the two remaining 
C ~ a  bonds and the lone pair, also paired. It  is formed as a singlet. As it  happens, the singlet version 
o f CCI2 i* *l*o the more stable. I f  the carbene were instead CH2 and i f  it reacted rapidly, it might not 
have a chance to change in to the more stable triplet stale. And carbenes are very reactive. In explain
ing their reactions in the next section we shall need to consider
•  how the carbene was formed
•  how rapidly it reacts

•  whether it  can change in to the other state (singlet or triplet)

How do carbenes react?
Carbenes are desperate to find another pair o f electrons with which to complete their valence shell of 
electrons. In  this respect they are like carbocations. Like carbocations, they arc electrophilic but. 
unlike carbocations, they are uncharged. This has consequences for the type o f nudeophilcs carbenes 
choose to react with. Carbocations attack nudeophilcs with high charge density—those carrying a 
negative o r partial negative charge (think o f the type o f nucleophiles that w ill take part in S ^ l or 
Fnedd-Crafts reactions). Carbenes, on the other hand, attack compounds we’d normally never con
sider as nucleophiles— even simple alkanes— by taking electrons from their HOMO. O f course, a 
carbocation w ill usually react with the HOMO of a molecule, but it w ill be much more selective 
about which HOMOs w ill do—usually these have to he lone pairs or electron-rich alkenes. For car
benes, any HOM O w ill do—a lone pair, a C -C  double bond (electron-rich or -poor), or even a C -H

o f making cyclopropane*, and is prob
ably the most important reaction o f

•w -s -Y  '-v -s -Y

As you w ill see (and as we generalized at the beginning o f the chapter), many o f these reactions 
can be considered as insertion reaction»—overall the carbene appears to have found a bond and 
inserted itself in the middle o f it. I t ’s important to remember that the term insertion reaction' 
describes the outcome o f the reaction, though it isn’t always an accurate description o f the reaction's 
mechanism.

Carbenes react w ith alkenes to give cyclopropane*
This reaction is the most important way СМСЦ KOfcu

The mechanism o f this type o f reaction depends on whether the carbene is a singlet or a triplet, 
and the outcome o f the reaction can provide our first chemical test o f the conclusions we came to in 
the previous section. Singlet carbenes, like this one here (remember that electron-rich substituents 
stabilize the singlet ф ш  state), can add 
to alkenes in an entirely concerted man
ner the curfty arrows for the proem  can 
be written to show this.

Because the process is concerted, we expect that the geometry o f the alkene should be preserved in 
the product— the reaction ought to be ttereo%pedfic. The two examples below show that this is indeed 
the case. It is more impressive that the Z-alkene gives the си cydopropane as this is less stable than 
the tram cyclopropane and would change i f  it  could.

CK

TOSytaM
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The alkene insertion reaction is stereospecific only for singlet carbenes. For triplet carbenes, the 
reaction is nonstereospecific Though carbenes formed thermally from diazoalkenes must in itially be 
singlets, photochemistry is one way to provide the energy needed for their transformation to the 
more stable triplet.

65% Ы the product > da  35% of the product«  Inns

The mechanism o f this nonspecific reaction must be different. In fact, a concerted reaction is 
impossible for triplet carbenes because o f the spins of the electrons involved. After the carbene adds 
to the alkene in a radical reaction, the diradical (triplet) intermediate must wait until one o f the spins 
inverts so that the second C-C bond can be formed with paired electrons. This intermediate also 
lives long enough for C-C bond rotation and Iocs o f stereochemistry.

M s n a  , 'щ

СХа

A cyclopropane has three о  bonds—in other words, si* electrons, all spin-paired (three up, three 
down). One o f these was the О bond in the starting material; the other two electron pairs come from 
the Я bond and from the carbene. The electrons concerted addition of a street с 
in the « bond must have been paired, and thus Me. Ш
they can form one o f the new о  bonds. A singlet 
carbene (whose electrons are also paired) can «
then provide the second electron pair. л

But a triplet carbene cannot, because its dec- ^  
trons are not paired. The second bond can only
form once one ofthe two electrons has flipped iu  spin. Spin-flipping which can only occur through 
collision with another molecule (of solvent, say), is relatively slow on the time-wale of molecular 
rotations and, by the time the electrons are in a fit state to pair up. the stereochemistry o f the starting 
material has been scrambled by free rotation in the intermediate.

IXrfVl n i h y  I V* IОТ Г



How do carbenes react?

A reminder. The uune constraints arising from the need for conservation o f  electron spin apply to 
the formation as well as to the reaction of carbenes. When a carbene forms by a  elimination, say. 
from a molecule with all electrons paired, it must be formed as the singlet, whether or not the triplet 
stale is lower in energy. Only 1а(ет may the carbene undergo spin-flipping to (he triplet state. Since 
most carbene reactions are very rapid, this means that carbenes that are known to have triplet 
ground states may, in  fact, react in their first-formed singlet state because they don’t have time to 
spin-flip to the triplet. This is true for Ю112 produced from Cl I jN j ,  which adds stercoapecifically to 
double bonds because it is formed as a singlet and because the singlet state is more reactive than the
• и * * .  \ > f

lo an  evidence for triplet carbew a In cyclopropane formation \
И the «action la (Muted «nth a larga amour* Ы m  wait 

nXHj
a of ц и п * и * ч  of unpat :CHj to tnptet .-СН, ia

/ M m

*\~r
V
v- V
•0.4% VMM l lM y l

i. band rotation may be auto aloar.SteieospecMfcJty(orleciiorit)b«»ieaddlloneraca*bene Mnpat bt same e 
to wi afcane СЖ1 be a gpod teat or whHhef the cetwne
reacteeaawnpetortitpletlackof atereoapea«cftyina NoOcc th«t in thu evamfria tha last stable cm  ( /-) aa<cne
eaibana addition almost eeftemly vwbcatet that a trtpM was uaed: the reaction <иа g*e tran»cyctof>rapanrtf a
cerbene »а**<о»*б<з. but the fact that an aAfttonla can.

The addition o f a triplet carbene to an alkene can be considered to be rather like a radical addition 
to a double bond. The concerted addition of a singlet carbene, on the other hand, is a pericyclic reac
tion. and from Chapter 35 you should be able to classify it as a ( I + 2| cycloaddition.

caHad cbaUtrapc

n to alkenes or triolet caibenoa la a radical и n al atopat cabanas la a |i» J | eydoadditmn

As a cycloaddition, singlet carbene addition to an alkene must obey the rules o f orbital symmetry 
discussed in Chapters 35 and 36. We might consider the empty p orbital o f the carbene (LUMO) 
interacting with the к  bond (IlO M O ) o f the alkene or the lone pair o f the carbene in iu  filled sp2 
orbital (HOMO) interacting w ith the ж* antihonding orbital o f the alkene (LUMO).

2 f o . . . C v

HOMO 
an'ibon* rg a**ri*-1i®r

bowbnf wtor action

You can immediately see that there is a problem when we try to interact these orbitals construc
tively to build two new bonds—direct approach o f the carbene to the alkene is impossible because 
there is always an antibonding interaction. Two new bonds can be formed, however, i f  the carbene 
approaches the alkene in a ‘sideways-on’ manner.

»
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The cyclopropane product must, o f coune. have a more or less tetrahedral arrangement about th t - 
carbon atom that was the carbene so that, even i f  the carbene approaches in a sideways-on manner, it ’ *  
must then swing round through 90* as the bonds form.

■A *A« A  • * *
% % •  f  9  9 

Making cyclopropane*
Many natural products and biologicatty active compounds contain cyclopropane ring»: we shall fea-^ ^ 
ture just a few. First, a moat important natural insecticide, a pyrethnn from the East African % 
pyrethrum daisy, and its synthetic analogue decamethrin, now the moat important insecticide in agri
culture (ace Chapter I ). Very low doses of this highly active and nonperastent insecticide are needed.

py*ethrm I Decamethrin

F.ver heard o f the ‘ozone’ or ‘iodine* smell o f the sea? Well, the smell of the sea ia characteristic but 
has nothing to do with O j or l j .  I t ’s more likely to be a dictyopterene, a family o f volatile cyclo
propane* used by female brown algae to attract male gametes. There is an example in the margin.

Now for two natural but highly unusual amino adds Hypoglyddin is a blood sugar levd lowermg 
agent from the unripe fruit o f the ackee tree; the cauaative agent o f lamaican vomiting sickness.
Don't eat the green ackee. Nature makes not only strained cyclopropane* but this even more strained 
methylene cyclopropane with an sp2 atom in the ring. The second and simpler amino add is found 
in  apples, pearx and grapefruit and encourages fruit ripening by degradation to ethylene.

Our last and most extraordinary example is an ри , nm,
antifungal antibiotic first synthesized in 1996 and A  |  ( S /
containing no less than five cyclopropane*. It has ^  n / ^ c o ^  COjM

‘• V



How do carbenes react?

Because o f these and other useful molecules containing three-membered rings, methods 
to make them are important as well as interesting. Most chemical syntheses of compounds contain
ing cyclopropyl groups make use o f the addition o f a carbene. or carbene equivalent, to an 
alkene. What do we mean by carbene equivalent7 Usually, this is a molecule that has the 
potential to form a carbene. though it  may not actually react via a carbene intermediate. One 
such example is a zinc carbenoid formed when diiodomethane is reacted with zinc metal it 
reacts with alkenes just as a carbene would— it undergoes addition to the Я bond and produces a 
cyclopropane. у

к
8в-92И yieldx — >c 0 ^ 0>

The reaction is known as the Simmon»-Smith reaction, after thc two chemists at thc 
DuPont chemical factory who discovered it in  I95H. Even after several decades, it is the most 
important way o f making cyclopropane compounds, though nowadays a variant that uses more 
easily handled starting materials is often used. Diethyl zinc replaces the Zn/Cu couple o f the 
traditional Simmons-Smith reaction. In this example, a double cyclopropanetion on i  C j 
symmetric diene derived from tartaric acid gives very good stereoselectivity for reasons we w ill soon

" w *  X  ^ .с н „  X  

" I j r  \ - H _ /  —  w - w
Thc reaction does not involve a free carbene. thc zinc is still associated with thc carbon atom at the 

time o f the reaction, and the reacting species is a probably a complex o f zinc that we can represent as 
an equilibrium between two zinc carbcnotds.

Zn/Cu
structure Ы tht Sawnona-frRNh iM flM

♦ b U j

The mechanism o f thc Simmons-Smith reaction appears to be a carbene transfer from the metal 
to thc alkene without any free carbene being released. It may look something like this.

0^4
(X-lorCMjD

Some of the evidence for this comes from a reaction that not only throws light on to the mecha
nism o f Simmons-Smith cydopropanations, but makes them o f even greater value in synthesis. 
When an allylic alcohol is cydopropanatcd. the new methylene group adds stcrcosdectivriy to the 
same face o f the double bond as the alcohol group.

■edUC'Jor'br»'***'-

У0М«И#<РоЦс«

►
O n th« s^^ ,rf
4tefeocnerr«s*.ry.a

Allylic alcohols also cydopropanate over 100 times faster than their unfunctionalizcd alkene 
equivalents. Coordination between the zinc atom and thc hydroxyl group in thc transition state 
explains both thc stereoselectivity and the rate increase. Unfortunately, while thc Simmons-Smith
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reaction work! well when a methylene (CH2) group is being transferred, it is less good with substi
tuted methylene* (KCH: or R jC ).

h ; .......

CHjIi

Zn/Cu

When Ireland wanted to introduce a cyclopropane ring stereosdcctivety into a pentacyJic system 
containing an enone. he first reduced the ketone to an akohol (DIBAL gave only the equatorial alco
hol) that controlled the stereochemutry o f the Simmonv-Smith reaction Oxidation with C r(V l) put 
back the ketone.

The carbene derived by m rlil-c ju lV K d  decomposition o f flhyl diazoacetate attacks allcnes lo 
introduce a two-carbon fragment into a cyclopropane— an industrial synthesis ofethyl chrysanthe- 
male, a precunor to the pyrethrin insecticides (leep 000), uses this reaction. The diene in the start
ing material is more nucleophilic (higher-energy HOMO; see Chapter 20) than the single alkene in 
the product, so the reaction can he stopped after one carbene addition.

[<u  : CM— COjCt]

The intramolecular version o f this reaction is more reliable, and has often been used to make 
compounds containing multiply substituted cyclopropane* Corey made use o f it in a synthesis of 
sirenin. the sperm-attractant o f a female water mould.

MsJouU. H
M i.

x
As you might imagine, carbenes like this, substituted with electron-withdrawing carbonyl group*, 

IM * » .ощяет are even more powerful dectrophiles than carbenes like <X32, and w ill even add to the double bonds 
^  ■ V o f benzene. The product is not suble, but immediately undergoes dectrocydic ring opening

1 ^ ^  htatf-M.I t o - l - G K .
*4m f c t r o 0h+c Mbal product undMjoe*
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Dichlorocarbene :C( J2 w ill not add to benzene, but does attack the dectron-rich aromatic ring of 
phenol: the product is not a cyclopropane, but an aldehyde.

б СИСЧ Г  г  но с н а ,  no reaction

^  C j l „ _  О  z r  ~ r  .

The Rrimcr-Tlemann reaction used to be an important way o f making ortho-substituted phe
nols, but the yields are often poor, and modern industry is wary o f using Urge quantities o f chlori
nated solvents. On a small, laboratory scale it has largely been superseded by ortholithiation 
(Chapter 91 and by modern methods outside the scope o f this book. The mechanism probably goes 
something like this, 

mechanism i f  the Rf reaction

ydopropanes. we want you think about П. the u rn  to true tor paradd
you to taka a step back from snap* thinking about epondation. wm cM orm  the o*ygen anaiogueofa
carbenes. and consider the types Ы reagents that form cyclopropane by attacking an alkene with an oeygen atom
thiee membered rings generaay. They all ha»e something beer ng both a lone рек <nucleophifcc > and a carboeylale
In common, w^ch we could c a l eno«d character. leaving group (etoctroctnkc). R‘s an 'o«noid*. In Chapter 
Cytfopropenesforrowheneeert»ene(wWeh.lnthes»>*et 46 you wHl meet more reagents that term cyclopropane*
state, has m  empty, etoctropnaic p orbital and a M l. and epotfdes by transferring CH?—suWomum ywds These
nominally nudeopNIlc sp2 oiM al) attacks alkenes. The yet agem have a ach rophronlc carbon atom—carrying a
Simmons-Smith carbenoid is not a cartwne, but negrfive charge and a leaving group - ,and. nrfwn you meet
nonetheless has a carbon atom «nth joint nuctooohibc them, you can consider them to be parbcularty stable 
(alkyl anc) and etoctrophtoe (alkyl iodide) character When

t\  N
Insertion  in to  O H  bonds
We «aid that the formation o f cydopropanes by addition o f substituted carbenes to alkenes was 
rare— in fact, alkyl-substituted carbenes undergo very few in term odular reactions at all because 
they decompose very rapidly. When primary alkyl halides are treated with base, alkenes are formed 
by dimination. Having read Chapter 19, you should expect the mechanism o f this elimination to be 
E2 and, i f  you started with a deuterated compound like this, the alkene product would be labelled 
with two deuterium atoms at its terminus.
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Thu is indeed what happens i f  the boar u  sodi- ^
um methoxide (pKe 16). If. however, it is phenyl- \ / °  n jt>
sodium (pJ^i about 50), only 6% o f ihe product is — ■ ■ m
labelled in this way while 944 o f the product has MM  
only one deuterium atom.

A hydrogen atom ha* 'migrated' from the 2-pocition to the 1 -position The overall mechanism of 
the elimination with very strong bases like phenyisodium is believed to be: (1) formation o f a 
carbene by a  elimination and then (2) 1,2-migration o f a hydrogen atom on to the carbene centre. 
Carbenes with f) hydrogens undergo extremely rapid Im migration of hydrogen to the carbene 
centre, giving alkenes.

M b *  «top 2 1 .2 m m * * *

The reason for the rapid migration is that 
the electrophilic carbene has found a nearby 
source of electrons—the HOMO of the C-H 
bond—and it has grabbed the electrons for 
itself, ‘ inserting* into the C-H bond.

This type o f reaction is better demonstra
ted by two examples in which the ‘insertion
reaction* is a bit more obvious; when there are no 0 hydrogen*, the carbene inserts into C-H  bonds a link 
further away in the same molecule or even in the solvent (cydohexane in the second example). In the first 
case, the carbene is formed by a  elimination and. in the second case, by photolysis of a diazoketone.

&5=[-чЛ.|—>л ^ о - о и о
Because these insertion reactions create new bonds at completely unfunctionalized centres, they 

can be very useful in synthesis. This next carbene is created between two carbonyl groups from a 
diazocompound with rhodium catalysis and selectively inserts into a C-H  bond five atoms away to 
form a substituted cydopentanone.
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t sy n th e s is  u sing  carb enes

TwopouptorchomHtvwehinonoyoaroroachothe'. toaeftM* reaction (route i )BfDc
published i f n h t m  Ы «Ms compound uein( rhodium iwimnhor at rto*eochem»*t^ ^  ■

In these С—11 insertion reactions, the similarity w ith cyclopropane formation by intramolecular 
cydoaddition* to alkene» is clear, and the mechanism* m irror one another quite closely. As with the 
cydopropanation reactions, the path o f the reaction differ» according to whether the carbene is a sin
glet or triplet. Singlet carbenes can insert in s concerted manner, with the orbitals overlapping con
structively provided the carbene approaches side-on.

mortal »*e»actte»n <ftirtnf the insertion o l a «n#et ceibene mu a C-H bond
С- h  band h o m o

Ьо»*Иг>* M W t v

. 1 ,

This mechanism implies that, i f  the C -H  bond is at a stereogenic centre, the stereochemistry at 
that centre w ill he retained through the reaction, as in Cane's synthesis o f pentalenolaclone. A nice 
example o f this result is the ingenious synthesis o f a-cuparenone using a stereospecific carbene 
insertion.

Rearrangement reactions
We talked just at the beginning o f this section about migration гсасЫии o f hydnigen on to carbenes 
to give alkenes, and said that these reactions can be viewed as insertion reactions o f carbenes into 
adjacent C -H  bonds. Carbenes with no 0 hydrogens often insert into other C-H  bonds in the mole
cule. However, carbenes with no ^-hydrogen atoms can also undergo rearrangement reactions with 
alkyl or aryl groups migrating.

the two step 
should result 
stereotsi/ners •"
с-H  bond at a ‘ ' 

rv-vT' Гх-m’l■ 1
c .« ™  M- 
common thW

...... .atom сапу**
» outer shd*-
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( V - O ^ - r p
The most common example o f this type of migration is that in which the carbene is adjacent to a 

carbonyl group. The initial product o f what is known as the W olff rearrangement is a ketene, which 
cannot be isolated but is hydrolysed to the ester in the work-up W olff rearrangement is a typical 
reaction o f diazoketones on heating, though these species do also undergo intramolecular C-H 
insertion reactions.

One important application o f this reaction is the chain extension o f acyi chlorides to their homol
ogous esters, known as the Arndt-Eistcrt reaction. Notice that the starting material for the W olff 
rearrangement is easily made from RCOjH by reaction o f the acyl chloride with diazomethane, the 
product is RCH2C 0 2H— the carboxylic acid with one more carbon atom in the chain. A CH2 group, 
marked in Ыаск, comes from diazomethane and is inserted into the C-C bond between R and the 
carbonyl group.

J__ X
A synthesis o f  grandisol using A m d t-E is te rt chain extension
The boll weevil is a serious pest o f cotton bushes, and it produces a sex pheromone known as grandisol 

Chemists soon showed that it was an easy matter to synthesize a related ester by a conjugate addi 
tion o f an organocopper derivative (Chapter 10) and then the alkyiation of an ester enolate (Chapter 
26). The enolate reacts with Mel on the face opposite the propenyl side chain—a good example of 
stereochemical control with cyclic compounds (Chapter 53).

*ouhee*eadymctorsrJr-
92%уШд 

(85 15 ratio of (Sastefeofsorws)

This ester is one carbon atom short o f the full side chain o f grandisol, so an Amdt-Eistert reaction 
was used to lengthen the chain by one atom. First, the ester was converted in to the diazoketone with 
diazomethane and, then, the WolfT rearrangement was initiated by formation o f the carbene with a 
silver compound at the Ag(l!) oxidation state.

'* Ag(06*)j

Г
UAJH4



с How do carbenes react?

N i I rents  are the  n itrogen analogues o f carbenes
Thc W olff rearrangement has some important cousins that we must now introduce lo  you— they 
deserve a mention because they bear a family likeness even though they do not, in bet, involve car
benes. They are a group o f reactions that proceed through an intermediate nitrcne— the nitrogen 
analogue o f a carbene. The simplest to understand, because it is the direct nitrogen analogue o f the 
W olff rearrangement, is thc Curtius rearrangement. It starts with an acyl azidc— which can be made 
by nudcophilic substitution on an acyi chlonde by sodium azidc. The acyl azidc *  what you would 
get i f  you just replaced the -C H -N 2 o f a diazoketonc with - N - N j.  And, i f  you heat it, it  is na| sur
prising that it decomposes to release nitrogen (N2), forming thc nitrcne. Thc nnrcne has two bonds 
fewer ( I ) than a normal amine and has two lone pairs making six electrons in a l *

•су» rwuene

A
Nitrcncs, like carbenes, arc immensely reactive and dcctrophilic, and thc same Wolff-stylc 

migration takes place to give an isocyanate. The substituent R migrates from carbon to the electron- 
deficient nitrogen atom o f the nitrcne. Isocyanates are unstable to hydrolysis: attack by water on the 
carbonyl group gives a carbamic acid which decomposes to an amine.

•aocyanet* cafes** acid
-C O ,

Overall, then, the Curtius rearrangement converts an add chloride to an amine with km  o f a car
bon atom— very useful. Also useful is thc related Hofmann rearrangement, which turns an amide 
into an amine w ith loss o f a carbon atom. This time we start with a primary amide and make a 
nitrcne by treatment with base and bromine. Notice how dose this nitrcne-forming reaction is to the 
carbene-fbrming reactions we talked about on p. 000. The nitrcne rearranges just as in thc Curtius 
reaction, giving an isocyanate that can be hydrolysed to the amine.

JL-
I mdc
I  wtth Ц

T “

%cJX

RNH,
-CO, h*o

Attack o f carbenes on lone pairs
W olff rearrangements, involving shifts o f alkyl groups, are effectivdy intramolecular insertions into 
О С  bonds. Carbenes w ill also insert in to other bonds, especially O -H  and N -H  bonds, though the 
mechanism in these eases involves initial attack on thc lone pair o f the heteroatom.
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Carbene attack is followed by proton transfer to generate a neutral molecule from the first formed 
zwitterion (or ‘yiid’ ). However, i f  the heteroatom does not carry a hydrogen, attack on its lone pair 
generates an yiid that cannot rearrange in this way. Reaction o f a carbene with a neutral nucleophile 
forms an yiid. This type of reaction is, in fact, a very useful way of making reactive ylids that are inac
cessible by other means.

C *) f № ,C '^ V COaf* * * i< 0 A c ) 4

As carbonyl-substituted carbenes (like carbonyl-substituted radicals) are electrophilic. their 
insertion into O -H  and N -H  bonds can be a useful way of making bonds in an umpolung sense. 
Because of the difficulties in forming fl-lactams (the four membered nngs found in the penicillin 
classes o f antibiotics). Merck decided to design a synthesis of the class of compounds known as car 
bapcncms around a rhodium catalysed carbene insertion into an N -H  bond, building the five 
membered ring on to the side of the four-membered ring.

n X . ~TX.—p y L  ~ ^ r
« I I»  75bywid

Alkene (olefin) metathesis
Carbenes can be stabilized as transition metal complexes: decomposition o f phenyldiazomethane in 
the presence o f a ruthenium(ll) complex gives a carbene complex stable enough to be isolated and 
stored for months. These complexes are among the most important of carbene-derived reagents 
because of a remarkable reaction known as alkene (or more commonly olefin) metathesis

The reaction is most easily understood when a simple diene reacts with a very small amount (in 
this case 2 mole per cent) o f the catalyst. A cyclization reaction occurs and the product is also an 
alkene. It contains no atoms from the catalyst: indeed, it has lost two carbon atoms, which are given 
off as ethylene.

HjC=CM j

2 mole* catriyst

Any reaction that makes new bonds so efficiently and with so little reagent and so little waste is 
obviously very important. The yield is also rather good! What happens is a metathesis—an exchange 
o f groups between the two arms of the molecule. First, the carbene complex adds to one o f the 
alkenes in what can be drawn as a [2 4 2] cycloaddition (Chapter 35) to give a four-membered ring 
with the metal atom in the ring.



( Alkene (oleftn) metathesis

Now the tame reaction happens in reverse (all cydoadditions are, in principle, reversible). either to 
p v t  the starting materials or, by cleavage o f the other two bonds, a new carbene complex and styrene.

Next, an intramolecular (2 ♦ 2] cydoaddition joins up the five-membered ring and produces a 
second metalla cydobutane, which decomposes in  the same way as the firsfttoe to give a third car
bene complex and the product.

12*21 f — \ ррь,

= ? '4 r
This new carbene complex then attacks another molecule of starting material and the cydc is 

repeated except that ethylene (ethene) is now lost instead o f styrene m all the remaining cycles.

* h ,
m at*** cydobuUnc

You wiO have noticed that the caibene complex appears to exhibit a remarkable selectivity: the 
ruthenium atom adds to the more substituted end o f the first alkene but to the less substituted end of 
the second. In (act. there is no particular need for selectivity: i f  the second cydoaddition occurs with 
the opposite selectivity the metalla cydobutane has symmetry and can decompose only to the start
ing materials.

P  ♦ 2|H r —

One example that makes a number o f points about olefin metathesis is the cydiz a o f this ester.

МЯуИИ

2.3 parts f  «аете

•  Olefin metathesis is an excellent way to make difficult ring size»— here a 12 membered nng
•  It is compatible with many functional groups— here just an ester and an ether but amines, 

alcohols, epoxides, and many other carbonyl groups are all right
•  The reaction is E-sclcctive. In the previous example only a Z-alkene could be formed but an 

E-alkene is possible in  a 12-membered ring and is thc major product

•  Stereogenic centres are not racemized
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Alkene metathesis is one o f the more important of the many new useful reactions that use transi
tion metal complexes as catalysts. You w ill see more л  Chapters 45 and 48.

Summary
We have seen in this chapter how carbenes can be formed from many other reactive intermediates 
such as carhanion* and diazoalkanes and how they can read to give yet more reactive intermediates 
such as yhds. Here is a summary of the mam relationships between carbenes and these other com
pounds. Note that not all the reactions are reversible. Diazoalkanes lose nitrogen to give carbenes but 
the addition o f nitrogen to carbenes is not a serious reaction.

X— C*§

C*§

In the last few chapters we have concentrated a lot on what we call reactive intermediates, species 
like radicals, carbenes, or carbocations that are hard to observe but that definitely exist. Much o f the 
evidence for their existence derives from the study of the mechanisms o f reactions—we have dis
cussed some aspects o f this as we have met the species concerned, but in the next chapter we will look 
in detail at how mechanisms are elucidated and the methods used to determine more precisely the 
structure o f rcactivc intermediates.

Problems
i .  Suggest mechanisms fo r  these reactions.

Sett**1 * mechanism and exp la in  the s te reochem istry  o!

C e iin ie n t <>n the se lectiv ity  show n  in  these tw o  re u n io n s

4. Suggest a mechanism for this ring contraction.

>cC
8. Suggest a mechanism for the formation of this cyclopropane.

• .  Problem 4 in Chapter 32 asked: ‘Decomposition of this diazo 
compound in methanol gives an alkene A (С*НцО) whose NMR 
spectrum contains two signals in the alkene region: 6ц 3 .5 0  p.pjn. 
(3H. s), 5  JO p.p.m. (IH . dd, /1 7 .» .  7 .9  Hz), 5 .8 0  p.p.m. ( IH . ddd, /  
1 7 .9 ,9 X  4.3 Hz). 470 p.p.m. ( 111, m ). and 1 .3 -2 .7  p.pm . (811, m). 
What is its structure MeOH A 
and geometry?’ | [ > — «а ---------- -- С.Щ4О



Problems

In order lo  work out the mechanism o f thc m e t ion you might like 
to take these additional facts in to account. Compound A is 
unstable and even at 20 "C isomcrues to B. I f  thc diazo compound 
is decomposed in methanol containing a diene, compound A is 
trapped as an adduct. Account for all o f these reactions.

content. How would you carrv
-» »___________• " r  °UI t h ' j Sthis sequence? Propose mechanisms for 

explaining any selectivity.

A
C*Hm O

O -
cf

M
7. Give a mechanism for the formation o f the three-membered 
ring in the first o f these reactions and suggest how the ester might 
be converted in to thc amine with retention o f configuration.

11- How would you attempt to make these alkenes ь

w  iu iivc u cu  iiiiu  u ic  am in e wiui m e n tio n  oi conngurauon.

Cud)

•-  Explain how this highly strained ketone is produced, albeit in 
very low yield, by these reactions. How would you attempt to make 
the starting material?

12. Heating this acyl azide in dry toluene under reflux far 3b 
gives a 90% yield o f a heterocyclic product. Suggest л n 
emphasizing thc involvement o f any reactive intermedi

-- o i-MM. H
t .  Attempts to prepare compound A by a phase-transfer- 
catalysed cydization required a solvent immiscible with «rater. 
When chloroform (C H Q j)  was used, compound В was formed 
instead and it was necessary to use thc more toxic ССЦ for success. 
What went wrung? g

NNj

13. Ciive mechanisms for the steps in this conversion o fa iw -» i 
six-membcrcd aromatic heterocyde.

CCtjCOjN* OMC. f«Au<4V. jcXl
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Determining reaction mechanisms

Connect*0115
Building on:
Melnly buHds on c h l3

, cid itT«'<k* * ,cl,ych8
Cartoor>| reaction* c 'i€ , c h l2 . & c h l4  
W - .  - U H .»ub»O tu tlon  at sa tu ra ted  

* * 0 7
Ceetroiimg stereochemistry c h ie . 
ch33. *  e*»J4 
EHnHnatiors c h l9
Bgctrophlttc and m ideophlllc aromatic 
gKbatltutlon cK22-eh23 

'« |*leeddroonsch35 
Rearrangements ch36-ch37 
Fragmentations ch38

Arriving at:
•  Cla»»e« and type* of mechanism*
•  Importance of proposing a mechanlvn

•  Structure of the product Is all- 
important

о Labelling and double labelling
о Sy*tematlc structure variation and 

electronic demand
о Tha Hammett correlation еж plained
•  Nonlinear correlations
a Deuterium Isotope effect (k in e tk  and 

solvent)
a Specific acid and specific base 

catalysis
о General acid and general base 

catalysis
a Detecting and trapping Intermediate* 
a A network of related mechanisms
о Why stereochemistry matters

Looking forward to:
о Saturated heterocycles and 

stsreoelectronlcs ch42 
a Heterocycles ch4J-ch44 
a Asymmetric synthesis сh4 5
о Chemistry of S. В. St. and Sn 

cM i  c M 7
о The chemistry of llfo ch49-ch51

[ here are mechanisms and there are mechanisms
If you were asked to draw the mechanism o f an ester hydrolysis in basic solution you should have no 
trouble m giving a good answer. It wouldn't maner i f  you had never seen this particular ester before 
or even if you knew that it had never actually been made, because you would recognize that the reac
hes belonged to a class ol well known reactions (carbonyl substitution reactions. Chapter 12) and 
you would assume that the mechanism was the same as that for other ester hydrolyses. And you

—nudeophilic attack on the carbonyl group lo form a tetrahedral intermediate is fol 
^  by loss <»f the alkoxide leaving group and the formation o f the anion of the carboxylic add.

But Som^ ^ ^ ^ ^ • o n e  at some time had to determine this mechanism m full detail. That work was done in 
I960* and it was done so well that nobody seriously challenges it. You might also recall 

we change the carbonyl compound to an add chloride, the mechanism may 
Я !  ln  I type o f reaction with an acyfium ton intermediate because the leaving group is now 
re***ion tCr ***”  ** П10Ге ( k *  basic) than КО". It would not be worth using hydroxide for this

йг** t,cP •* the slow step, water will do tust as wdl. Again someone had to determine a 
ism. had to show vrhich was the slow step, and had to show that leaving group abditv ты&гм*1*ве»»1еа*па*оч>*е«* 

d o n PK«|| *«dpH*,.a*d«u..eainChaplaria.



1080 41 • Determining reaction mechanisms

C^0 ~Cr&r-Cr^— cA- j]
ion were the hydrolysis o f an amide, you might remember from Chapter 13 , ^ ( J  
are often observed for the expulsion o f  such bad leaving groups *nd |jV|[ 

я  it worthwhile using concentrated base. Again, someone had to find out that ( ^  
»w the decomposition of the tetrahedral intermediate (2) there are th ird -o rder 
molecules o f hydroxide; and (3) the fieet molecule acts as a nucleophile *nd the

catalysis 
slow step is now

These reactions arc version» o f Ihe same reaction. For you. writing these mechanisms ditHW I  
means recognizing the type o f reaction (nucleiiphilic substitution at Ihe carbonyl group i and I  
ating how good the leaving group is. For the ongmal chemists, determining these reaction mad* I  
nisms mean! (1) determining exactly whal ihe product is (that may sound idly, hui i i u , ^  I  
point );(2) discovering how many steps there are and Ihe structures o f the intermediates, (3) tin4^ I  
out which is Ihe slow (rale-determining) step; and (4) finding any catalysis. This chapter desafea 1  
the methods used in this kind o f work.

Supposing you were asked what the mechanisms o f the n o t  two reactions might be This ш, 1 
rather different sort o f problem as you probably don’t recognize any o f these reagents and youprak- I  
ably cannot fit any of the reactions in to one o f the classes you have seen so far You prnKihtirdoa'l | 
even see at once which o f the three main classes o f mechanism you should use: ю те; p rncy ifc#  j

cr 1. R,*M 6z
There ace two types o f answer lo  ihe question: "What is the mechanism of this reac Щ— 

may do your besl lo  write a mechanism based on your understanding of organi. ‘  ( 
moving the electrons from nucleophiles lo  electrophiles, choosing sensible intern* 
arriving at the right products. You would not claim any authority for the resujVJl 
would hope, as an organic chemist, lo  produce one or more reasonable mechanism* 
is actually an csaential preliminary to answering the question in the second way— 
real, experimentally verified, mechanism for the reaction?* This chapter is about the 
o f



г
^tenn in ing reaction mechanisms—the Cannizzaro reaction

I Wiw do we know the m echanism  o f  a reaction? The s im p le  answer is tha t we d o n ’t fo r  certa in . 
S  ^  chem ists have to fa<e s itua tions  where the s tru c tu re  o f a co m p o u n d  is in i t ia l ly  th o u g h t to  be 

^ | t  Utcr corrected to  be so m e th in g  d iffe re n t. T h c  same 1» tru e  o f m echanum s I t  a the 
*** reofsciente that all w e can d o  is try  to  account fo r observa tions by  p ro p o s in g  theories. W e then 

theory by experiment jnd, w hen  the e xpenm en t does n o t f i t  the th e o ry , we m u st s ta rt again 

S fca n rw  theory. This is exactly the case w ith  m echanism s. W h e n  a new reac tion  is discovered, one 
I ore m echanism s are proposed; evidence is then sought fo r  and against these m echanism s u n til

*  emerge* as the best choice and th a t rem ains the accepted m echan ism  fo r the reac tion  u n t i l  fresh 
comes along that does no* f i t  Ihe  m echanism .

W e are going to look at one reaction , the C ann izza ro  reaction , an d  use th is  to  in tro d u c e  the d if-  
techniques used in  e lu c id a tin g  m echanism s so th a t you  w il l  be able to  apprecia te  the  d iffe re n t 

^ p f l u t i o n  each e xp e rim e n t b rings  to  lig h t and h o w  a ll the pieces f i t  toge ther lo  leave us w ith  a 
f r . u ., m echanism  U n d e r s tro n g ly  basic co n d itio n s , an a ldehvde w ith  n o  a  hydrogens undergoes 

J L o p o r l io n . i t ion 10 give h a ll a lcoho l and h a ll carboxyla te. D is p ro p o r t io n a tio n  means one h a ll o l 

the sample is oxidized b y  the  o th e r ha lf, w h ich  is its e lf reduced. In  th is  case, h a lf the aldehyde reduces 
thc o ther half to the p r im a ry  a lco h o l and  in  the  process is ox id ize d  to  the ca rboxy lic  acid. Before the 
discovery o f UAIH4 in 1946, th is  was one o f  the  few  re liab le ways to  reduce aldehydes and so was o f  

tome use in synthesis.

T ke mechanism we have d raw n  here is s lig h tly  d iffe re n t fro m  tha t in  C ha p te r 27 w here we showed 

thcd ian ion  as an intermediate. T he  tw o  reactions are re la ted b y  base catalysis as we shall see. N o w  fo r 
some o f  the evidence and som e o f  the  a lte rna tive  m echanism s th a t have been p roposed fo r  the 
Cannizzaro reaction. Most o f  these have been e lim in a te d , leav ing  ju s t the  ones yo u  have a lready m et. 
F tnaly. we will see that even these m echanism s d o  n o t exp la in  eve ry th in g  abso lu te ly .

Proposed mechanism A— a radica l mechanism
Early on i t  was thought that the hyd rogen transfe r m ig h t be ta k in g  place via  a rad ica l ch a in  reaction. 
If this were the case, th e n  the reac tion  shou ld  go  faster i f  rad ica l in it ia to rs  are added and it  shou ld  

slow down when radical in h ib ito rs  are added. W h e n  th is  was tr ie d , there  was n o  change in  the  rate, 
•0 this proposed mechanism was ru le d  o u t

Kinetic evidence fo r an io n ic  mechanism

2 ^ P * T » e c e  o f  evidence th a t m ust be accounted fo r is th c  rate law. For the reac tion  o fb e n za ld e  
hyd rox ide , the reac tion  is firs t o rd e r w ith  respect to  h y d ro x id e  ions and second order 

r<4 * i t  to  ben /a ldehyde  ( th ird -o rd e r  ove ra ll) .

« «  *  ^ IP h C H O p lH O - ]

t i ^ ^ T * 11* a,dehydes. such as fo rm a ldehyde and fu rfu ra l, the o rd e r w ith  respect to  the concentra  
j y ° r° X|de varies between one and tw o  d epend ing  on thc exact c o n d itio n s . In  h igh  concentra

*  *  fouith-order.
r* e s l4 |H C H 0 |?lH 0  |?

A t lo * .
«ncentrations o f  base it  is a m ix tu re  o f b o th  th ird  and fo u r th  o rd e r reactions. 

^ ^ - f c a l H C H o p i H O - j *  M H C H O )J |H O -p

avc»all o rd e r o f  reac tion  is th ird -  o r fo u r th  o rd e r, it  does n o t m ean th a t a ll the 
t id l id r  in  the ra t r -4 r tc m , im n g  . I r p  Y ou  wiv. in  < ЭмрСет < iH j '  the r j t r  

, 1 1  t h ,  j p t o j ,  , h j ,  Jrc in vo lve d  up to j n J  in . lu llin g  the r a lr  d r tc tm m in g  itc p

С Determ in ing reaction m echan ism s— the Canm w aro reaction 1081

c y
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Isotopic labelling
When the reaction is carried out in DjO instead o f in H 20  it  is found that there is are no с  [, . 
the products. This tells us that the hydrogen must come from the aldehyde and not from th j"

Д.- Д. Д. * д.
Proposed mechanism В— form ation  o f  an intennedil2e  d im eric  add tu t
A possible mechanism that fits all the experimental evidence so b r  involves nucleophile alta<4 
usual tetrahedral intermediate on another aldehyde to give an intermediate adduct. Thu 
could then form the products directly by hydride transfer. You may no) like the loo t of thu Ц 
but the mechanism was proposed and evidence is needed to disprove it.

Which rtq> would be rate-determining for this mechanism? It could not be step I since,If tbi» 
were the case, then the rate law would be first-order with respect to the aldehyde rather t» 
observed second-order relationship. Also, i f  the reaction is carried out in water labelled w ith  a 
18, the oxygen in the henraldchydc exchanges with the ,eO from the solvent much faster tl 
Cannizzaro reaction takes place. This can only be because o f a rapid equilibrium in step I and «
1 cannot be rate-determining.

■5*0 JU. Sp. —Д. • Л
So, for mechanism B. either step 2 or step 3 could be rate-determining—either case wootfRtto 

observed rate law. Step 2 is wn ila r to tfep I ; in  both cases an axymnion nudeophde atta. k> the «Ш- 

hyde. Since the equilibrium in step I is very rapid, it  is reasonable to suggest that the 
step 2 should also be rapid and thus that the hydride transfer in step 3 must be rate-de(erm iai^.lr 
mechanism В can fit the rate equation.

How can mechanism В be ruled out? One way is to change the attacking nudeopt f s  1 
Cannizzaro reaction works equally well i f  methoxide is used in a mixture o f methanol and 
mechanism В were correct, the reaction with methoxide would be as follows.

Ьеп/yl methjt etbef

Jbet

.h e r * '1

One o f the products would be different by this mechanism: benzyl methyl ether woui 
instead o f benzyl alcohol. None is observed experimentally. Under the conditions of the e*| 
benzyl methyl ether does not react to form benzyl alcohol, so it cannot be the case that 
formed but then reacts to form the products. Mechanism В can therefore be ruled out

Proposed mechanism С— form ation  o f an ester interm ediate
This mechanism is like mechanism В but the hydride transfer in the adduct formed >•> ^  
places O H " to form an esteT (benzyl benzoate) that is then hydrolysed to the product* ^
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lime bd d  to be the correct mechanism for the Cannizzaro reaction. One piece of evidence for 
° ° f  and at first glance a very good one. is that by cooling the reaction mixture and avoidmg excess 

lo ju c  benzyl benzoate could be isolated during the reaction. An important point u  that this 
^ L * \J |o t  mean that the ester must he an intermediale in the reaction— it might be formed at the end 

W*hc flection, for example. However, it docs mean that any mechanism we propose must be able to 
for iu  formation. For now though we want to try and establish whether the ester u  an inter 

^ u i t f r j t h e r  than a by-product in the Cannizzaro reaction.

_!!!!! I О *»3 Vй I *”*- "***"
tctrawdril M O TN M i  dwnertc sdduct products

An eariy objection to mechanism С was that the ester would not be hydrolysed fast enough. When 
юшеопг actually tried it under the conditions o f the experiment, they found that benzyl benzoate is 

ifW y  rapidly hydrolysed (the moral here is ‘don’t just think about it, try it!*). However, just because 
the ester could be hydrolysed, it still did not show that it actually was an intermediate in the reaction.
How this was eventually shown was rather clever. The argument goes like this. We can measure the 
rate constant for step 4 by seeing how quickly pure benzyl benzoate is hydrolysed to benzyl alcohol 
and benzoate under the same conditions as those o f the Cannizzaro reaction. We also know how 
quickly these products are formed during the Cannizzaro reaction itself. Since, i f  this mechanism is 
correct, the only way the products are formed is from this intermediate, it is possible to work out 
how much o f the intermediate ester must be present at any time to give the observed rate o f forma
tion of the products. I f  we can measure the amount o f ester that is actually present and it is signifi- 
cartdy less than that which we predict, then this cannot be the correct mechanism. It turned out that 
there was never enough ester present to account for the formation of the products in the Cannizzaro 
reaction and mechanism С could be ruled out.

The correct mechanism fo r the Cannizzaro reaction
The only mechanism that has not been ruled out and that appears to fit all the evidence is the one we 
have already given (p. 000). The fact that the rate law for this mechanism is overall third- and some 
times fourth-order depending on the aldehyde and the conditions can be explained by the involve
ment o f a second hydroxide ion deprotonating the tetrahedral intermediate to give a dianion. When 
twthoxide is used in a methanol/water mix, some methyl ester is formed. This does not stay around 
fcrlong—under the conditions o f the experiment it  is quickly hydrolysed to the carboxyiate.

—  X u -  x , J b
Ev«n t h is  m e d ia n  ism does not quite  fit  a l l  the evidence

* * * * *  «artier tha t w c can never prove a m echanism — o n ly  disprove it. U n fo rtuna te ly , just as the 'co r 

P * * c*U n isn i seems to  be found , there are some observations tha t make us do u b t th is mechanism. In  
^ ^ P ^ f t y o u  saw hosv 4 technique called d e U ro u  sp in  resonance ( fcSR) detects radicals and gives some 

about the ir structu re  W hen  the C annizzaro reaction was earned o u t w ith  Iwn/aJdetivde агк! 
o f  substituted ben/aldehydes in  an I.SR spectrometer, a radical was detected ho i е л -h aldehyde 

___ proved to  he identical to  that fo rm ed when the aldehyde was reduced using sodi
T h *  f id i -  _

£*"»■ '* * ,  f  _ " -H  „.® f
a * - * * * .  e______ -
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Our mechanism d o n  no* explain thu result but small amounts o f radicals are (or|n 1  
reactions in  which the products are actually formed by simple took processes. Detection «• 
in a reaction mixture d o e  not prove that й is an intermediate. Only a few chemists belicv 1 
cab. are involved in the Cannizzaro reaction. Most believe the mechanism we have givcn * ' ’** 4 4 . I

V aria tion  in  the structure o f the aldehyde
Before leavinj the Cannizzaro reaction. Uk*  at these rates o f reactions for aromatic aldeh

---------------------------- ------------------------------с

pmethytoe

• t M X

1

0 06

•tioo-c 1

ч т т я

««■n B

that read faster than unsub 
stituted benzaldehyde and 
those thal react more slowly.
Those thal go slower all have 
something in common— they 
all have substituents on the 
ring thal donate electrons.

We have already seen how 
substituents on a benzene ring 
affect the rate o f electrophilic 
substitution (Chapter 22).
Electron-donating groups such as MeO- and Me2N - dramatically speed up the rale at which an аг©.Ц 
matte ring is attacked by an elcctrophile. whereas dectron-withdrawing groups, p a rticu la rly^  
groups, slow the reaction down. The Cannizzaro reaction «no t taking place on the benzene 
but substituents on the ring still make their presence known. The tact that the Cannizzaro r
goes much slower with electron-donating groups and faster with electron-withdrawing groups« ______

that, for this reaction, rather than a positive charge developing as in the case o f electrophilic uibita* 1 
lion on an aromatic ring, there must be negative charge accumulating somewhere near the nng.Our 1  
mechanism has mono- and dunion intermediates that are stabilized by electron-withdraw g group. I  
Later in the chapter you will see a more quantitative treatment o f this variation of structure

The rest o f the chapter is devoted to discussions o f the methods we have bnefiy sun eyed lor * r  j 
Cannizzaro reaction with examples o f the use o f each method. We give examples of mam difkrctf | 
types o f reaction but we cannot give every type. You may re* assured that all of the п к^ Ь а п ш ч  j 
have so far discussed in this book have been verified (not, of course, proved) by these sorts of n

Be sure of the structure of the product
This seems a rather obvious point. However, there is a lot to be learned from the detailed struct! 
product and we will dttcuss checking which atom goes where as w d i as the tfcreochemutiv ol the Г * *  , 
uct. You w ill discover that it may be necessary to alter the structure o f the starting material in siihde-^ 
to make sure that we know exactly what happens to a l its atoms by the time it reaches the ptiKhMlJ 

Suppose you are studying the addition o f HCI to this alkene. You find that you get a gtn-d] 
a single adduct and you might be a bit surprised that you do not get a mixture ot the two 4 
adducts and wonder i f  there is some participation o f the ether oxygen or whether perhaps the 
enolizes during the reaction and controls the outcome.

6 A 6 - - 6 -
I f  you are cautious you might check on the structure o f the product before you suft 

istic investigation. The NMR spectrum tells you at once that the product is ne ither 0 ,1  
gestions. It contains a (C H ,) ,a  unit and can no longer have an eight-membertJ nn*



Be sure of the structure of the product

, has given a five-membered ring and a mechanistic investigation is hardly needed.
knowing what the product 1» allow» us to propote a mechanism A rearrangement has 

we could use the method suggested in Chapter 37, of numbering the atoms in the 
^ V U v ’ T jju icria l and finding them in ihe product. This l\  quite ea\y as only one numbering syMem 

l^ k ls s n r  sense.

щ )-Ь __-
f h i s  n u m b e rin g  suggests that the carbon skeleton us unaffected by the reaction, that protonation 
occurred at C5, that the ether oxygen has acted as an internal nucleophile across the nng at CA, 

tnd that the chloride ion has attacked C7. The mechanism is straightforward.

It may be disappointing to find that every step in this mechanism u> well known and that the reac 
non »  exactly what we ought to have expected with an eight-membered ring as these rings are 
famous for their transannular (across-ring) reactions to form 5/5 fused systems. However, it is good 
that a prolonged investigation is not necessary.

I#  Find out for sutc uh .it the structure o f the product is before you start a 
Щ mechanistic investigation.

A more subtle distinction occurred in a study o f  thc bromination of alkynes. Bromination of ben 
zylattcynes in acetic acid gave the products of addition of one molecule o f bromine— the 1,2 -dibro 
moairrnes The reaction was successful with a variety o f porn substituents and there seems at first to 

| be во special interest in the structure o f the products.

m : X ■ OMe or CF«

- P ° * <r  investigation revealed an extraordinary difference between them, not л  all obvious from 
e«f NMR spectra the compound from X OMe was the /  dibromoalkene from <is addition of 

'while the product from X = CF3 was thc F-alkene from /runs addition What mechanism 
«P**in this difference?

Цг ** niore easily explained it u the result of formation of a bromonium ion. «mi
t l*  10 ̂  normal mechanism for the bromination of alkenes Bromine adds from one side of
* 4 »  bromide ion must necessarily form the F-dibromo product regardless of which

1085
.......... .
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JCT* - jO >
So why docs the p-MtO- compound behave differently? It cannot react by the 

and a reasonable explanation is that the much more eiectrof-d o n a tin g  ring р а т и ****  
tion to give a carbocyclic three-membered ring intermediate that is attacked in an 
the Z-alkene. Both intermediates are three-me«nber«d nng cations and both arc . . . - - J t * * * 1 
sion but the ̂ -M eO- compound undergoes double inversion by participation of th * * * *

JS
J 5 V H T ■ ^С :.Д  С

■I the fa te  o f  in d iv id u a l atoms
_Л___ __________ .

Labelling experiments reveal the Cate o f ind iv idua l
It often happens that the atoms in starting material and product cannot be correlated 
distinction being made by isotopic labelling. The isomerization of Z-1 -phenylhutadie nr to the F du^ j 
add looks like a simple reaction. Protonation of the Z-alkene would give a stabilize»*. teaondvy Я
cation that should last long enough to rotate. I ots o f the proton would then give the more a i *

a t ' = o \ = = о Я
However, reaction with D* in  I>jO reveals that this mechanism is incorrect. The prodi 

substantial amounts o f deuterium at C4, not at C2 as predicted by the proposed I 
Protonation must occur at the end o f the conjugated system to produce the more 'table с 
cation, which rotates about the same bond and loses H  or D from C4 to give the predict М ая! 
than D w ill be lost, partly because there are two Hs and only one D, but also because Ы the ЫтЩ  
isotope effect, o f which more later.

Tritium and l4C are 0 emttars— 
they g ve ort electrons— 
h a * * * »  of 12 ard over 5000 
years, respectively. Tritium i t  
made on a law? scale by neutron 
Irradiation of *U  In a nuclear

The easiest labebto use for this job arcD for 11. ,SC  and ,eO. None of these is radi 
be found by mass spectrometry, while D and ,3C can be found by NMR. Old work on 
used radioactive tracers such asT (tritium ) for I I  and ,4C. These are isotopes of 
having extra neutrons. They are. o f course, more dangerous to use but they can at• •«••на « i n  ireuuu itt. т е г  a*c, u j lo u iic ,  more aangerous to u»e nui inev и н
fo u n d  The m l  d isadvantage is th a l, to  d is to v e r e x a a lv  w Kcrc t l i r v  j i r  m lli<- |ч .*1и .1. lh« И в Ц

m u s l he degraded in  a k n o w n  fa sh ion  T h e K  la d io a it iv e  isotopes a l t  n«.l m - .h
‘ . . . « . , ! * • *  Iin determining biologital mechanisms M  you «rill see in Chapters <9-51 Tht lirst <■' id r t f f  • •  

ryne as th t intermediate in th t reaction o f chlorobtrutne with N H 2 camt from raduu-n*»1

I

* . « c

rCX-CX
‘-ОГ-СС

Be sure of the structure of the product 1087

fa a n  in te rm ed ia te , the  p ro d u c t sh o u ld  have 50*4» labe l a t C l  and  S0%  at th e  tw o  id e n ti 
Yhe labelled a n ilin e  w a* degraded by the reactions show n here, w h ic h  y o u  m ust 

^  0/ Ф ° с Л - f  w o rk for the chem uts  concerned. Fach p o te n tia lly  labelled carbon a lo m  had to  b« 
j ^ e e * * * *  ^ iy  other labe lled a to m  and the ra d io a c tiv ity  m easured. W e shall fo llo w  ih e  fate o f  the 

f *  |л т 1  w ith  black and green spots. Since the tw o  ortho  po s itio n s  jr e  id e n tica l, w c  m ust 

t b t *

- ----------- ------  Mno, ф ф OwtKis

rt ius reaction ia  Chapter 40 -but the oxidation o f the diamrne to the dicarboxyiic acid is 0» «  «1 *
p ro c e d u re  and is not recommended AD the label came out in the GOj and almost 2 2 !g a S io « i^ eyoemm

*** *  . К . j  ш шжл from the black and half from the green labelled carbons This was the original * •  few»-*
JoKf «hat caavitwed organic chemuts in 1953 that benryne wa» involved in th< reaction The M i - « r r *1 "ПУ*!*

2 g jiip fe *e n ird  iaCkapter 23 is more modern. * ^ v a enur r « « » iBCba».4i.

The value o f  double labelling experiments
AadtoVther more modern approach to a labelling study was used in the surprising rearrangement of 
al l ^ V pa(W m acidic solution. The structure o f the product suggests a CO jH migration as the most 
Ifeely mechanism This mechanisra resembles closely the cationic rearrangements o f Oiapter 37.

■ Г  - Л  СО.И — ^

Received wisdom (Chapter 37) objects that the best migrating group in cationic rearrangements
I is the one best able to bear a positive charge, so that the more familiar Ph and Me migrations ought 

to be preferred and that a more elaborate mechanism should be sought. Such a mechanism can be 
шЛЛт it  involves two methyl migrations and one phenyl migration and is acceptable.

■аЯВ* D lfthanisim can be tested by finding out whether the CO jH group remains attached to its 
Posit ion »r becomes attached to the other carbon in the skeleton o f the molecule. This can 

^ ■ • • b y  double labelling. If a compound is prepared with two ,3C labels, one on the CO jH  group 
^ ^ ^ ■ 1  one on the benzytic carbon, the NMR spectrum of the product will show whai has hap- 
’ '  P jk -^ tfce tw a 1̂  label* end up nest to each other with a coupling «.mutant “  711 la. Ii 

■•CD^H group that has migrated

f-̂ srV]
•  - to c  e < N ) H  L j

1does the CO jH group migrate’ It does so not because it is a good migrating group
I tenW y aiua* <annot **eer 10 be left behind. The rearranged cation from CO^I I migration is a stable 

cation. The ration from Me migration is a very unstable cation with the posinve charge

Thu # y *  Of бо>АШ iab*a»aw*e» н
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next to the C 0 2H group. Such cations are unknown as the carbonyl group is very c| 
drawing. Received wisdom needs to be amended. '

‘Crossover’ experiments
There is still one tiny doubt. Supposing the reaction is not intramolecular at all, bui ,,
The C O jH  group might he lost from one molecule as protonated C 0 2 and be picked  
molecule o f alkene. No migration would be involved at all. UP by*

A«.

This mechanism can be checked by using a 50:50 mixture o f doubly labelled and unlabc. 
ing material The molecule o f alkene that captures the roving protonated labelled Г О . т|7ГД 
to be labelled too but equally well it might be unlabelled. I f  this last mechanism is correct *  
get a mixture o f unlabelled. singly labelled, and doubly labelled product in the ratio 1:2 I ^  
two types o f singly labelled product. The two singly labelled compounds are called the с 
products and Ihe experiment is called a crossover experiment as it discovers whether 
one molecule cross over to another.

«• И. W, n.

HOlC' | /

MlltyllC sulfides

o ^ °
This is formally a [131 sigmatropic shift o f sulfur (Chapter 36) but that is an unlikelv 

and a crossover experiment was carried out in which the two molecules had either two ph 
or two рага-иЛу\ groups.

The mixture was allowed to rearrange in daylight and the products were examined bv тпШЩШ 
troscopy. There was a roughly 1:2:l mixture o f products having two phenyl groups, on р Ь я р И  
one /4ifi*-lolyl group, and two furu-tolyl groups. The diagram shows ihe starting nu lfn * j H  
two crossover products only.

In fact, no singly labelled compounds were found: NMR analysis showed that the product J  
ed entirely o f unlabelled or doubly labelled molecules. The COaH group remains attached t. 
molecule (though not to the same atom) and the first mechanism is correct Crossover r 
demand some sort o f double Labelling, which does not have lo  be isotopic. An cia.nffcd 
crossover products arc observed is thc light initiated isomerization o f allylic sulfides.



Systematic structural variation

hkdy 
amount of

( |k  ArS group had becom e separated from the rest of the molecule and the most 
was •  radical chain reaction (Chapter 39) with the light producing a m u ll amen 

the chain. The para- methyl group acts as a label. The whole system u  m equilibrium

^  £ ■ * •  h« h|i' •uh*n iu" d jk c ,K  “ л *

r  r-t*- 4
S y s tem a t ic  structural variation
fa tku la* example, the hope » that the /мы methyl group will have too weak an electronic or stem 
.  .  4 |n any cate w ill be too far away to affect the outcome. It is intended to make nearly as slight 
jp n p  m structure as an isotopu label Many structural investigations have exactly the oppo 

Some systematic change is made in the structure of the molecule in the expectation of a 
change m rate. A faster or slower reaction will lead to some definite conclusion about the 

distribution in the transition state.
A ly lic  c o m pounds  can read efficiently with nucleophiles by either the SNI or SN? mechanisms

(Chapter 17) «s in these two examples.

The carbon skeleton is the same in both reactions but the leaving groups and the nucleophiles are 
different. These reaction might both go by S* 1 or S*2 or one might go by Sn I and the other by S^2. 
Oneway to find out is to make a large change in the electronic nature of the carbon skeleton and see 
what happens to the rate o f each reaction. In these experiments one of the methyl groups was 
changed fur a CF3 group— exchanging a weakly electron-donating group for a strongly electron - 
withdrawing group. I f  a cation is an intermediate, as in the Sn 1 reaction, the fluonnated compound 
wS react much more sluwty. Here is the result in the first case.

ЯМ М  >«• •  CO KlatM n u  .  1 «  » 1 0 *

T t*  fluonnated compound reacts half j  million times more slowly so thu looks very much like an 
У  — ibanam The dew step in an Ss I mechanism is the formation of a carbocation so any group 
^■КшаЫЬ/сл ilie positive charge would have (and evidently does have) a large eflect on the rate. 
<̂ г*Ьо» of several powers of ten are worth noticing and a rate ratio of nearly I (Г6 is considerable, 
■•second case the rate difference is much less.

^ S ^ 4'c' ̂  F.C^V^c, fjC
* * * * *  •  1.0 relative rat* .  11.0

A rat
^ t t rh u  Га1Ю ** *  ПО< Horth noticing The point is not that the fluonnated compound reacts 
4 * * * tW°  compounds react at about the same rate This strongly suggests that no charge
и .^ц  *  *b« transition state and an S *l mechanism is n«H possible The Sn2 mechanism 

'• ith  its concerted bond formation and bond breaking requiring no 1 barge on the
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Lou* P. H n w M  11Ю4-1МП

and at CeMntM Unrve-vty И 1*35 
de<u*d the H«mmetf e-p relationship. 
The i

Sм2 tfanwtion state

The CF, group works well here as a mechanistic probe because it is he ld  well o u t o f к  J  
reaction site by a rigid я system but is connected electronical^by th a t u n i t  al|y1it r  w*T o f^  [ 
effects should be minimized and electronic effect» dearly seen. This approach  is 
the small number o f groups having properties l ik t  those o f the CFj g ro u p  and the sm 4
reactions having such favourable carbon skeletons. We will now present the  most
correlation between structure and reactivity.

■m portJ

The Hammett relationship
What we would ideally like to do is find a way to quantify thc effects that electron d o n a t,n g ||H  
drawing group* have on the transition state or intermediate during the course of a reaction. 
then give us an idea o f what the transition state is really like. The first question i$; uin 
exactly how efficient a given group is at donating or withdrawing electrons? Hammett (,ю к|Ь *!!уЯ  
trary decision to use the pAT, o f an acid as a guide. For example, the rate o f hydrolysis nf vters n 3  
well correlate with the pAfa o f the corresponding add.

Л т Л  Л.-5-Л I
it on R is nM ch in itle  probe

И *
reaction to be investigated

When Hammett plotted the rates o f ethyl ester hydrolyses (as log к since pК л has a log kale) 
against thc pKas o f the corresponding acids, the initial results were not very encouraging us there «■ 
a random scatter o f points over the whole graph.

© O

P*C0j£t)

О ©

рНщ ol RCOjH

Hammett had used some aliphatic acids (substituted acetic adds) and some 
(substituted benzoic acids) and he noticed that many o f the points towards the top  *’* 
belonged to  the substituted acetic acids. Removing them (brown points) m ade the g ^ r 1 
He then noticed that thc remaining aromatic compounds were in two classes: thc orth  -  
esters reacted more slowly than their met*- and para-isomers and came tow ards  the 
graph (orange points). Removing them made the graph quite good ( remaining green pom
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к  was not a perfect correlation b u t H a m m e tt had rem ove J  the c u m p le s  w here s te m  h ind ra n ce  
Im p o rta n t. Aliphatic co m p o u n d * can adop t a va rie ty  o f  c o n fo rm a tio n s  (C h a p te r 18) and the 

ggbujtucnt in some of them w il l  in te rfe re  w ith  the reaction . S im ila rly , in  i> rf#io-substituted a rom atic  
fP g ^ to u m b  the nearby su b s titu e n t m ig h t exert steric h in d ra n ce  o n  ih e  reaction . O n ly  w ith  rrtefu 
^ M r t f - M ib t t i t u te d  co m p o u n d s  wa.% the substituen t held ou t o f  the way. on  a r ig id  fra m e w o rk , and 

и Е р с и м *  communication w ith  the  reaction  site th ro u g h  the  fla t b u t con?ugated b en /ene  n n g  

The diagram * show the p a r *  su b s tituen t.

N***e that the straight line is n o t perfect. T h is  g raph is an in v e n tio n  o f  the h um an  m in d  It  is a 

В | |И between things that are n o t d u e c tly  related. I f  you de te rm in e  a rate constant by p lo tt in g  
function o f concentration against t im e  and get an im p e rfe c t stra igh t line , tha t is v iw r  fau lt 

ih S J L T * 1 ^U V fn  1 <*o re  vu u r m easurem ents care fu lly  enough I t  you  make a H a m m e tt p lo t and 
^  not on a straight lin e  (a n d  they w o n ’t be) then  th a t is n o t v o u r fau lt The  p o in ts  rea lly

«perfectly straight line . As you w il l  see soon, th is  does n o t m atte r. W e ne rd  to  1»н>к at the 
correlation in more deta il

H a m m ett s u b u it
glancr

ucnt constant О

•  you ptot a graph to correlate tha 
number of miles travelled by 
jumbo jet against the percentage 
of births outside of manage over 
the twentieth century you wt* get 
e sort of straight line This does 
not vnply •  dwect causative bnk!

»t the  p l^ s  o f  som e subs titu ted  benzo ic  acids w il l  show  ho w  w e ll they  corre la te  
^ ■ [ * l w , 0 n  w ith  p Кщ. T he  subs tituen ts  at the  to p  o f  the  tab le  are e lec tron  d o n a tin g  and 

l | j ,  ^  *•»* benzo ic  acids are c o rre sp o n d in g ly  less stable so these are the weakest a o d *  A t
* f  the tab le we have the e le ilro n  w ith d ra w in g  groups, w h ich  stabilize the a n io n  and
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►
You carrnot push arrows from the 
negative charge or the 
carbonate « to the rwg. Try 4.

-P * ’
strong conjugation 

Into cm b o n f  (roup 
large negative « ,

conjugation into ffrtg 
not carbonyl r<M> 

balances week effect
Of rtactronagatMe f t 

lero negative л*

41 • Determining reaction mechanisms

make the acid stronger. The whole range is 
not that great, only one pH unit or so, because 
the carboxylate anion is not conjugated with 
the ring.

Hammett decided not to use the pK*s 
themselves for his correlation but defined 
a new parameter, which he called O. This 
О shows how electron-donating or -w ith
drawing a group is relative to H as a ratio o f 
the logA^s or the difference o f the pK*s 
between the substituent and bcnzoic acid V ® 
itself. I f  the acid required lo  determine О for Br 
a new substituent was not available. О could 
be determined by correlation with other 
reactions. Here are the equations and the table 
o f О values for the most important sub
stituents. A different value o f О for any given 
substituent was needed for the mrta and the 
para positions and these are called Om and Op.

4.49
4.37

4.20

К
NH,
OCH3

CHj 

H

r  

I •. >9
3.98

Br 3.97

COjCHj 3 75

СОСИ, 3.71

CM 3.53

NO, 343

M <V t4coo*
4.83

С

»*XC-
4.30 
4-09 

4 .3 *

4.30 

3*6 
J45 

3 8 3  

3.80 

3 8 7  

3.83 

3 5 8  

3 4 7

-р Л в(Х-СвН4С00Н)

You need a general idea as to what a О 
value means. I f  о  ■ 0 the substituent has 
no effect: it  is electronically the same as II.  
I f  О is positive, the substituent is electron - 
withdrawing. This is unfortunate perhaps, 
but just remember that the comparison is 
with acid strength. Positive О means a 
stronger add so the substituent is electron 
withdrawing. The more positive the charge 
induced on the ring by a substituent, the 
larger its О value. Negative О means weaker 
add and electron donation. Inductive effects 
from polarization o f в  bonds are greater for 
Om than for Op because the substituent is

Conjugation is generally more effective m 
the /юга position (see Chapter 22) so 0p > 0 n  
for conjugating substituents. Indeed, the N H j 
group has a large negative Op and a zero Cn . 
The N H j group donates electrons strongly to 
the carbonyl group o f benzoic acid from the 
para position but does not conjugate in the 
meta position where its donation happens 
just to balance the effect o f electronegative 
nitrogen.

The OMe group has a negative e p but a 
positive Om because a weaker electron dona 
tion from the lone pairs is more important in 
the para position but the effect o f very elec-

X в» От
NH, -0.83 0.00

ОСИ, -0.39 a n

с и , -0.17 -0.08

и 0.00 ООО

f 0.05 0.34

I 0.23 0.35

a 0.22 0.37

Br 0.23 0.40

CXbCH, 0.45 0.33

COCH, 0.49 а з7

CM 0.87 0.82

N0, 0.77 0.73

ortho subs' 1 x-nts

>r . M x t i  |

that
have
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on the 0  framework o f the ring in the meru position is more important than lone 
***Jbai doesn't reach the carbonyl group. You do not need to leam any о  values but you 

^ ^ Г - о е к  ou. the srgr of о (о, well known suUtrtuents and estimate a rough value. 
■ P *  . . .  л

2 J

3.0 !\

 ̂LO pG- fr^Ct

a s
IM M .•

-0 .6  -О Л  -0  2 О ,  0  2 0.4 0.6 0.1

Г.ОМ. -1 Л

•** rsdM nt. p . » 2.6

- M

►  G e tting  to  g r ip *  «Hth lo«s

of «log units mean* the values 
actually differ by a factor of 10*. 
From the papn for the hydrofysu 
of eth^ benzoates we can see 
thal the pHO? banjoate 

K ri|M i some 102 bract 
faster than the unsubstttuled 
ben/oate. while the pNH2 
ben/oate hydrolyses some 107

Hammett chose e (Greek a) for 
subsMuont and p (Qreek r) for

j

SSS ■ € > “ ’
1b , H « " m r t f r e * c , io n c o ,, ‘ U n lp
■ return to our rc«c-

^ J k a b n e h y d n * » , » .
~  Mw  and /чи м и Ь л - 

jed  ethyl bcMOrtes. The rate 
Z Jb *% fne A it lecoed-order 
' ъоп  have been measured 

dwwn here й a graph o f log 

* > »  «• » * • "  »* "
,h< rale contfant for the reac- 
tlon with the substituted ben- 
joeu and t j i  i* *hat for the 
unwbaiiluicd reaction (X *  H).

We can «ее straight away 
that there «* a food correlation 
between how fait the reaction 
gnes and the value o f 0; in other
words, the points lie more or lest on a straight line. The gradient o f this best (it line, given the symbol 
p (rho), tells us how sensitive the reaction is to substituent effects in comparison with the ionization of 
benzoic acids. The pad tent is p *  ♦ 2.6. This tells us that the reaction responds to substituent с fleets in 
the umc way (because it i t  ♦) as the ionization o f benzoic acids but by much more ( I01 6 tunes more) 
because it it  2.6 instead of I jO. We already know what the mechanism o f this reaction is

• a t -  *cA
The first step is quite like the ionization of benzoic acid. A negative charge is appearing on the carbonyl 

•Ч Б »  atom and that negative charge will be stabilized by electron-withdrawing X groups. Provided that 
(belm  *tep is rate-determining, a positive p is fine. We cannot say much as yet about the value aa we are 
пвиИ ,,пв a reaction rate (for the hydrolysis) with an equilibrium position (for the ionization). It will 
Ьф you a peat deal if  you think of puuttvr p value* as meaning an mtm ur in electron density near to or 

the benzene ring. They may mean the appearance of a negative charge hut they may not We need now 
** *on*  other reactions to get a grasp of the meaning of the value o f the Hammett p.

•  The Hammett reaction constant p  measures the  s em lt tv t t y  of the reaction 
to  electronic effects.

[  A positive  p  value means m ore  electrons in  the trans ition  state than in the 
* * r t in g  material

•  A nega tive p value means f ew e r  electrons in  the transition state than in  the 
* * r t ia g  material
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E qu ilib ria  w ith  positive H am m ett p values
We can compare these directly with the ionization o f benzoic acids. I f  we simply move ihe. 
acid away from the ring, the p value for ionization gets less. This is just the effect o f  a m o r ?  
substituent. When there arc two saturated carbons between the benzene ring and the ca rboy  
there is almost no effect. When wc arc using the aromatic ring as a probe for a reaction n 
must be placed not too far away from the reaction centre. However, i f  we restore electronic cm 
nications with a double bond, p goes bock up again to a useful value.

. £ r ° ~
p •  1.0 (by deftnaion) p -0 .5

I f  the negative charge on the anion can actually be ddocalizcd round the ring , jn with 
stituted phenols, we should expect the size o f p to increase. Both the phenol and the Щ ~  
delocalized but it is more important for the anion. The effect is larger for thc io n iza tio n  o f ad 
salts as the acid (ArNH$) docs not have a delocalized lone pair but the con juga te  base (Ar 
does.

-c r= *c f
Reactions w ith  positive H am m ett p  values
Any reaction that involves nudcophilic attack on a carbonyl group as the la te-determ ine 
going to have a p value o f about 2-3, the same as for the hydrolysis o f esters that wc have 
seen. Examples include the W ittig reaction o f stabilized ylids (Chapters 14 and 31) Th‘,ur  
some dispute over the exact mechanism o f the W ittig reaction, the p value o f 2.7 strong* 
that nudeophilk attack on the aldehyde by the ylid is involved with stabilized y l ‘»b J"** 

aldehydes at least. In addition, there is a small variation o f rate with thc aryl group t>”  Г1 
Ar 3  р-МеОСдН4 thc reaction goes about six Umes faster than if  Ar =  ^ - Q Q H * .  These Hr 
long way from the reaction site but electron donation would be expected to a c ce le ra te  ibe  

of electrons from the ylid.
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w >
-p jilivc  p value* usually indicate extra electrons in the transition stale delocalized into the 

У у ,  д example is nudcophilic aromatic substitution by the additiorv-dimination
ne*  ^  (Chapter 23). The p value it  +4.9, but even this Urge value docs not mean a complete 

|h f benzene n n f as the mtro group, present in all cases, takes most of the negative charge 
^jjjujbstituent X merely helps.

We gel the fall value when there are no mtro groups to take the brunt of the negative charge This 
vinylic substitution (an unusual reaction!) has a p value o f ♦9.0. It cannot be an Sh2 reaction or it 
would have a m u ll p value and it cannot be an S^l reaction or it would have a negative p value 
(fewer electrons in thc transition state). It must be an addition-climination mechanism through a 
benzyh* anion deiocalizrd round both benzene rings.

I X  *ви° н L  p •  ♦ e.o z  L

Reactions with negative Ham m ett p values
Negative p values mean electrons flowing away from the nng. A useful example is the S^2 displace 
went i f  iodide from Btf by phenoxide anions. This has a p value of exactly -1.0 Though the transi 
tiun «ate has a negative charge, that charge is decreasing on the aromatic ring as the starting material 
■pproaches the transition state

negative charge
'« Л  rtnc drtoeatjed nund nr*

^ AnSjii rcaaion on the carbon atom next to the ring has a large negative p value In this example.
 ̂ *ybenzylk cation is the intermediate and the rate determining step u. of course, the torrna 

^  *ne cation. Theiation u next to the nng hut dcl«4jlurd round il and th< p value is 4 S. aKnii 
value, though negative, as that fm  the nude<»philic substitution «*n nitrobenzene» by the 

minjtion mechanism that wc saw in the last section.

1095
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The largest negative p values come from electrophilic aromatic substitution (Chaptci 22 J 
the electrons o f the ring are used in the reaction leaving a positive charge on the ring itSf 
intermediate. Some o f this charge is already there in the transition state. Negative p v*|u„  m ^  
turns flowing out o f the ring. This simple nitration has p *  -  6.4 and p values for elect 1 
matic substitution are usually in the range -5  to -9.

R u c t io iu  w ith  small Ham m ett p values
Small Hammett p value» true ia three way». The aromatic ring being used as a probe for tht m ,,t_ t 
nism may simply be too tar away for the result to be upiifKaffl. This trivial case of the alkaline 
ysis of the 3-aryl propionate ester has a p value of H>i and it •  surprising that i l  is even that l j rfc

The second case is the informative one where the reaction is not dependent on electrons ' „ ™  
into or out o f the nng. Pericyclic reactions are important examples and the Diels-Alder reactioa3 
arylbutadicncs with malck anhydride shows a small negative p value o f -0.6. The small value is 
sistent with a mechanism not involving charge accumulation or dispersal but the sign u  inter<
We explained this type o f Diels- 
Alder reaction in Chapter 35 by 
using the I Ю МО o f the diene and 
the I.UMO o f the dienophile The 
negative sign o f p, small though it 
is, supports this view.

The third case is in many ways the moat interesting We have seen that the alkaline hydrolyi 
ethyl esters o f benzoic acids (ArCOzEt) has a p value of and that this is a reasonable value lor a 
reaction involving nudeophilic attack on a carbonyl group conjugated with the aromatic ring TV 
hydrolysis o f  the same esters in add solution, which also involves nudeophilic attack on the u M  
carbonyl group, has a p value o f  ♦«.!. In other w o rt, all these eaters hydrolyse at the same r jie li 
add solution. Ndther o f the previous explanations will do We need to see the full mechanise* 
explain this remarkable result.

 ̂сг* _  г сг _ V J'
1  a / J 4 »  * r » r  A r ^ ^ a e  Й Ю ) M l  к

Steps 1.3. and 5 cannot be slow as they are just proton transfers between oxygen a to rrn  (C  
13). That leaves only steps 2 and 4 as p*naiMe rate-determining stepa. The himolecular addif"1 
the weak nucleophile water to the low concentration of protonated ester (step 2) is the most д 
live candidate, as step 4— the unimolecular loss of ethanol and re-formation o f ihe  carl, 
group— should be fast. What p value would be expected for the reaction i f  step 2 were the rate- 
mining вер» It would be made up o f  two parts. There would be an equilibrium p value fo r  the Г 
nation and a reaction p value for the addition of water. Step I involves dectrons flowing out 
molecule and step 2 involves electrons flowing in so the p values for these two steps wouW ^  
opposite charges. We know that the p value for step 2 would be about <-2.5 and a value of jbout 
for the equilibrium protonation is reasonable. This it indeed the explanation: step 2 is the ra t* '
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jL jm f  gup  and the p value for step* I and 2 almost cancel cach other out. All steps before the rate- 
jetern«n,,1P S,CP ar( present in the rate equation and also affect the Hammett p value.

Ф The m ean ing  of Hammett p values

This then is the fu ll p icture. You should not, o f course, learn these numbers bu t you need an idea o f  roughly what 
cach group o f values means. You should see now why it is unim portant whether the Hammett correlation gives a 
good straight line  o r n o t  We just want to  know whether p is t o r -  and whether it  is, say, 3 o r  6. I t  is meaningless to 
debate the significance o f  a r  value o f  3.4 as d istinct from  one o f 3.8.

'■ -5 -a -a - j  -1 о «1 *2 *4 +ь »e

otecfrww lie* out of TS
wnjl

1 ar too *ar sway
2. He HtdNn 
S. Two | » i j M  с wv*»

electrons How Into T8 n r*  ' w  г*«цг 
negatne charge mm *ng or rord

loss of солмрооп >4

Using the H am m ett p values to  discover mechanisms
Bactrophilu attack on alkenes by bromine often g»>es through three membered ring cyclic bromoni- 
um ions and we can sometimes tell that this is so by studying the stereochemistry Here are two reac
tions o f styrenes that look very similar—a reaction with bromine and one with PhSCl. With no 
further information, we might be tempted to assume that they both go by the same mechanism. 
However, the Hammett p values for the two reactions are rather different.

The p value for bromination is definitely in the large’ range and can only mean that a positive 
charge is formed that is delocalired round the bemene ring. Rromine evidently does not form a 
bromonium ion with these alkenes but prefers to form a secondary benryhc cation instead.

► 0 ^ a rir
The sulfenybtion on the other hand, has a moderate negative p value No cation is formed thal is 

^«localiied round the ring, but electrons flow out of the ring and we suspect some loss o f conjuga 
*»<»• All this tits well with the formation of a three-meml*ered ring intermediate From experiments 
Ute this we learn that PhSCJ is much more likely than bromine to read klereospecifically with alkenes 
through cyclic cation intermediates.

с p icture  o f the transition  state from  Hammett plots
■ ^ ■ ^ in fo rm a tio n  can be gained on  the m echanum  o f  the reaction i f  tw o  separate experim ents can be 
С  0111 w «h the m echanutic  p robe inserted at tw o  d iffe ren t sites on  tbe reagents If  we are s tudy ing  a 

^ b e t w e e n  a nucleoph ile  and  an electrophile , it  m ay be possible to  make H a m m e tt pk> ti fro m  the 
of substituent \  t in  b o th  reagent» The a e ra tio n  o f  am ines w ith  acid ch lorides u, an example

Chapit# ?0 #w e • M  deec*p#on o#

cNendee m C h ^ w  «4.
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I f  we vary the structure o f the acid chloride we get a p value o f ♦ 1.2, suitably fQ 
attack on the carbonyl group. I f  we vary the amine we get a p value o f -3.2, j ^ ln t ° f 
trons that were conjugated round the ring moving away to fo r»  a new bond The 4T  ' ^  
correct but the rate depends on the nudeophilicity o f the amine 100 times more л " * 1 1ПН | |  
trophilicity o f the add chloride.

N onlinear H am m ett plots
I f  we look at the hydrolysis o f the acid chloride*, o f benzoic acids in aqueous acet<*ne. wc sec a very o4i 
Hammett plot indeed. You know that Hammett plots need not be perfectly linear IhjI this on r e c k a f  
ly made up of two intersecting straight line». This might look like disaster at first but. in fact, h giw* *  
extra information. The right-hand part o f the curve, for the more electron-withdrawi it»sOtu«allB 
has a slope o f +2£: just what we should expect for rate determining attack o f water on the сагЬо^И 
group. As we go to less electron withdrawing substituents, the rate of the reaction suddenly '•  
increase as we paw the /w u -c M o ro  («impound and the left-hand part o f the curve h*> л

A H,o
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this me*«? I f  the rea c tio n  becom es faste r as wc pass th c  d is c o n tin u ity  in  th c  curve— and 
Wb*1 we go  fro m  n g h t to  le ft o r  le ft to  r ig h t there  m ust be a changc m  m echan ism .

be tw een tw o  m echanism s, th c  faster o f  the tw o  w il l  operate. M echan ism  I is  th c  
n u J e o p h iltc  a ttack by  water on  th c  ca rbony l g ro u p

TIk  new mechanism goes faster fo r  m ore  e le c tro n -d o n a tin g  subs tituen ts  and has q u ite  a large 
value suggesting the fo rm a tio n  of a carton in  thc rate d e te rm in in g  step This m echanism  

(л и 1 и — ~  21 must surely be the I like  process o f  p re lim in a ry  fo rm a tio n  o f  an a c y liu m  io n  by 

locsafdrionde ion.

“S "  st -  i  -  I
|  A r ^ V ^  OHa k S ^ O H ,  A r ^ O M

When the Hammett plot bends the o th e r way, so tha t the  rate o f  the reac tion  decieases as it 

passes the diicontinuity. w e have a s ing le m echan ism  w ith  a change in  ra te -d e te rm in in g  step. A reac
tion foes by thc fastest possib le  m echan ism  b u t its  rate is l im ite d  b y  the slowest o f  th c  steps in  
H M a tc h a n u m . An example is the in tra m o le c u la r F r ie d e l-C ra fts  a lk y la tio n  o f  a d ip h e n y l deriva  
trie where thc alkylating agent is a d ia ry lm e th a n o l a ttached to  one  o f  the benzene nngs in the ortho  
poabon.

« f r t i l i tC* , *K>Cal'0 n  in lfrn ie < *u , f  ,n  ***« F rie d e l-C ra fts  reac tion  (C hap te r 22) is ra the r stable, be ing 
benzyiic. and the fo rm a tio n  o f  the ca tio n , n o rm a lly  the  rate d e te rm in in g  step, w ith  

negative p va lue , goes taster and faster as the e le c tro n -d o n a tin g  pow er o f  the substituen ts  
tigg un,i  it is Cuter than the c y d iz a tio n  w h ich  becomes th c  rate d e te rm in in g  step. 1Ъе c y d i/a -

o , lT P <*fCtr0fU b * *  into the  ca rb o ca tio n  and has a pos itive  p  value. As the tw o  steps have moce 
b » -i. e reyer*e electron f lo w  to  and fro m  the same ca rbon  a to m , it  ls reasonable fo r the s i/e  o f p to  

^® *t thc same but o f o p pos ite  sign.

1099
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Q-OIQ-O=S=Ŝ)— X' '-J
mM M M i  aubetftuento

I •  A reaction occurs by the faster o f two possible mcchanisms hut by th ■
J two possible rate-determ ining steps. * l)y"cr«j

We shall see more examples o f Hammett p values used in conjunction w ith  o t h e r ^ ^ ^ H  
chapter develops but now it is time to look at what other evidence is ava ila h lr ^ ^ ^ e

Other kinetic evidence
The kine tic deuterium  isotope effect

The kinetic isotope effect was introduced in Chapter 19. I f  a bond to d e u te riu m  is ■__ I

Other -met* isotooe effect. mm *" ***  r* l« drt" m,n,n« o f * reaction, the deuterated compound w.|| reac, m 
known but they are very amafcO * *  * (<к1ог Ы 4boul 2~7- 11,14 k P ^ c M f  valuable when C -H  bond, „г 
•» tMca n  heavy n  H but ‘ *C broken. In Chapter 22 we told you that the rate determining step in the nitration , ^тпцГ Д
on*yt»#«0yh#**erth«n t2C. attack of the eleitrophile on the benzene nng. This is easily verified by replacing th<

round the benzene ring with deuteriums. The rale o f the reaction stays the same

r»o C-н funnel i f  N<+«*

I f  the second step, which does involve the breaking o f a C -H  b o n d , were the rtfe-delovA^| 
step it would go more slowly i f  the H were replaced by D . In  this case the deu te rium  isotope d h tf l I 
All /Ad = 1.0. I f  the reaction is the iodination o f phenol in basic solution, there is a 
effect o f Ah/Ad *  4.1. Clearly, the other step must now be the rate-determining si 
ion reacts so rapidly that the first step is faster than the second.

C-H ton-J *  t o U r

The deuterium isotope effect can add to the information from Hammett plott 
a picture o f j  transition stale Three sepai ate I lammelt p  values tan be me*.uied jg
tion reaction and this information is very valuable. But it would I *  sadly 
information that a large deuterium isotope effect Ац/А|) = 7.1 is observed for the 
under attack.
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Г  -nation, it is n o  surprise  th a t the base ( А Ю  ) donates e lectrons and the leaving g ro u p  
fat*114 . L ^ a  Rut ihe large d e u te riu m  isotope effect and m o d e ia le  pos it is r  p (Y )  va h ir lo r  an 

( A i * ^ *  th at  might have done n o th in g  suggest som e b u ild  u p  o f  negative ih a rg e  in  the  trans i 

0 * * *  " " L ,  carbon atom as well as o n  the tw o  o ryg e n  atom s.

"Ckr
И(0 )

batropy ofectivetion
Of all th e  enthalpies and entropies that we introduced in Chapter 13. the entropy ol activation, AS*. 
u Ы lar tW moat useful. It tells us about the increase or decrease in order in a reaction as the starting 
material for* to the transition stale. A positive AS* means an increase in entropy о» a decrease in 
gr êJ in4 * n e g a tive  AS1 mean* an increase in order Normally. unim*»iccubr reaction* in which one 
rolevule pves two products have a positive AS* and bimolecular reactions have a negative AS*. 
F rag m en ta tio n s  (Chapter 38) such as this decarboxylation in which one molecule fragments lo  three 
ha., pu«li»« А.Л. It Н» AS* -  +36.» I  nw T 1 К "1.

.  M .S  Jw or ’ K-1
CO, % ,!— *»

At the other extreme are cydoadditions (Chapter 35) such as the Diets Aldei reaction we exam 
»её a lew pages back. Not o n iy  do two reagents become one product but a very precise orientation L\ 
'coined n Ac transition state usually meaning a Urge negative AS*. Diels-Alder reactions usually 
lc*« AS* of about -120 to -160 I mol 1 К  ' The classic cydopentadiene addition to raalek anhy- 
*ind* has A j* ■ -144 Im oT 1 K-1.

- . l 4 4 J n W - ' i r ' V
D io r uy—k.

**“ “ а И | | |_  * * * *  TOU * * *  Г-М8Г с п ,го Г 1<л o l a c tiva tio n  you  mav e sped  lo  fin d  I arge n rg j 
v  ;4> U  bm (T COn,mon *>ut o n ‘ y s m j| l  pos itive  num bers  are fo u n d  Tbe Lrges! negative num bers 
~*У fnean Г в к1 ю ти  "h e re  ne ithe r reagent i* in  great e u e v , Sm aller negative num bers

r «^t».»n w ith  v ilv e n t ih  чдкле .rfher re c e n t  in  large eicess The i« i« l catal
°*«yrene oxides in methanol it  a good example

£r p ■ -  a.i
а Г -  -  «  JumI *K 1

►
Entropies of activation we 
measured ei laat* Ы JmoT1 *Cl . 
ail the values m th«* book ar* л  
J moT* IT1 but»»oldtr book» you 
»*  see entropy units’ (e u ). 
which arvcalmoT1 К 1 Values m 
e.u should b« multiplied by about
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Thr Hammett p value o f -4 .1 suggests a carbocation intermediate j 1 doci i|4  ,
Ш  - lry ( th f r  _ _

inversion) and a modest negative entropy o f activation (AS* -  -48 J mo| 1 к  i '‘ ‘‘Ч  
S*2 reaction with a loose transition state having substantial positive ihartfr /  41 
ki.:a____!__ -1 __t i _____■_______ 111_____ j_ .  ■ »  .a . __ "  *H h f I)

the reaction (MeOH attacks th r ЬсптуЬс position) but the stereochemistry (,hf ' '

Neither piece o f evidence alone would be enough to define the mechanism.

• 0 * 4 - 0 ^  Ы
This example with its add catalyst brings us to the subject o f catalysis We must 

different sort* o f acid and base catalysis and see how the mechanisms can be distm 
method» we have dtuuued.

'

Я  TAcid and base catalysis
Adds and bam  provide the best known wayi o f speeding up reactions If y,m 
an ester—add some acid. I f  you want to hydrolyse an ester-add some base |, U J ’ 
rather simple. However, there are actually two kinds o f add catalycu and two Und> 
catalysis and this section is intended to explain the d iffe ren t in con,ept and how «, 
which operates. When we talk about acid catalysis we normally mean specific acid са!а1ущ.1Ъ 
is the kind we have just seen—epoxides don't react with methanol but. if  wc -H r the 
first, then it reacts. Specific acid catalysis protonates dectrophiles and make thea M . 
dcttrophllic.

specific acid catalysts H Mc4

^<? 4  d f r — - A / -  А  „ л > -|
feet ■*» fast

MaiON

We could, on the other hand, have argued that methanol is not a good enough niKleophltlef 
deprotonated with a base it becomes the much more nudcophilu. methoxide Thit it  «pedicle*

Т Г * *  q 4  f  ™  Г  J

'Z " A j t  й -о* ^
We shall discuvs these two types first because they ate s tra ig h tfo rw a rd  '  ou need 
r ir  c h i r a d r n d ic t .  th ^ ir  < trrn t» th* m i l  th<»tr w n l t n r u r t  U V  h n n #  v o u  w i l l  e«'< m to t Jtheir characteristics, their strengths, and their weaknesses We hope you will get 

ognizing these types o f catalysis so that you hardly have to think about it— it > „ulJ Ыча*»»

SAC is the usual method by wh«h 
eads make reactions go fester 
end. *  you think about the add- 
catalysed reaction* you already 
know, you wdl see that you have 
been using it at alone without 
realiang R.

Specific acid catalysis &(
Specific acid catalysis (SAC) involves a rapid protonation o f the com pound  
step, which it  accelerated in companion with thc uncatalysed reaction because 
ity o f the protonated compound. You have just seen an example with an e p o tid e . 
formation) i t  another. Water attacks esters very slowly: it attacks prolonged 
quickly. This it  just thc ordinary mechanism for add-catalysed ester hydroly»» Я  
in Chapter 12.



Acid and base catalysis

? й® <чГ ‘"ST* Г
| Л ж  r \ o f i  " i r ^ T N i e i  “ **

HjO.

t  interesting reaction is the dienone-phenol rearrangement (Chapter 37) Rearrangement 
Л И * *  <rfacid is very slow but. once the ketone oxygen is protonated. it occurs very rapidly

0  *** |»ave <*st e q u ilib r iu m  protonation followed by a rate determining step invoking a reaction 
species and again this is the ordinary mechanism thal you now know to call SAC 

вСЛвР®1 »pecK1c acid catafysed re яctton

Tha cat*lvM-' depends only on the protonating power of the solution The compound must be 
protonated to react so the catalyst must be a strong enough acid to do the job. It is not necessary that 
frtty  molecule tf protonated, n*st enough to set the reaction going as the acid is regenerated at the 
end. So the (log of the) rate of the reaction is inversely proportional to the pH of the solution and sig 
mfkant onlv in the region of. and of course bdow. the рАГ.н o f the substrate.

There is one special experimental indication of this mechanism. I f  the reaction is carried out in a 
deuteratdl solvent (D jO  instead o f H jO ) the rate of Ihe reaction increases. This is a solvent isotope 
effect rather than a kinetic isotope effect and needs some explanation. I f  ymi examine the three 
examples of SAC ui the previous pages you will see thal they share these characteristics: a fast proton 
ochangtf i l  Mowed by a rate-determining step that does not involve the making or breaking o f any 
bonditohyd'"! en. In general terms:

The rate ofthe reaction is the rate of the rate-determining step rate ГХ Н *] The concentration 
of the inlermedut- [Х1Г ]  is related to the pi I and to the concentration of the substrate by the equi 

«авм и. К, o f the protonation So we have: rate -  ЩИ* ](X |. We know that к does not 
fbm |f when hydrogen is replaced by deuterium so К must increase in I^O .

‘ * '^ b * * t im e |  see in books the statement that D30 *  is a stronger acid than 11,1)* This is 
true. The full truth is thal I ) ,O ’ m fbO is a stronger acid thanH ,0 * ,r,H:(> Water ( IU > ) is 

**СП< for !h jn  ц (w  l>»° • »>niplv l>e cause it forms stronger hydrogen
•  H ^ L to lh ,rC a tM  vibration frequency So I ) , ( i n  IM  ) ix less well volvated than 11,0'

stronger acid. You need an example.
I ^ ^ ^ y h c d c o h o l below dehydrates in acid solution to the I diene We have lots of data с
^ ---- .unicd in the diagram*. You may like to note as well that the product contains

dehydration in I)20 .

; ------------- s л  W W  _ t  o

W ii-w  .

V i .

JL Щ0 ™ i A

ue o f -6.0 suggests a carbocation intermediate and the positive entropy of 
*Н Ы о Цщ  ̂  * ,J,C ^c,c'm ining Hep in which disorder incases. perhaps one molecule break 
*Я'*Фг »ицт д С *[>̂ СГ̂  *°*Vrnt deuterium isotope efled (faster reaction in DzO than in l l ;0 )  

* 110 Peotonetio, u,rm8 all thu together we have a mechanism—a simple example of SAC'

1103

►
A normal kinetic isotope effect 
has 4i/4> * 1- Deuterium it  often 
put into compounds by exchange 
w«h the cheapest source. DjO. 
so reactions И 0^0 often go 
slower then reactions in HjO. 
Reactions with Дц/Ч) < 1 have 
inverse decrtertum isotope effects 
so areaction that goes fester in 
DjO than n  H jO (even when that 
is the ejected pattern) has an 
mvene solvent deuterium 
isotope effect.

►
It is not, of course, possible to 
use DjO* m н ?0 as H and D 
e«change very quickly. The 
solvent determines which add ia

You »*« to cam p** 
nedwnam orih tw laamertMtOT Ы 
9w »«ne ачюе d e t e r t a r t w r  r  this
<***•»
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One more thing about this example. The rate-determining step is the second step
n. abo r^fer to the com bat,,,n „data. the I lammett p value jn d  the entropy o f activation,

The equilibrium p value for the proiotution w ill be fairiy я я ^  and 
being created some way from the benzene ring. The kinetic p value for the  U rn  of 
and negative because a positive charge is being created that it  ddocaliied into the ring. Я  
value o f —6 looks fine. The equilibrium entropy AS" for the protonation w il l  probjblv : J  
negative as ROM . 11,0* •= RO II! I 11,0 rrpresenU little change in order (two m o l, ,J  
two) and the AS* for the loss o f water w ill be large and positive (one m olecu le  going t J  
small positive value is about right. It doesn’t do to interpret these numbets lo o  doselv

•  Summary o f feature* of specific acid cata lysis

1_ Only H jO * is an effective catalyst; pH «lone matters 
2. Usually means rate-determining reaction o f protonated species 

S. Effective only at p lls  near or below the рЯ'дН o f the substrate
4. Proton transfer is not involved in the rale-determining step
5. Only simple unimolecular and bimolecular steps— moderate i or -
6. Inverse solvent isotope effect I f l l jO )  <  k(T)20 )

Specific base catalysis
The other side of the coin is specific ha*e catalysis (SBC) which usually involve» the in n .m M a p »  
ton from the substrate in a fis t pre-equilibrium step followed by a rate-determining ■ Itliaa i4*> 
anion. Most o f the base-catalysed reactions you are familiar w ith work by SBC H  impfcsfectafc | 
opening o f epoxides with thiols.

The rate o f Ihe reaction depends on Ihe p i I o f ihe solutinei I f  it  ia jr iw n d  or higher than‘* п Я  
o f the thiol, thiolate anion w ill be formed and this opens the epoxide much fa»t>'

; unionized thiol. The nucleophile is regenerated by the oxyanion produced in the rH B  
step. A more familiar example is the base-catalysed hydrolysis o f esters we have nu n g 
times in this chapter. The full pH-rate profile (Chapter 13) for the hydrolysis of . '  '"P * J  
at ethyl acetate shows just two straight lines meeting each other (and zero r.itc) j '  л Ь Ж̂
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—   . Qf a proton from heteroatoms by heteroatom bases is always a fast step but removal of a
Cilbon can be Ihe rate determining step A remarkably large inverae solvent deutenum 

P effect was found with this elimination o f a tertiary amine in basic solution.

J N t j  / v^  ЦИ^|
*D/>|

detailed mechanism cannot, o f  course. be H2 o r the isotope effect, i f  any. w o u ld  be the o ther 

aound И *  •* S V C  the m echan ism  then  becom e* the w e ll k n o w n  t U B  (C hap te r 19) hav ing  a 

^ iLe iio0 *  intermediate.

1c r - ^ jx ^ '- jc r
But 1̂ 7.7 U too Urge to be a solvent isotope elfect and looks mu J i more like a normal kinetic iso- 

J S ifc c L  And so it is. The tertiary amine is not a very good leaving group in spite o f its positive 
charge (pK.ll •‘bout 10) so the carbanion mostly reverts to starting materials The isotope effect is a 
kinetic isotope effect on this reverse step— the protonation of the carbanion. This reaction involves a 
protan transfer from H 2O or D20  and will be much faster (could be 7.7 times) in H20  by the ordi- 

-bc isotope effect. The elimination reaction goes faster in D20  because the back reaction 
e slowly and more o f the carbanion goes on to product.

^  Microscopic reversibility
There Is only one least energy 
pathway between two 
Interconverting compounds such 
as the startvig material and the 
rrtermedirte here. E\*ry 
microscopic detail of the beck 
reaction Is exactly the same as 
that for the forward leaction. This 
is the principle of microscopic 
reversibility Here «we use 
evidence from the back reaction 
(slow proton transfer from water to 
the carbanion) to teH us about the 
forward reaction. This principle win 
be useful in Chapter 42.

•  Summary of features of specific base catalysis

I &• O nly H O " is an effective catalyst; pH  alone matters

* l i  Usually means rate-determ ining reaction o f deprotonated species
1. Effective on ly  at pHs near o r above the p Кл o f  the substrate

(Ут е 1 ГО,ОП transfer is not involved in thc rate determ ining step, unless C -H  
bonds are involved

I *  O nly simple unim olecular and bimolecular steps— moderate + or -Д.Ч*

* • *nverBe*olvcnt isotope effect k(\i20 ) < k(DjO)

acid/baie catalysis
called ‘general’ rather than ‘spedfie’  and abbreviated GAC or 

implies thu kind Ы catalysis depends n«*t only on pi I but also on the concentra 
Used in |jv:,WOC'a,e<* * c*^* an<* bases other than hydroxide ion It is a milder kind of catalysis and is 

lh,nP  The proton transfer is not complete before the rate-determining step but 
A simple example is the catalysis by acetate ion of the formation o f esters from ako 

fc«nhydride
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• AA - Х —Л  • <A
e«aiyst product

How ion (his catalysis work? A( first sight there seems to be no mechanism available д 
not act as a specific base— it is far too weak (рК«ц 4.7) to remove a proton from an al, .V ***1*  1 
about 15). I f  it acted as a nucleophile (Chapters 12 and 13) fe fte  would be no ca ta lys t*  [ j  I  
ophilic attack on acetic anhydride would be a nopreaction simply regenerating starting j
The only thing it can do is to remove the proton from the alcohol as the reutnon к  cun.

? T If “ S * *  If О  f
----------- - A *  ♦

■ m r r i  baa* 1
catalyst nuctcophSc tWct/opha*

You will see at once that there is a great disadvantage in this mechanism the r^te d e H ^ ^ H  
step u  termolecular and this is really termolecubr— three molecules colliding- and not 
mathematical kinetic trick. This comes out most clearty in the entropy o f  activation whi. h is «от» .
mous negative value, around AS9 =  -16ST m oT1 IT1 for this reaction T here  w ill j Imj be a __^
kinetic isotope effect for R O D  against R O H  as a bond to hydrogen is being fo rm ed  and r a k e * ,^  
rate-determining step: it is *ц /*о  *  2*4 here. These GBC or GAC reactions a r t  n o rn u A f l fc J  
only i f  one of the three molecules is present in large excess th u  reaction m ig h t be don< in ROH«« 
solvent, lor example, so that R O H  u  always present. In understanding how th is  GB( vs, ,rks К is h ^
(ial to look at the mechanism without catalysis.

> A A ^ ; p u  Х К .-Л
nudeupMe doctrophtfc H iK c d w A d i

The acetate catalyst cannot remove a proton from the starting material b u t it can eaeljr r.inene 
proton from the intermediate, which has a complete positive charge o n  the a k o h o l oxygen Ш Л - 

The starting material has a pJT, above the pAT*H o f acetate but tbe product has a pKt well 
Somewhere in the middle of the rate-determining step, the pK . o f the R O H  p ro to n  
the pJCaii o f acetate and then acetate is a strong enough base to remove it The GBС » * 
deprotonating the transition state.

An А  ...Л AA[-
i m n l  Ьам

catalyst nucleophile electrapnie transition state

So how do we find G A C  or GBC? Normally, general species catalysis •» * w c^  . j b e****
catalysis. We must remove that more p«»werful style o f catalysis by w o rk in g  a* a ‘P **** 0̂ *0 **  
S A C  or SBC depends on pH alone. I f  we find that tbe rate o f tbe reaction channel ф И '
tion o f a weak base at constant pH, we have G B C  Note that, if  the  p ro to n  tr  ^
eroatoms. as in th is example, some other bond-making o r bond-break.mg 4tcl ,N (0or 
too as proton transfer between heteroatoms u always a fast process P ro ton  u.-ns 

bon can be slow. , j ^ t w e c f l ^ j l
The formation o f three and five membered cyclic ethers shows the con 1 |

SBC. The formation of epoxides is straightforward SBC with a s im p le  1,пс* г. 
between pH ft and 12 and no acceleration at constant p l l  by c a r b o n a te  (CUJ
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formation o f tetrahydrofuran (THF) is also faster at higher pH but, by contrast, is also accelerat- 
^  by various bases at constant pH. If anions o f phenols (ArO“ ) are used as catalysts, a Hammett p 
j^oe o f +0-8 *bows that electrons are flowing away from the aromatic ring. There is a small normal 
loiietic isotope effect fo /An = 1.4. There is SBC and GBC in this reaction. Here is the mechanism

Why are the two different? The THF is easy to form, the transition state is unstrained, and only a 
little help is needed to make the reaction go. The qwxide is very strained indeed and the starting 
material needs to be raised in energy before cyclization will occur. Only the most powerful catalysis is 
,o id  enough

•  Summary of features of general base catalysis

1. Any base is an effective catalyst; pH  also matters 

JSf 2 . Proton transfer is involved in  the rate-determ ining step
I .  Effective at neutral pHs even i f  bd o w  the p Kt o f  the substrate 
ft. Catalyst often much too  weak a base to  deprotonate reagent

Catalyst removes proton, which is becoming more acidic in the rate-deter- 
Ш m in ing step

f .  Some other bond-m aking or bond breaking also involved unless pro ton is on 
carbon

‘ JfT* Often term olecular rate-determ ining step: large -AS*

Norm al k inetic isotope effect *(11) >  k(D )

(*cncral M id  catalysis

dttiuucd th u  in  general terms so a couple of examples will be enough First, the 
problem *.an be avo ided i f  the reaction  is in tra m o le c u la r The catalysis is then  Ы 

4*u f ^  *П **** ^ tl iM tio n  of th is  hydroxy au d . N o rm a lly , ester fo rm a tio n  and h yd ro lys is  arc
*5 §SP,uyViCil Mlbrklll lit.......... . . I I  ... . . ..I 1 . I I. \ i ,. 1 . I >/ \ A . 1 .. -> 1 . I-----

» ilh A iO '» G B C .
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Earlier in the book (Chapter 14) wc emphasized the importance o f the mechanism fQr ,h 
tion and hydrolysis o f acetals. These are SAC reactions: alcohols are bad leaving group* 4 " for*4 .1  
need to be fully protonated by strong acids before they w ill go, even with thc help of 4 |* аНц% | 
another oxygen atom. ^ ц |
specific acid-catatyeed acetai hydrolysis

r ' ' £ om« O r * 2М.0Ц

I f  we speed up thc slow step by adding to the molecule some feature that ьы м|;__Д
cation intermediate, general acid catalysis may be found. One example u  the aromatic ** ^  
formed in thc hydrolysis o f cyclohcptatrienone acetals. Thc normal kinetic isotope effect p o j j j j l
GAC

Even adding one extra alkoxy group so that wc have an orthoester instead of an a I  
enough. These compounds show catalysis with a variety o f weak acids at not very цЩ  ^  
(5-6). As one OMe group is protonated, two others are pushing it out and they both help ц> * * .  
luc thc inlcrmcdiatc cation. Nature prefers these milder methods o f  catalysis as wt w i| w* m 
Chapter 50.

acOjH ♦ з ■с г% .у  J L  s t s s r  r  ^

~ a ^ ^ o w e  ~  MjO

For another contrast between SAC and GAC we need only refer you back to the two Z  F aamtt- \ 
i/ations earlier m thc chapter. Isomerization o f the diene is GAC— protonation at «.arbo^flit 
slow step—and isomerization o f the aOybc alcohol is SAC What we didn’t td l you earlier was Ы  
thc GAC reaction has a normal kinctic isotope effect o f k(\i)Jk(D) = 23 and a negative сu t iip fd l 
activation AS1 -  - J *  I m o f 11C1— just what wc should exped lo r a bimolecular rescues 
ing rate-determining proton transfer from oxygen to carbon. Notice that the intermediate* 
i t  thc same whichever the route; only the ways o f getting there, including the rate-detrrmmi 
are different.

general add catalysis •

pmvo Ujne/er \

These examples show you that general acid catalysis is possible with strong acid*. OP* 
protonation is at carbon and that, when protonation u at carbon, no other bond making 
ing steps need be involved.



The detection of intermediates

Ф summary o f features of general acid catalysis

X. Any acid is an effective catalyst; pH also matters
2. Proton transfer is involved in the rate-determining step 

| 9. Effective at neutral p ile  even i f  above the рК*ц o f ihe substrate 
4. Catalyst often much too weak an acid to protonate reagent 
£  Catalyst adds proton to a site that is becoming more basic in the rate-deter

mining step

6. Some other bond making or bond breaking also involved unless proton is on
carbon

’ 7. Often termolecular rate-determining step: Urge -AS*
g. Norm al kinetic isotope effect k(H) > fc(D)

The detection of intermediates
la earlier chapters we revealed how some reactive intermediates can be prepared, usually under spc- 
сУ  conditions rather different from those o f the reaction under study, as a reassurance that some of 
tb*e unlikely looking species can have real existence. Intermediates of this kind include the carboca
tion m the SnI reaction (Chapter 17), the cations and anions in electrophilic (Chapter 22) and 
ndcophilic (Chapter 23) aromatic substitutions, and the enols and enolates in various reactions of 
cvbonyi compounds (Chapters 21 and 26-29). We have also used labelling in this chapter to show 
tktf symmetrical intermediates are probably involved in, for example, nudcophilic aromatic substi
tution with a benzyne intermediate (Chapter 23).

n m ивпшиПо» mik-tmm mVmi**ali* In

x  i Ф 5 o ^
«•••»>«*oc*»on Me NOa beniyne enotate о т

Wc have hedged this evidence around with caution since the fact that an intermediate can be pre 
P»«d docs not by any means prove that it is involved in a reaction mechanism. In this section we are 
•M g  to consider other and better evidence for intermediates and at the same time revue some of the 
fwfccr material

Tr»pping reactions
* * * * *  ««preskive piece of evidence is the design o f a molecule that has built into it a functional 

tbat could react with the intermediate in a predictable way but could not reasonably react with 
*V ipecies that might be present. For example, aromatic ethers react with nitrating agents in the 

positions (Chapter 22) The intermediate has a positive charge deltnah/ed over three of 
Carbon atoms in the benzene ring. I f  a nudcophilic group is built into the structure in the right 
** roight trap this intermediate and stop it reacting further.

Ш 6 '" HMOj

CFjCOjH
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What I t  еуЛ : n u  I * ? *  u  Vmm

The tripp ing group U th t amide and il has trapped a cation formed by additi,, 
r aromatic nng. Wc arc fated with the problem o f drawing a mechanism '* *•&{ к
this remarkable compound and. when wc discover that a necessary intermcdui____

cel more

J
o f  this remarkable compound and, when wc discover that a necessary intermediate u \ 
mediate in our preferred mechanism for aromatic nitration, wc feel more io n f , j , „ 7 ^ ^ » ^ P

This mechanism explains everything including the stereochemistry. The N o ; 
matic ring /u n i to the OMe group and on the opposite tide to the amide. The amide u 
perfect position to capture Ihe cation at the meM position and. because the tethet в '"4Ht.lt 
form a hs  bridge.

nent IS thrt rvtrjbor d or»  not o«Mals of the b e fu m e  л п ^ гэ  t h r  here th r
«the trap bur occur»* Tht «outdtoMaiy » * * n c *  «r«testo-hepi.ne
I, many chc^a ts  bebeve That '«compl**'and would me** e te rn a l»  t0 font
iKutior actually at art* «rfth a *«h  one pert с >ar cartoon atom 
ctropMowMhalofthop

To be convincing, evidence (br an intermediate should include:

•  detection of the intermediate in the reaction mixture, perhaps by a trapping reaction
•  a demonstration that the intermediate gives the product when added to the reaction mtaurr t t t  

also means that it must be prepared as an at least reasonably stable compound)
•  kinetic evidence that the rate o f foemation and rate o f disappearance are adequate

•  other suitable evidence o f Ike kind that we have hem discussing in this chapter 
A neat intramolecular trap for beniyne worfu in thu way. A standard benzyne p

tion— the diarotiration o f an огЛо-amino benzoic acid (Chapter 23) gives a 
loses nitrogen and CO) to release the heniync. A furan tethered to the nert .-ert*1 Р"**1®  
the benzyne m an intramolecular DieU-Aldcr reaction. The yield i. imprcuive and the 0 *  •  ̂  
efficient.

The argument is thal this reaction cannot really be «plained without a benryn'
Thu same method of making beniyne is used on other o-amino benzoic acid' *n ^
ably create beiuyncs too.
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lle c tion  °* re a c tio n s  lin k e d  b y  a co m m o n  in te rm e d ia te
b ^ r f y  convincing evidence can develop when a number of chemists suggest the same in trrm e 

n u m b e r o f different reactions and show that it is possible to trap the intermediate from  
^ V aeCtjon, put it into the others, and get the normal products. We are going to describe one set o f 

reUtfd reactions. In Chapter 37 we suggested a mechanism for the Favorskii rearrangement 
o f  remarkable intermediates Here »  an example.so lv ing  J

W
m»oG

? elect, o r
nttnocyeilc

Howevei we are not surprised that an enolate ion is formed from a ketone in basic solution. The

A quick summary o f the evidence on this particular example. I f  ihe reaction is run in M eOD 
iiutcad o f MeOH, the starting material becomes deutcrated at the site o f enolate formation sug
gesting that this is a Cast and reversible step. The entropy o f activation for the reaction is AS* -  
*641 mol-1 К "1, suggesting that the slow step is one molecule breaking into two. There is only one 
suck step—the second, ionization step. I f  various substituted phenyl groups are used, the Ham men 
p value is >5. This large negative value also suggests that the ionization is the slow step as the cation is 
localized into the benzene ring.

(M t ««olat* anion » t * p ^  o*ya»yl cation oiyallyl cation

So there is some evidence for the first intermediate— the exchange of deuterium from the solvent.
1W formation o f the enolate can even become the rate-determining step! I f  we merely add an extra 
mdhyl group to the chloroketone the reaction becomes 220 times faster and the rate-determining 
«qp changes. There is no longer any exchange o f deuterium from the solvent and the Hammett p 
***** changes from -5  to  -f 1.4. This small positive value, showing some modest increase in electron 
d« iity  near the ring, matches typical known p values for enolate formation.

( • • ♦ 1 .4  u  u  for enolete araon fomti
O V  enolate amon o«yaHyi caton

cation it much more surprising How can we be convinced that it really is an intermediate’
Ж * * г е  several alternative ways to make the same intermediate. I f  basic nucleophiles such as the 

W **d e  ion are avoided and reaction of zinc with an u.a'-dibromoketone in a nonnudeophilic 
и л  | [ T *  (*ФУт с  u used instead, the oxyallyl cation can be trapped in a Dieb-Alder reaction. Thu

1 J-v*** fo ra g°od synthesis of seven-membered rings.

Zn/Cu л  f \ r  J ^  о -A

UwflhZnBr,

-nr
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Bui doe* the oxyallyl cation go on to give cydopropanones? In fact, there is good cv.  ̂
two are in equilibrium. I f  the same method is used to create the diphenyl oxyallyl cation* " '  **** I  
instead o f in diglymc. the normal Favorskii product is produced. Evidently, metho "  * 
only to produce the enolate— methanol is enough to decompose the cydopropanone * **

o«ys*ytcaeon *  .

I f  a suitable (1,3-di- f-butyl) alleoe is epoxidized with m-CPBA the unstable allene oxide 

ally be isolated. On heating, this epoxide give* a stable rn ifu *d i-M > urykydop rop .m <> nc i t  J *  
fwult to see how thu  reaction could happen except via the oxyallyl cation in te rm ed ia te

-л?
Why draw the oxyaNyl cation with this stereochem istry?

Icthe* ^  ^  «м  a r 
• *  л. F  <*«с»а ф

I  «un/мму 0Э

If the deswe le  the cydeprepenone Is e«eetroe>el* the* 
Я «Ml m  disrotatory (Chapter Эв). The i j - t em n e t  
h « «  drawn gve% the anti cyctopropsnor 
the f  .f- o»the 7./о«у**У c rto n  fi'ws the eyrx*b

But is the same eyelopropanone an intermedute in the Favorskii reaction? I f  the Ьгопн) _____
treatrd with methoxide in methanol, it gives the Favorskii product but. if  it is treated with •  mudb 
more hindered base, such as the potassium phenoxide shown, it gives the same cydopropi 
the same stereochemistry.

Other, less stable cydopropanone*, such as the 2»2-dimcthyl compound, can ben ,rbcntU b

U U I J 4 U  VJ  i i k u m i i u  I i u i m

\ _ o
/  CHjCtj

-7B*C *

t»on(Chapter 40) to ketenes. Thu compound did the Favorskii reaction w ith  m ethoxide n r th ja c fc e

only product came from the expected loss o f the less unstable carbanion. Th is  w ill, o f  course, be 

acid catalysed by methanol as no free carbanion can be released into an alcoho lu  sob n it

й^/ w
The same cydopropanone gives a cydoadduct with furans— this m ust sure ly  be j rf 

oxyallyl cation and we can conclude that the three isomeric reactive intermediate* 1 ■lfn* ^  
cydopropanone, and oxyallyl cation) are all in equilibrium and give whichever product 
ate for the conditions.

V  V o I
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^ B t a u f h  it »  never possible to  p rove  a m echanism , th is  in te r lo c k in g  ne tw o rk  o f  in te rm ed ia tes, a ll 
to be fo rm e d  u n de r the reaction co n d itions , a ll be ing trapped in  various ways, and a ll k n o w n  to  

^^E b g M o d u c ts , i* very c onv inc ing . I f  any part o f  the m echanism  were no t correct, tha t w o u ld  th ro w  
o n  a ll the other reactions as well Nevertheless, th is  m echanism  is n o t accepted by  a ll chemists.

Stereochemistry and mechanism
chapter ends w ith  a survey o f  the  ro le  o f  stereochem istry in  the de te rm in a tio n  o f  m echanism , 

we have le ft stereochem istry to  the last. H u  one o f  the m ost im p o rta n t too ls  in  u n rave lling  
m echanism s. Y ou  have already seen how  invers ion  o f  c o n fig u ra tio n  ls a v ita l piece o f  evidence 

fo ra n S s 2 m echanism  (C hapter 17) w h ile  re ten tion  o f  co n fig u ra tio n  is the best evidence fo r  partic ipa - 

tion (C hapter 37). Y o u  have seen the a rray o f  stereochem ical evidence fo r  pericyc lic  m echanism s 
(Chapters 35 and 36). T he  chapters devoted to  d iaste reosdectiv ity  (33 and 34) give m any  examples 
S y ,  the m echanism  fo llow s  fro m  the stereochem istry. W e shall n o t go over th a t m a te ria l again, b u t 

r  the types o f  evidence w ith  new  examples. T he  firs t exam ple looks  to o  t r iv ia l to  m e n tio n

CO " *"-<*
Though this rea c tio n  looks  like  a s im p le  SN 2 d isp lacem ent by  the n a p h th y lo x id e  a n io n  on  the p n  

п ш у  a lky l chloride, the re  is, in  fact, a reasonable a lte rna tive— the  o p e n in g  o f  the epox ide  at the less 
hindered primary centre  fo llo w e d  by c losure  o f  the epox ide  the  o th e r w ay ro u n d . T he  e le c tro p h ile  is 
c a l l f l  ‘ep ich lo ro h vd  г ш  ‘ and  has tw o  reasonable sites fo r  n u d e o p h ilic  attack.

——  ~ -  t > \ ^
*  < p

к  looks difficult to  te ll these m echanisms apart since b o th  invo lve  the same k in d  o f  reaction, 
•■ •■ ch e m is t rv is t!ie answer. I f  enantiom erica lly  pure ep ich lo ro h yd rin  is used, the tw o  m echanisms give 
d iie ren t cnantiomers o f  the product. Though  each ^ 2  reaction takes place at a p rim a ry  centre and the 
•eeogenic centre rem ains the same, fro m  the diagram s the tw o  products  are obv ious ly  enantiom ers.

f ^ * n 8 01,1 m echanism  o f  th u  process Ls n«x id le cun.rw ity лч a g ro u p  o f drugs used to  com bat 
P *o o d  pressure and heart disease, such as p ro p ra n o lo l, are made fro m  e p u h lo ro h v d r ir  and it u  

' • • b a l  to  know which en a n tio m e r to  use to  get the r ig h t e n a n tio m e r o f  the d ru g  In  fact, the m ore 

Mechanism show n in  black is co rrect T h is  is an exam ple o f  d e te rm in a tio n  o f  m echanism
^ « " l.n a n t io m e rs

-  C C f'̂ J r
* 4 b,j  * COn»plicaled exam ple arises fro m  the strange reactions used to  m ake m alic acid  fro m  
Ц  t rJ ^ k t t c nc A n  in it ia l |2  ♦ 2) c y d u a d d it io n  (C hap te r 35) is fo llo w e d  by  acid  tre a tm e n t and 
Hatw - i t , ttn * ^  'v i th  an excess o f  aqueous N a O H . N e u tra lis a tio n  gives m a lic  acid, an ac id  fo u n d  
^ ^ ' " • P p l e s t A f a / u j s p p . ) .



Tht fct?*f ne action « и  ш
The R itte r reaction and the Bcckmann fragmentation
Another collection o f related intermediates occurs in the Ritter reaction jnd the Beckn—  h fr 
mentation. The Ritter reaction involves thc combmation of a tertiary alcohol and a 
solution and the proposed mechanism involves a series o f intermeddles.

j i u t r l e l M *

The Beckmann fragmentation also occurs in acid solution upon thc fra g m e n ta d ^^^® ** j 
with a ter Ik try alkyl group anti to the OH o f the onme. The fragmentation step 
and the same nitrile together with a molecule o f water and these three combine m 
give the same amide. We need evidence that the carbocation and the nitrilium  ion a r e f * ^  
mediates and that the same sequence is found in both reactions.

Evidence that the two reactions are intimately related comes from the formaH<>n " J  
amide from two different starting materials: a tertiary alcohol and an oscimc, both

Гои мИиа to Chapter 42 that thta

* CO,

The answer must be a mechanism related to thc one we have just seen for 
by hydroxide on C O j is almost unknown and it is much more likely that 
by alkoxide to give aa epoxide should occur. The caihoxylate anion can t h c n i ^ ^ H  
centre by intramolecular S*2 displacement at the central carbon atom. Not we that tW | 
attack at thc central atom. The second four-membered lactone abo hv.irolyics || 
carbonyl group.

by m a i» » .

1114 f  41 * Determining reaction mechanisms

.Л 4M MCI

co , h

The m td u n m  o f this reaction «ко looks straightforward 
by hydrolysis o f the C O , group to CO.H. С ш »  ’ ’
numbered lactones sometimes hydrolyse by 4 j?  dispUrmrm  4, '  " *« « •*  
than by attack on the tarbonyl group. like the three n ,rIn|^ , rJ 
(p. 0001 Tht solution was urgently needed when il (oullj  lh j ‘
Lou Id be prepared by asymmetric lynthesis (Chapter 4S). 1(l<. 
enantKxnerhjlly pure lactone: lactone hydrolysis occurred with

• * c

must be normal ester hydrolysis by attack of water at the carbonvi .  “
C Q j group occurred with inversion o f configuration "

NaOH
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Г  , T u le r o u p  m n  to the r in g  ju n c tio n  to  m in im is e  M eric h ind rance
b“ " s l ’H ^  control ( C h ^ te rm

_______________|v« - J ,  stereo*,hemical evidence th a t a ca rboca tion  is an in te rm e d ia te  in
* •  J’ ' " "  пы,егиК JIC nVdccjIim  but the product is a trun^decalin The 

.. ДД доеосЬстпЫпг and ian read with Ihe nitrile from either fate 
^tfTrnr U < ^  ^  ^  stable tam*-decalin. The formation o f the carbocation u 
^ 1  fragm en tation : fonnation from the alcohol by the SnI mechanism is'-he Beck..

None of these compound* Is 
chiral as there i t  a plane oT 
tymrretry running vert realty 
through tech molecule We are 
dttcuttmg dUtterewtomert

Trapping th»Olbocation is also possible. The Beckmann fragmentation on this oxime of an try!
.oen-inemhered ring krtone gives a tertiary carbocation that might be expected to cydue to give an 
amide. However, thi* reaction would give an unfavourable eight-membered ring (see Chapter 42) 
jr.a does no* bflpp^n Instead, the chain twists round the other way and forms a much more stable 
ы* «emhered r in g  by intramolecular Fnedel-Crafb alkyiation. Note that the regiosdectivity is tnriu 
to CN and ortho to alkyl. These are both favourable but the main factor is the C4 tether making any 
«fier product topotsibie

In the Ritter reaction a rather different kind of evidence for the cation is the fact that families 
ef aomenc alcohols all give the same product. In all these cases, rearrangements o f the first formed 
C-* 0eoo*1 (Chapter 37) can easily account for the products. Another example in the decalm 
wric* ia this Ritter reaction with KCN as the mtnle in acidh. solution so that HCN is the reagent The 

■•«na l is « spirocydic tertiary alcohol but the product is a trany decal in formed bv 
r**f r i4emem

-cp=cb--civcp
df **** nrtrilium cation is also possible. The most famous example is probably the heterocy

•«azine. Chapter 42) produced by intramolecular capture o f the nitrilium  ion with a hydrox-

t
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yl group. Note that the tertiary alcohol react» to give the cation while the A 
the nucleophihc trap. n<

Г
An important rum p le  in which the diasterraiaomer produced was [ ra ia | ____

m edunum  is the synthesis o f cis-aminoindanol. a part o f Merck's anti-HIV dru 
navir). The reaction involves treatment o f indene epoxide with acetomtnle (M « N '*"*■  ГЫ . 
tion The product is a го fused heterocycie. It is easy to see which atom ‘ J« «fc.
(green) but the substitution o f nitrogen for oxygen at one end of the epoxide I * * *
retention o f configuration as the cts-epoxide has given the cis product. Dearly. wf  к .
Killer reactioa and Ihe nitriliu in  ion has been trapped with an OH group w>n •*

Whal about the regKudectnhty? The obvious explanation is th a t a cation u l. rm d k rm *  
epoxide in  a specific acul-caUlytcd ring opening. But why should th e  n it r i le  attack t he b o c u i iM r r f  
the cation? We should expect it I n  attack the lop face preferentially a» the h .d i.iq t Bow  \ 
blocks the bottom bee.

( \S  f  ^ :iC ^C  Me

0 7 -О Г -С О -
A reasonable mechanism is that in which the nitrile adds reversibly to the cation. F.very t im la i *  

to the top Гасс, it drops off яр tin as the O II group cannot reach it lo  form thr h.trrocydfc E . u j i *  
it adds to the bottom face, it is quickly captured by the OH group because У5 iased 
favourable when the nng junction u  cix Eventually, ail the compound is converted to the

Me

a y - a f - c x ^ a ' 1 - - I
Again, the mechanism o f  this reaction is 

o f great importance because « is the founda
tion stone o f the synthesis o f  Crumnui— a 
drug that is saving thousands o f  lives. These 
last examples are o f reactions that you would 
find difficult to classify into any o f the famil
iar types we have met so far m the book.
Nevertheless, the organic chemist needs to 
be able lo propose mechanisms for new 
reactions and to have a general idea o f the 
methods available to test these proposals.

e r a  ■■ ц
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a r y  o f  m e t h o d s  f o r  t h e  i n v e s t i g a t i o n  o f  m e c h a n i s m

_mary is for guidance only and the figures quoted arc approximate ranges only. The full 
jB j® * \ ^ J ioUld be used for detail. All methods would not be used in one investigation

^  Jlire of the structure of the product
Bu ll structure (Chapters 4 and 11) Mid stereochemistry (Chapter J2) by spectroscopic 
■Kthodi
j j eUll of fa it o f individual aloms by labelling with D. IJC. and leO. Double labelling may 

bftp
jte.tochrmual courst of (he reaction (cnanlio- ot diaslertouleitivMy) may be critical

2 Kinetic methods
fives composition of main transition state 

Deuterium isotope effect: shows bond to H formed and/or broken in transition
^ ^^ ^ ^ E je T v a lo c s  кц /кр 2-7 typical

•  Entropy of activation shows increase (AS* positive) or decrease (AS* negative) in disor- 
derr.Typical values and deductions:
•  AS* positive (rarely larger than +501 m oT1 IT 1): one molecule breaks into two or three
•  Moderate negative values: no change in number o f molecule* (one goes to one etc) or 
К  bimoletular reaction with solvent
•  Large negative values: two molecules go to one or unimolecular reaction with ordered 
k TS* (cydoaddition. etc)

3. Correlation o f structure and reactivity
•  R e place one group by another of similar size but different electronic demand (CF, for CH5 

or OMe for CH,)

•  Syeematu. Ham men 0/p correlation with m- and ^substituted benzenes:

•  Sign of p : +p indicates electrons flowing into and -p  electrons flowing out o f ring in 
transition state

•  Magnitude of p shows effect on the benzene nng:

large (around 3), charge on ring (♦p. anion; -p . cation)

I  moderate (around 2-4). charge on atom next to ring—may be gain or loss of con- 
Г  jugation

email (< |) , ring may be distant from scene of action or p may be balance of two ps 
of opposite sign

* Catalysis

Д У * * ! " *  '«w all specific acid or base catalysis

,  wi*  1НЛ) or [B] at constant pH reveals GAC or GBC

«fleet: normal (кц > kfc) shows GA/BC inverse solvent Ш ] 0 )  >

* ^ ^ ® ltennoleiular and has large negative entropy of activation 
'« « m e d ia u . ,

•  *’'depend г г
•  4,u » show” * preper*n° n or* better, isolation from or detection in reaction mixture helps
•  p ie itn  ' lnt*m ,«'1ute givrs product under reaction conditions 

^ B * a p p m g  expenments often most convincing

t
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1. Prop*»* three fundamentally different mcchanunu (other than 
variations o f the same mechanism with different kinds o f catalysis) 
for this reaction. How would (a) D labelling and (b) ieO labelling 
help to distinguish the mechanisms? What other experiments 
would you carry out to eliminate some o f these mechanisms?

2. Explain the stereochemistry and labelling pattern in this
reaction.

T  * - “ o  ^

C u
3. The Hammett p value for migrating aryl groups in  the acid- 
catalysed Beckmann rearrangement is -2.0. What does this tell us 
about the rate-determining step?

■Си. i  *СкЛ,
4. Between pH 2 and 7. the rate o f hydrolysis o f this thiol ester is 
independent o f pH. At pH 5 the rate is proportional to the 
concentration o f acetate ion (AcO ] in  the solution and the 
reaction goes twice as fast in D : 0  as in H jO . Suggest a mechanism 
for the pH-indcpendent hydrolysis. Above pH 7, the rate increases 
with pH. What kind o f  change is this?

M, 0  о н
EtSM

S. In acid solution. the hydrolysis o f this carhodiirmde hat a 
Hammett p value o f -0.Я. What mechanism might account for
this?

N ^Ч -  д ,  -------- ►
MjO

• .  Explain the difference between these Hammett p values by 
mechanisms for the two reactions. In both cases the ring marked 
with the substituent X is varied. When R -  H, p -  -0  J  but. when R
= Ph. p -<-5.1.

" A  ROM

7. Explain h.»w chloride .on catalyse* thts ,

• .  The hydrvlpia o f ihu  oxanridine in 0 I M 
W hO )Jl(0 2a )  -  0.7 and an entropy Ы
|ш о Г  К Suggest a mcchamsm lot i hcrc j omr * - *

РЬСИ0 ♦ 'в * ч н *

t .  Explain how both methyl groups in the produd J
come to be labelled. I f  the Halting material „  .......
reaction, its methyl group is also labelled. ' <<4Ъ

6  —  6 1 1  -■ x = .  I
10. T h e p A ^ H  values of some su b s titu te d  py ndm es m  и  (аВя* 

x и 3 0  4Лк УНеО 4МеО МЮ,

5.2 2 *4 5.611 6 02 4 НН 6 62 « O i l  1

■О: -  -О I
А*

Can the Hammett correlation be applied u s « |A H |

va lues fo r benzenes* W h a t e q u ilib r iu m  p v a lje  does

how do you interpret it? Why are no  s u b s t ie H l Я | |в г
included in the list?

11. These two reactions of dia/o com pound» 
give ga<4-ou\ nitrogen and е*1ет\ a» product*
o f the reaction is proportional to [d iazo  compc<Mj^
Use the data for each reaction to  suggest * * * g  

comment on the difference between them.
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Ьапйпм (or these reactions and comment on (c) I f  the dehydration reaction is stopped after about 10*. , Suf®*** m ethe F avo rsk ii family o f mechanisms. conversion to products, the remaining starting material is
completely racemized. Data for the raegmuahon reaction inJude 
the following

(I) The rate is slower in 1120  than in D2O.
(>) Hydroxy-acid deuterated at C2 shows practically no kinetic 
isotope effect.
(M) The Hammett p value is-4.5.
What conclusions can you draw about the dehydration7 

Recalling that the dehydration goes faster than the isomerization, 
what would be present in the reaction mixture if  the isomerization 
were stopped at 504 completion?

15. Propose mechanism* for the two reactions at the start o f the
chapter. The other product in the first reaction is the inline

. . .  . . r  .. . PhCH-NSOjPh.
If-pubdievrd that thu reaction went by elimination followed 1  ^

u o o n W '< » M lM n ' п Г*т'тг'"  would TOU « " У oul lo <T 
^  prove iM  the men* *» *" и*еппе*а1е>

14. Thu question is about three related acid-catalysed reactions: 
i«l the isomerization o f Z-dnnamic acids to F-rinnamic acids; (b ) 
the dehydration of the related hydroxy-acid* (c) the racemization 
o( the tame hydroxy-л», ids You should be able to use the 
ir format юг* provided to build up a complete picture of the 
interaction of the various compounds and the intermediates in the

_______________ ____________________________________________ I I .  A typical Darzms reaction involves the base-catalysed
'•) Data determine J for the add-catalysed isomerization of Z- formation of an epoxide from an a-haloketonc and an aldehyde
aiuumk. auds m water indude the following Suggest a mechanism for the Darzms reaction consistent with the
<■> I V  rite i> (aster in H20  th in  in I»jO. K H jO )/*(D jO) = 2.5. reullnbow nbdovr.

14 The produdcontains about 80H D  at C2.
* 1 The Hammett p value ia-S.

Su® cu * mechanism for the reaction thal explains the data.

И® Л  CO M ( , )  T k " , " n f , n ‘ l° " 11
P --------►  * 1 - ^ 4 /  ^  ra te - i,(P h C 0 a ija i[A tC H 0 1 [E W -|

C O alt N>0 2 (b) When Arttvaned. the llam meltp value is «2.5.
clee«i>ic acids at л mt ° ! hydrory-acide also gnres F* ^  The following attempted Darzens reaction» produced un

*  ^greater rale under the same conditions but the 
’’« • ■ « e r . lh e r th f fe re n t .  expected products

ArCMO J  П

EttP.EtOH

VI/4^T<̂ Y T‘ *£,d dn,icT',,i'd ■"1 - ' ь' ~ '  a kinetic isotope effect:

I i <t



Saturated heterocycles and 
stereoelectronics 42!
Connections

Building on: 
a Acetai* and hem lacetal* c h l4
•  Stereochemistry сh 16
•  The conformation of cyc lic  molecules

c h i t
a Stereospecific e lim ination reactions

ch lS
a  Protecting groups ch24

orbital overlap affects coupling (the 
Karpkis relationship) ch32 

a How rings a ffect stereoselective 
reactions ch 33 

a Ring dos ing  and opening by 
cydoadditions ch35 

a E lectrocyclic ring closing and opening 
chSC

a How alignment o f orb itals affects 
reactiv ity ch37-ch38  

a Determining organic mechanisms
c h 4 i

Introduction

2 ,
Arriving at:

> Putting a heteroatom in a ring chat ges a 
tha reactiv ity  of the heteroatom 
Ring-opening reactions: the e ffect o f a 
Hng stra in

» Lone pairs In heterocydes have a
precise orientations 9

' Some substituent* prefer to  be axial m 
on some *1 «-membered saturated 
heterocydes

> Interactions of lone pairs w ith empty 
orbitals can control conformation

1 Ring-closing reactions: why flre 
membered rings form qulcidy and four- 
membered rings form slowly

' Baldwin's rules: why some ring 
closures work well while others don 't 
w ork a t all

■
Looking forward to:
Structure and « a c t io n , *  
heterocydes ch43
Synthesis of aromatic h 
Ch44

Asymmetric synthesis l ' i4§| 
Chemistry o# lif* ch49
Mechanism* in biological.

Natural products chS l

Ring* in molecules make a difference, and we have already devoted the whole o f one chapter (33) 
and most of another (18) just to the structure and reactions o f nng*. In those chapters, the message 
was that ring* have well-defined conformations, and that well-defined conformations allow reac
tions to be stereosdectivc.

This chapter and the next two w ill revisit the ring theme, but the rings w ill all be heterocydes 
ring* containing not >ust carbon atoms, but oxygen, nitrogen, or sulfur as w d l It may seem strange 
that this rather narrowly defined class o f compounds deserves three whole chapters, but you will 
soon see that this is justified both by the sheer number and varirty o f heterocydes that exist and by a 
their special chemical features. Chapters 43 and 44 cover heterocydes that are aromatic, and in this The 
chapter we look at heterocydes that are saturated and flexible. Some examples, a few o f which may be ***** —
familiar to you. are shown below and overleaf.

W roftdinennc ptpendtoe nng tetrahydrohxan ring tetrahyfropyran n r*

q 'Q QJL
contone -  the pc**on m human we*i« product Vote otfde baton** -

hemlock that lultod Soorates 3-5 ing per day isolated from geranium »i and
eeenrted In urine used In П * perfume
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dwutonk M d  - m  anUbwttc iwurty i a *  of *coriwd* * • «

-  irih«i ррлоп in wron^y
<4 ^

0
с i  Conner m m w  nwphoNni W WOO'tel

But what are the 'special chemical features’ o f saturated heterocydes? Putting a heteroatom into a 
ring does two important things, and these lead to the most important new topics in this chapter 
Firstly, the heteroatom makes the rmg easy to make by a nng-closing reaction, or (in some cases) 
easy to break hy a ring opening reaction. Closing and opening reactions o f rings are subject to con
straints that you w ill need to know about, and the principles that govern these reactions arc discussed 
in the second half o f the chapter.

Secondly, the nng fixes the orientation o f the heteroatom— and. in particular, the orientation of 
its lone pairs— relative to the atoms around it. This has consequences for the reactivity and confor
mation o f the heterocyde which can be explained using the concept of stereodectronics.

•  Stereodectronic effects are chemical consequences o f the arrangement of orbitals 
in space.

Although this a  the only chapter m which stereoelectronics appears in the title, you will sooo rec
ognize the similarity between the ideas we cover here and concepts like the stereospeaficity of E2 
elimination reactions (Chapter I f ) ,  the Karplus relationship (Chapter 32), the Felkin-Anh transi
tion state (Chapter 33), and the conformational requirements for rearrangement (Chapter 37) and 
fragmentation (Chapter 38) reactions.

Reactions of heterocydes
Nitrogen heterocydes: amines, but more nudeophilic
In many reactions the simple saturated nitrogen heterocydes—pipendine. pyrrolidine, piperanne, 
and moipholmc— behave simply as secondary amines that happen to be cyclic. They do the sorts of 
thing» that other amines do, acting at nucleophile» in addition and substitution reactions. 
Morpholine, for example, is acyiated by 3,4.5-trimethoxybenroyl chloride to form the tranquillizer 
and muscle relaxant trimetozinc, and N-methytpiperazine can be alkylated in an S^l reaction with 
diphenylmethyl chloride to give the travd-sickness drug cyclizme.



Reaction* of heterecycles

> 0 *  т
The addition o f pyrrolidine to aldehydes and ketones is a particularly important reaction because 

it leads to enamines. the valuable enol equivalents discussed in Chapter 26.

Enamines formed from pyrrolidine and piperidine are particularly stable, because pyrrolidine 
and piperidine are rather more nucleophilic than comparable acylic amines such as diethylaminr. 
This is a general feature o f cyclic amines (and cyclic ethers, too, as you w ill see shortly), and is a «eric 
effect. The alkyl substituents, being tied back into a ring, are held dear of the nucleophilic lone pair, 
allowing it to approach an electrophilc without hindrance. This effect is well illustrated by compar
ing the rates o f reaction o f methyl iodide with three amines— tertiary this time. The two cyclic com
pounds are bridged—quinudidinc is a bridged piperidine while the diamine known as ’DABCO’ 
(l,4-DiAzaBiCydo[2.2.2]Ovtanc) is ■ bridged pipenuune. Table 42.1 shows the relative rates, along 
with pJ fjii values, for triethyiamine. quinudidinc, and DABCO.

И^С-^-Н ---------------- »■ R ,® — С И , ♦ I®

Table 42 .1  Rates of reaction of amines with methyl Iodide

r i ) A
1 63 40

10.7 11.0 •.«(and 3.0)

« т х м ч л .я м м т к ц с м и м х .

Quinudidinc and DABCO arc 40-60 times more reactive than triethyiamine. This is again due to 
the way the ring structures keep the nitrogen’s substituents away from interfering with the lone pair 
as it  attacks the elcctrophOe. You should contrast the effect that the cydic structure has on the pJC.ii 
o f the amines: none! Tnethylamme and quinudidinc are equally basic and. as you can see in the mar
gin, so (more or less) are diethytamine. dibutytaminc, and piperidine. Л proton is so small thal it 
cares very little whether the alkyl groups arc tied back or not.

Much more important in determining p K J j is how electron-rich the nitrogen is, and this 
is the cause o f the glaring discrepancy between the basicity o f quinudidinc and that of 
DABCO, or between the basicities o f pipcndinc (рК .ц  11.2) and morpholme (p*f«jt 9.8) or 
pipcrazinc (рАГ#н  S.4). The extra hctcroatom, through an inductivc effect, withdraws elec
tron density from the nitrogen atom, making it less nudcophilic and lesa hakic. In this
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i a *

sense. m o rp h o lin e  can be a very  use fu l base, less basic th a n  tr ie th y la m in e  b u t som ewhat 
m o re  so th a n  p y r id in e  (p k ',H 3.2). N o tice  ho w  m uch  lo w e r is the  second p*TaH ( th a t is. the p*TeH 
fo r  p ro to n a tio n  o f the second n itro g e n ) o f  the d iam ines  D A B C O  and p ip e ra /in e  the p ro to n a te d  
n itro g e n  (*f the m o n o p riH o n a te d  am ine  w ith d ra w s  e lectrons very effective ly  fro m  the un p ro to n a te d  
one.

i« i reaction

Ы DABCO is w i t re ia ,

3 5 »  -  »» *  -  » « -У  У .  гь* ш̂ .Ы w;act on (C*ac**• 7 T\ rurp* t*a». kiVfim о»
«'*'o'™ *3 b i c r w * '  ***'*' ул

* * * * * *  *  con»u*aW add*on bo.** t/aope<J by afcyia».n* 
l * *  • ■ ■ " T V  * щ ц # » В а * Ь * - * '«man reaction е*#с<гс**л.1* ta n

1Ш * 0 * ------- - -  L- n l in w r i t o  и * е »  a typical e i*ro to

Л З в M v r o a »  |Г»«И «М Г»» 
„ « M a r t i *

I " * »
c a f . tm * l.M » C O  It a muchD*fl« 
м  r a r  ft*  Г **> .»e enoKz* on
MMtotaaatfOABCO »  an ClcB
# *« « w  product o ft**  reaction DABCO is

and >s a cat Jhst

0 ^
at*t>aH»a HiitnjnretB*owia<ara>a: typic* % .la m ^ d a i* ' 

M N i a n h t i p t и tha reaction up fe* as a 
<я*гш DABCO «  4bout i f *  boat. « •« nucfeopNhr. br- «use of th»- t.-d t>* t 
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The exposed nature o f the nitrogen atom in cydk amines means that nitrogen heterocydes are 
very frequently encountered in drug molecules, particularly those operating on the central nervous 
system (cocaine, heroin, and morphine all contain nitrogen heterocydes, as do codeine and many 
tranquillizers such as Valium). But the nng can also be used as a support for adding substituents that 
hinder the nitrogen's lone pair. lust as the nitrogen atom o f piperidine is permanently exposed, the 
nitrogen atom of 2^,6^-tctramethylpiperidine 
(IM F ) nestles deep in a bed of methyl groups.
The lithium salt of TMP (LiTMP) is an ana 
logue o f LDA— a base that experiences enor
mous stem hindrance that can be used in 
situation* where the selectivity even o f LDA 
fails.

"4гйг“ •drW
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Azirid inc: ring  strain promotes ring opening
Azindine and azetidine arc stable, i f  volatile, members o f the saturated nitrogen hcterocyck 
femily. and azindine has some interesting chemistry o f its own. Like pynolidine and piperidine. 
aziridinc can be acyiated by treatment with an acyl chloride, but the product ia not stable. The ring 
opens with attack o f chloride, a relatively poor nuJeophile. and an open-thain secondary amide 
results.
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Saturated heterocycles and system atic nomenclature '■A
The names a/trtdme and s/eOdine are darved from a ■ 5; nothing for 6; -ep-' ■ 7, fromhe**. ‘-oo-' ■ 8, from
reasonably logical system of nomenclature. *tacb assies *eta; etc.); and (c) the degree of %МигМюп C«re' or '-toe'
thre*part heterocycle names according to: (a) the for unsaturated. '-**ne' or •-one' for saturatedi Hence
heteroatom fa*.’ -  nitrogen, o»' •  oiygen, W  -  sulfur): aMr-M»ne. aMrt-kSne. dNM-otane. and oHr-ane.
(b) »w rfr* s i»  Г * '  ■ 3. from trt: ‘at-’ ■ 4. from tatra: *ч^-

You can view this ring opening as very similar to the ring opening o f an epoxide (Chapter 20)— in 
particular, a protonateJ epoxide, in which the oxygen bears a positive charge. The positive charge is 
very important for aziridine opening because, when the reaction is done in the presence o f a base, 
removal o f the proton leads immediately to the neutral acyl aziridine, which is stable.

A **•
The ring opening o f aziridine is a useful way o f making larger heterocydes: anything that puts a 

positive charge on nitrogen encourages thc opening by making N a better leaving group, whether it ‘s 
protonation, as shown below, or alkylation.

Alkyiation o f aziridine in  base gives the ЛГ-substituted aziridine as you might expect, but a second 
alkylation leads to a positively charged aziridinium salt that opens immediately to the useful bro- 
moamine. In this ease, the product is an intermediate in  the synthesis o f two natural products, san- 
daverine and corgoine.

- D c r g o . -  ZXXTTX
We luve just mentioned the protonation o f aziridine, and you might imagine from what we said 

earlier about the comparative nudeophilicity and basicity o f nitrogen heterocydes and their acydic 
counterparts that aziridine w ill be even more nudcophilic than pyrrolidine, and about as basic. Well,
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it isn't. The idea that 'tying bade' the alkyl groups increases nudeophilicity is only valid for 'n  
sized' (five- or six-membered) rings: with small ring* another effect takes over.

Aziridine is. in fact, much less basic than pyiTolidine and 
piperidine: it* p X j|  is only 8.0. This is much doaer to the рЛГвц of 
a compound containing an sp2 hybridized nitrogen atom— the 
inline in the margin, for example. This is because the nitrogen'* 
lone pair is in an orbital with much more s character than is typi
cal for an amine, due to the three-membered ring  This is an effect we have discussed before. ■ 
Chapter IS, and you should re-read pp. 000-000 if  you need to refresh your memory. There we am  
pared three-membered rings with alkyne*, explaining that both could be deprotonated relatively eat 
ily. The anion carries a negative charge in a low-energy orbital with much s character the same type 
o f orbital carries aziridine's lone pair.

The s character o f  the aziridine nitrogen's lone pair has other 
effects too The lone pair interacts very poorly with an adjacent 
carbonyl group, so N-acyl aziridine* such as the one you saw on p.
000 behave not at all like amide*. The nitrogen atom is pyramidal 
and not planar, and the stretching frequency o f  the C -O  bond 
(1706 cm '1) is much doser to that o f a ketone (1710 cm-1) than 
that of an amide (1630 cm-1).

Lack o f conjugation leads to increased reactivity, and N-acyl 
aziridine* are useful in synthesis because they react with organo- 
lithium reagents only once to give ketones. No further reactions of 
the product ketone occur because the N-acyl aziridine is reactive 
enough to compete with it for the <»rganolithium reagent.

vfOOJ-ieSaor*

-V hr
run*»

WOO) • W06 Cl

\  H

The s character o f  the lone pair means that the nitrogen atom inverts very slowly, rather bkr ■ 
phosphine (which also carries its lone pair in an s orbital: see Chapter 4, p. 000). Usually it is not pa» 
sibie for nitrogen to be a stereogenic centre because inversion is too rapid— the transition state fer 
nitrogen inversions (in which the lone pair is in a p orbital) is low in energy. But with an aziridine. get 
ting the lone pair into a p orbital would require an awful lot o f energy, so nitrogen can be stereogram 
and, for example, these two stereoisomers o f an N-substituted aziridine can be separated and isolate*

□
■ e o v rf j m Chaptr' 20 .

_  *17 and 73)
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Oxygen heterocycles
Ring-opening chemistry is characteristic, of oxygen hcterocydcs 
too, and there is no need for us to revisit epoxide opening here.
Epoxides are particularly reactive because nng opening releases nng 
•train, driving the reaction forward. However, we can td l you about 
some chemistry of the most important simple oxygen hetcrucyde,
THF. You may be surprised that THF does any real chemistry: after 
ad, the very reason it is used as a solvent is precisely because it is so 
unreactive Oxygen hcterocydcs are cyclic ethm. and ethers are the 
least reactive o f ad the common functional groups.

To make ethm  more reactive, they must be complexed with strong Lewis acids. BF3 is common!* 
used with cydic ethers, and even with epoxides it increases the rate and yield of the reaction who 
organon i rt ol lie reagents are used as nucleophiles. BF3 is most easily handled as its complex with dirftN 
ether, written BFjOEl. BuLi does not react with oxetane, for example, unless a Lewis acid, such aiBF> 
is added, when it opens the four-membered ring to give a quantitative yield of n-heptanoi

о 0
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The same reaction happens with THF, but only in much lower yidd. Nonetheless, just as cydic 
amines are more nudeophilic than acydic ones, so cyclic ethers are more nudeophilic than acyclic 
ones. This is one o f the reasons why THF is such a good solvent for organolithium*— the nudeophilic 
lone pair o f the oxygen atom stabilizes the electron-deficient lithium atom of the organolithium.

Я0 reaction a4w.it 6

a

4*1

SSrP < * * • ! .

...

i l

A more important reaction between Bui j  and THF is not nudeophilic attack, but deprotonation. 
You w ill have noticed that reactions involving BuLi in THF are invariably earned out at tempera
tures o f 0 4 !  or below— usually -7 8 4 1  This is because, at temperatures above 0 4 1  deprotonation of 
THF begins to take place. You might think that this would not be a problem, i f  BuLi were being used 
as a base, because the deprotonated THF could still its rif act as a base. The trouble is that deproto 
nated THF is unstable, and it undergoes a reverse [2+3J 
cydoaddition. I lere is the mechanism (we have represented 
the organolithium as an anion to hdp with the arrows). The 
products are: ( I )  the (much less bask) enolate o f acetalde- 
hyde and (2) ethylene. The first tends to polymerize, and 
the second usually evaporates from the reaction mixture.

Tha case of tha axtra ethyl group

Some dwrnMs in Baltfvn aludylncth* iVKtMjns of

&£>—'Y

cfctw double bond to fora •  ffce- 
d « « « h e  a ratftcal would: aee Chapter M l  The 

n  м м  «Ю*. and they stlned the orpnoMNun m THf 
for 6 hour» at 0*C **enthe> waked the reaction up tney

■V-
е л а ге м  jr»ue t*

The most common use o f letrahydropyran derivatives is as protecting groups: you met this in 
Chapter 24 and you can see an example later in  the chapter, on p. 000.

Sulfur hctcrocydes
The ability o f sulfur to stabilize an adjacent anion will be discussed in 
Chapter 46. and it means that sulfur heterocydes are much easier to 
deprotonate than THF. The mntu important o f these contains two sul
fur atoms: dithiane. Deprotonation o f dithiane occur* in between the 
two heteroatoms, and you can see some chemistry that arises from this 
«*» p. 000. For the moment, we will just show you series o f reactions that illustrate nicely both dithiane 
chemistry and the ring opening o f oxygen heterocydes in the presence o f BF3. This substituted deriva
tive o f dithiane is deprotonated by BuLi in the same way to give a nudeophilic organolithium that will
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attack dectrophile—even oxygen heterocydes—provided BFj is present. The producU are formed in 
excellent yield, even when the dectrophile is THP, with no ring «train to drive the reaction. After the 
addition reaction the dithiane nng can be hydrolysed with mercury*П) (see Chapter* 46 and 50 for an 
explanation) lo give a ketone carrying other useful functional groups.

S S T  ___- A  BFi*1*"' ЛГ”  '  < У ---
* * * * *

Я -  0  fflorn аа*«-«) Ы% 
г». i  o*e<anei 9М 
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Conformation of saturated hetcrocydcs: thc anomeric effect
HcteroatonM in  rings have axial and equatorial lone pairs
To •  ftru approximation, th t conformation o f five- anil six-membered saturated heterocydes 
follows w ry  much th t u m i principlts u  th t conformation o f carbocydic compounds that w t 
detailed in Chapter I I .  I f  you fed you n ttd  to rt-rtad th t parts of that chaptci dialing with rings 
chain and boats, or axial and tquatorial substiturnt*—now would b t a good um r to do i t  Sticking 
with dilhiant for th t momtnl. thtn, this is th t conformation Sinct Ih t sulfur atoms hart lon t pairs, 
they too occupy axial and tquatonal positions. Tht same ia true o f dioxant or o f p iptndint.

W t have coloured Iht lont pairs green Of black according to whither they are axial or equatorial, but 
you can also consider th t colour coding in a different way Ыаск lont parrs art paralld with О С  or 
G-hettroatom bonds in the nng; green lont pairs are 
parallel with axial G-H bonds outside the ring. or. it 
the ring has substiturntv with th t bonds to thost sub 
stitucnts. This substituttd letrahydropyran illustrates 
all thu Notve that the tquatonal suharautfits next lo 
the hrttrualom are parallel with neither the green nor t tt t*  tone pair рагм  »w C-C bond. a№n me 
Ih t Ыаск lone pair.

Why is this important? Well, i f  you cast your mind back to Chapter 3R, you w ill remember that 
ih t  ovtrlap o f paralltl orbitals was very important in fragmtntation reactions. Herr, for example, ia a 
fragmentation reaction that goes very wtB. but that can take plact only if  Ih t nitrogm's lone pair is 
equatorial, btcaust only an tquatnrial (Mack) lont pair can ovtrlap with ih t  antibonding orbital of 
th t C-C bond that breaks. T h t chloridt leaving group must b t equatorial as well.

( j r - ^

X
This is not a problem in this example, because flipping o f the ring and inversion of the nitrogen 

are fast, and enough o f the starting material is in this conformation at any one time for the reaction 
to take place. But compare this bicydic acetai whose ’fragmentation' (actually just an acetai hydroly
sis) looks possible by this mechanism.

cf T~cik :  ̂
Yet when we try and draw the conformation of the lone pairs we run into a problem: neither ovtr-

t



Conformation of saturated heterocycles: the anomeric effect

Up* with the C-O  bond that is breaking and so neither can donate it» electron density into the C-O
0 *. (Another way o f looking at thi» is to say that the intermediate oxonium ion—with a C = 0  double 
bond formed by one o f the oxygen’» lone pairs— would be extremely strained.) Not surprisingly, the 
rate o f hydrolysis o f thi» acetal is extremely slow compared with similar ones in which overlap 
between the oxygen lone pair and the C -O  <J* is possible. The acetal in the margin hydrolyses about 
101*  times faster

Other situations you have met where overlap between parallel orbitals is important are:
•  E2 elimination reactions (Chapter 19)

•  NMR coupling constants (Chapter 32)

•  reactions o f cyclic molecules (Chapter 33)

•  the Felkin-Anh transition state conformation (Chapter 34)

Together, these effects are called stereoelectronic effects, because they depend on the shape and 
orientation o f orbitals. Most o f the examples we have presented you with have been stereoelectronic 
effects on reactivity, but the next section will deal with how stereoelectronic effects affect con

Some substituents o f  saturated heterocycles prefer to  be axial: the anom eric effect
Some o f the most important saturated oxygen heterocydes are the sugars. Glucose is a cyclic 
hemiacetal— a pentasubstituted tetrahydropyran i f  you like—whose major conformation in  solu
tion is shown on the nght. sut^titwsm г, л! to Oi 
About two-thirds o f glucose in 
solution exists as this stereoiso
mer, but hemiacetal formation
and cleavage is rapid, and t lm  U rru W I H | I »  . „ „ о н
in equilibrium w ith a further 
one-third that came* the hemi
acetal hydroxyl group axial 
(<1% is in the open-chain 
form).

Having read Chapter 18 you w ill not be surprised that glucose prefers all its substituents to  be 
equatorial. For four o f them, o f course, there is no choice: they are either all-equatorial or all-axial, 
and the only way they can get from one to the other is by ring-flipping. But for the fifth substituent, 
the hydroxyl group next to the ring oxygen (known as the anomeric hydroxyl), the choice o f axial or 
equatorial is made available by hemiacetal cleavage and re-formation— it can invert iu  configura
tion. What is perhaps surprising is that the equatorial preference of this hydroxyl group is so small— 
only 2:1. Even more surprising is that, for most derivatives o f glucose, the anomeric substituents 
prefer lo  be axial rather than equatorial.

н л ж & о - г " — jsd x if
ж/ I » "

Move away from  glucose, and the effect is still _____________________________
there. Here, for example, is the NMR spectrum « j. Hi
ofthischloro compound. There are now only two pos- 5-78 1M * 2.0
siblc conformations (no configurational changes are 5.03  зн m
poaciMe because this is not a hemiacetal)— both д#в 1и m 
shown— and from the NMR spectrum you should be
able to work out which one this compound has. 4  37  1H 66 *2 .9 . S.0

The key point is that axial-axial couplings are large 3.75 1И ddd 12.9,3.7. 0.0
(>8 Hx.say). even with adjacent electronegative atoms 2.ю  9H a 
(which do tend to lower coupling constants). So i f  H I . ....

OAe-3
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were an axial proton, you would expect it to have a 
large coupling to H2. But it doesn’t— it couples to H2 
with /  o f only 2.0 Hz. (The otheT coupling u  a W- 
coupling to H3, also o f 2.0 Hz: see p. 000.) Similarly, 
wc know that the 12.9 Hz coupling shared by tbe two 
HS protons must be a geminal C'l) coupling. One of HSa or H5b must be axial; yet both couple to H4 
with / <  4 l i t  So 114 cannot he axial. With this evidence, wc have to condudc that I I I  and 114 (and 
therefore H2 and H3) are equatorial, so the compound must exist mainly in the all-axial conformation. 
(The 0.6 Hz coupling to H5b is another W-coupling, and shows that H5b is the equatorial proton, and 
H5a therefore the axial one.)

•  The anomeric effect

In  general, any tetrahydropyran bearing an electronegative substituent in the 
2-position w ill prefer that substituent to be axia l This is is known as the 
■nomeric effect.

V r  T
<ausl •« ito'e slabb than Xeouatortala

But why? This goes against aD o f what we said in Chapter 18 about axial substituents being more 
hindered, making conformations carrying axial substituents disfavoured. The key again is stereoelec
tronic». and we can now link up with the message we left you with at the end o f the last section: ehm 
inations and fragmentations can work only when the orbitals involved arc parallel.

An amide is more stable (less reactive) than a ketone because the p orbital of the N and the kiw-1 
ying O O  x* o f the carbonyl can lie parallel—they can overlap and electron density can move from 
nitrogen into the O O  bond, weakening C-O . (Evidence for this comes from the lower IR stretching 
frequency o f an amide O O . among other things.) But C -X bonds also have kiw-lying antibonding 
orbitals—the O X  O*—«0  we would expect a molecule to be stabilized i f  an adjacent heteroatom 
could donate electrons into this orbital in the same way. Take the generalized tetrahydropyran in the box 
above, for example, with X = 0.say. This molecule is most stable i f  an oxygen lone pair can overlap with 
C -O  0*,hke this

But it  can do this only i f  the chlorine is axial! Remember what we pointed out earlier the 
oxygen's equatorial lone pain arc parallel with nothing but bonds in the ring, so the oxygen’s axial 
lone pair is the only one that can help stabilize the molecule, and it can only do this when the О  is 
axial. Only the axial conformation benefits from the stabilization, and this is the origin o f the 
anomeric effect.

How shall we represent the stabilization? Comparing again with the amide stabilization, you might 
think about how to represent it with curly arrows this is straightforward with the amide and you have 
seen it many times. But it looks odd with our hcterocyde. electron density moves from О to Cl, and the 
C -O  bond is weakened. I f  the process carried right on, С Г would leave. This is exactly what did happen 
in the acetal we presented you with as an example on p. 000: only the axial OAr could leave, however, 
because of the same requirement for overlap with an oxygen lone pair. In the real structure that we are 
now looking at. the G  is st i l  there: the C -O  bond is weaker, and some o f the oxygen’s electron density 
is delocahzed on to O . This can be seen in crystal structures: compounds exhibiting an anomeric effect 
have a longer (and therefore weakened) bond outside the ring and a shorter, stronger C-O bond with
in  the ring

S3*____ ____  ____  turd  а » Л ____  ____  ____  ____  ____

—  Czf*  ; 
.L  L  4 .  i . "
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Conformation of saturated heterocydes: the anomeric effect

The anomeric effect in  some o ther compounds
Now that you know about the anomeric effect, you should add it to your mental array o f ways o f 
explaining 'unexpected' results. Here is an example. Many fruit flies have pheromoncs based around 
a ‘spiroketal’ structure, which we could represent without stereochemistry as shown below. You can 
imagine the apiroketal (that is. an acetal o f a ketone made o f two rings joined at a single atom) being 
made from a dihydroxyketone and, indeed, this is very often how they are made synthetically. But 
this is a bad representation because the»e compounds do have stereochemistry, and the stereochen»- 
istry is very interesting.

= *  ■  x J L jc.
nree ways of attaching the other nng, shown

• p t o k r a i  atn jcbxe o f 
•oma № м с1|1м ям 1

Let’s start with the simplest example, with R -  I I  (a pheromone o f the olive fly). Once you have 
drawn one ring in its chair conformation, there are three ways o f attaching the other ring, shown 
here. I f  you think they all look the same, consider the 
orientation o f each G-O bond with respect to the 
ring that it is not part of: you can have each 0 - 0  
axial or equatorial, and there are three possible 
arrangements (three conformations).

W ithout knowing about the anomeric effect, you would find it hard to predict which conforma
tion is favoured, and. indeed, you might expect to get a mixture o f all three. But NMR tells us that 
this compound exists entirely in one conforma
tion: the last one here, in which each oxygen is 
axial on the other ring. Only in this conforma- J  \ q  
tion can both G-O bonds benefit from the ягтп lan* p* r <3onel*‘  ,nto В,**л <**
in o m t ik  c to c l-U u »  и  often known »  ih . 0« V * »  « ► « * • »  « • « • • • « •
double anomeric effect.

Things become even more interesting when the spiroketal carries substituent*. The pheromone of 
Eprolus crucifer, for example, carries one additional methyl group at a centre with (5) configuration. 
The spiroketal centre is now a chiral centre, and also exists in a single configuration. Only one possi
ble conformation allows the methyl substituent to be equatorial and the two oxygens to be axial, and 
thal conformation defines the configuration at the spiroketal. Only one diastereoisomer is formed, 
in which the methyl group controls the tpiro centre.

►
ТЫ» is  a  chiral 
though the

has a plane of r

'ьшщятЛ
■ n N M a iB

I f  you try  to  d r»  
acetais you «и* *
I tn c k  to ge tting • h o a l i t o * !  
r.f^t thr s.-vr .n ontoslMH
on* of th* lour
•pomt o f either m 
on e  nng ends up I

М» tquatorld: only <et d  
с яЛ/jr jt io r»  and only

The fact that the substituents on the side chains can control the conformation o f the spiroketal 
centre means that it is not necessary to worry about that centre in  a synthesis, provided you are trying 
to make the spiroketal that has the double anomeric stabilization (both oxygens axial) and that has 
any substituenu equatorial on the rings. A recent (1997) synthesis o f a single enantiomer of some 
fru it-fly  pheromone» from an aspartic acid-derived bromodiol is shown overleaf. It involves three 
different-sized oxygen heterocydes.

The diol is made into an epoxide by an intramolecular substitution reaction that is S*2 and so 
goes with inversion. There are two possible rings that could form, depending on which hydroxyl 
group attacks, but (as you w ill shortly see) three-membered rings form faster than four-membered 
ones, and the reaction gives none o f the oxetanc. The other hydroxyl group can now be protected as 
a benzyl ether.
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The epoxide opens well with either a copper derivative (RMgBr ♦ Cul) or simply NaBH4, 
and the resulting alcohol needs to be protected. A good, and in this instance topical, choice 
is a THP group, added using dihydropyran in the presence o f acid. The disadvantage o f THP 
protecting groups is that they introduce an unwanted chiral centre: this w ill not be controlled 
and we expect a mixture o f both (ff) and (S) configurations at this centre. However, you should 
now have no problem predicting the conformation o f  the T1 CP rings, even i f  it  is irrelevant to the 
synthesis.

(RhydtopyTVi

0  Ck- conformation, w th yeon 0 aaal

«(R ■ M)

Now the ben/yl ether can be deprotected, and the hydroxyl 
tosylate. This iodide is an alkylating agent, and is used for two su

group substituted for iodide via its 
ccesaive alkylat ions of a hydrazone’s

g™ „ . и м ,  Г »  Г*
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The product is still a hydrazone, and it need* hydrolysing to the ketone with 1 M HQ . These con
ditions cause immediate hydrolysis o f the THP protecting groups and then cydization to the 
spiroaceul, which forms with complete control over stereochemistry— a single dustereoisomer is 
formed in which both alky! groups go equatorial and both oxygens axial. ^

t



Conformation of saturated heterocydes: the anomeric effect

Remember that the key requirement for thc anomeric effect is that there is a heteroatom with 
a lone pair (O, N. S usually) adjacent to (that is. in a position to interact with) a low-lying anti
bonding orbital— usually a C -X О* (where X -  halogen or O). The C-X bond doesn't have to 
be within the ring— for example, this nitrogen heterocyde prefers to have the R group axial so 
that the nitrogen gets an equatorial lone pair. F qua tonal lone pairs arc parallel with bonds within 
the ring, one o f which is G-O, and this conformation is therefore stabilized by an N lone pair/ 
C -O  O* interaction.

It would be a bit much for this l,3.$-triazinc to i f t i
have all three f-butyl groups axial (too much 
stenc hindrance), but it  can get away with having 
one o f them axial, benefiting from the resulting 
equatorial lone pair, which can overlap with two 
C -N  0*s in the ring. lnuc-N

Rdatcd cffccts in o the r types o f compounds

I  •  Any conformation in which a lone pair is anti-periplanar to a low-energy 
antibonding orbital will be stabilized by a stereodectronic interaction.

As you w ill probably realize, it ’s not only in six-membered rings that stereodectronic interactions 
between filled and unfilled orbitals stabilize some conformations more than others. Stercodectronic 
effects control the conformations o f many types o f molecules. We shall look at three common com
pounds that are stabilized by stercodectronic effects: in two cases, the stabilization is specific to one 
conformation, and wc can use stereoelcctronics to explain what would otherwise be an unexpected 
result

But we start with a compound that is so simple that it has only one conformation because it has 
no rotatable bonds: dichloromethane. You may have wondered why it is that, while methyl chloride 
(chloromcthanc) is a reactive dectrophile that takes part readily in substitution reactions, 
dichloromethane is so unreactive that it can be used as a solvent in which substitution reactions of 
other alkyl halides take place. You may think that this is a stenc effect: indeed. (1 is bigger than H. 
But CH2Q 2 is much less reactive as an dectrophile than ethyl chloride or propyl chloride: there must 
be more to its unreactivity. And there is: dichloromethane benefits from a sort o f ‘permanent 
anomeric effect*. One lone pair o f each chlorine is always anti-periplanar to the other C-CJ bond so 
that there is always stabilization from this effect.

Among thc most widespread classes o f acyclic compounds to exhibit stercodectronic control over 
conformation arc acetals. Take thc simple acctal o f formaldehyde and methanol, for example: what is 
its conformation? An obvious suggestion is to draw it fully extended so that every group is fully anti- 
periplanar to every other—this would be the lowest-energy conformation o f pcntane. which you get 
i f  you just replace the Os with O I 2s.

The trouble is. in this conformation none o f thc oxygen lone pairs get the chance to donate into 
the C-O  a* orbitals. Although putting thc bonds anti-periplanar to one another makes steric sense, 
dectronically, thc molecule much prefers to put the lone pairs anti-periplanar to the C -O  bonds, so 
thc bonds themselves end up gauche (synclinal) to one another. This is known as the gauche cffcct, 
but is really just another way in which thc stcrcodcctronic effects that give rise to the anomeric effect 
turn up in acydic systems.

Finally, an even more familiar example that you may never have thought about. You are well 
aware now that amides are planar, with partially double C -N  bonds, and ^  ( 
that tertiary amides have one alkyl group a t  to oxygen and one tram. But shown 1*  
what about esters? Fstcrs arc less reactive than асу! chlorides because of 
donation from the oxygen p orbital into the carbonyl * \  so wc expect 
them to be planar too, and they‘are. But there are two possible planar 
conformations for an ester, one with R a s  to oxygen and one with R 
trans. Which is preferred?

D icN o f 'trne" Д1,
«♦ectrop-.iir but 
powerfU 
reaction times

си,с., I

lo w cs te n *»  J 
сопгопплю оt p

mown ha

donation 1» мл юг» pa* of О 
Tic я* keros ester p la n *

о - * . » , .  000.
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Here are the two conformations drawn out 
for ethyl acetate. When the ethyl group (= R) 
and О are cu. not only can one oxygen lone 
pair interact with the 0 0  * * , but the other 
lone pair can alto donate into the O* of the 
C -O  bond. Thi» i> not рошЫе when Et and 
О are trans: they are no longer anti-peripla- 
nar. The as  conformation of ester» is generally 
the preferred one, even in formate esters, 
where the alkyl group ends up in what is dear
ly a more sterically hindered orientation.

Making heterocycles: ring-dosing reactions
We have talked about the tfructure of saturated hcterocyck», particularly with regard to stereoeiec- 
tronk control over conformation, and before that we looked at some o f their reactions. In thu la»t 
section o f the chapter wc will look at how to make saturated hcterocydcs. By far the most important 
way o f making them is by ring-doting reaction», because we can usually use the heteroatom as the 
nucleophile in an intramolecular substitution or addition reaction. Ring downg reaction» are. of 
course, just the opposite o f the ring-opening reactions wc talked about earlier in the chapter, and we 
can Mart with a reaction that works well in both direction»: ring dosure to form an epoxide. You 
know well that epoxides can be formed using m-CPBA and an alkene. but you have already seen 
examples (including one earlier in the chapter) where they form by an intramolecular substitution 
reaction such as this.

The same method can also be used to generate larger cydic ethers. Oxetane, for example, is conve
niently made by adding J-chloropropyt acetate to hot potassium hydroxide.

□  * Л , .
The first step in this reaction is the hydrolysis o f the ester. The alkoxide produced then undergoes 

an intramolecular substitution reaction lo yield oxetane.

— - P

Tetrahydropyran was prepared as early as 1890 by a ring dosure that occurs 
1,5-pentanediol with sulfuric acid is heated.

when a mixture of

H ^0 4

H These are all Sh*2 reactions, so you will not be surprised that nitrogen heterocydes can be pre- 
Д  pared in the same way. Aziridine itself, for example, was first prepared in 1888 from 2-chloroethy

Thi» method works well to form three-, five-, and »ix-membered nitrogen heterocyde», but doe» 
not work well to form four-membered rings. In fact, four-membered rings are generally among tbe
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hardest o f all to form. To illustrate this, the first two columns o f Table 42 2  show the rates (relative to 
six-membered ring formation -  I ) at which bromoamines o f various chain lengths cydize to saturat
ed nitrogen heterocydes o f three to seven members.

Table 42.2  Ratea of rtng-cloalnc reactions

^  Л » .
Ring tiro  Product Rotative rote* A w . , » , ,

Д
4 j— **  0.001 f 0.58 tlo * 

&

Cr
О
О

&
&
&
c t

wary slow

*Maowte«w«
4 -C O jU

The first thing that strikes you perhaps is that the figures in the third column have been produced 
by a random number generator! There seems to be no rhyme or reason to them, and no consistent 
trend. To convince you that these numbers mean something. Table 422  also shows, in its next two 
columns, the relative rates for a quite different ring-dosing reaction, this time forming four- to 
seven-membered rings that are not even heterocydes by intramolecular alkyiation o f a substituted 
malonale. Though the numbers are quite different in the two cases, the ups and downs are the same, 
and the final column summarizes the relative rates. Put another way, a rough guide (only rough!— it 
doesn't work in all cases) to the rate o f ring formation is this.

•  Rough guide to  the rate of form ation of saturated rings

5 > 6  >  ■ >  7 >  4 >  $-10
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•urd

We show the numbers in colour to highlight the bet that this seemingly illogical ordering of 
numbers actually conceals two superimposed trends. Once you get to five-membered nngs, the rate 
o f formation drops consistently as the ring size moves from ‘normal’ to 'medium'. ‘Small’ (three 
and four-membered) rings insert into the sequence below six.

The reason for the two
superimposed trends is two 
opptiung factors. Firstly, small 
nngs form slowly because form
ing them introduces ring strain.
This nng strain is there even at 
the transition state, raising its 
energy and slowing down the 
reaction. AG* is very large for a 
three-membered ring (due to 
strain) but decreases as the ring 
gets larger. This explains why 
three- and four-membered 
rings don't fit straightforwardly 
into the sequence.

But, i f  the reaction rate simply depended on the strain o f the product, the slowest reaction would 
be the formation of the three-member ed ring, and six-membered rings (which are essentially strain- 
free) would form fastest. But as it is, four-membered nngs form more slowly than three-membered 
ones, and five-membered ones faster than six-membered ones. To explain this, we need to remind 
you o f an equation we presented in Chapter 1Э.

ДО* *  AW* -  7AS*

The activation energy barriers AG* o f our reactions are made up of two parts: an enthalpy o f acti
vation AH*. which tells us about the energy required to bring atoms together against the strain and 
repulsive forces they usually have, and an entropy o f activation AS*, which tells us about how easy it 
is to form an ordered transition state from a wnggling and randomly rotating molecule.

AG* for three* and four-membered ring formation is large because AH* is large: energy is needed 
to bend the molecule into the strained small-ring conformation. A if*  for five-, six-, and seven-mem 
bered rings is smaller this is the quantifiable representation o f the 'ring strain' factor we have just 
introduced. The second factor is one that depends on AS*: how much order must be imposed on the 
molecule to get it to react. Think o f it this way a long chain has a lot o f disorder, and to get its ends to 
meet up and react means it has to give up a lot o f freedom. So, for the formation o f medium and large 
rings, AS* is large and negative, contributing to a large AG* and slow reactions. For three-mem bered 
rings, on the other hand, the reacting atoms are already very dose together and almost no order 
needs to be imposed on the molecule to get it  to cydize: rotation about just one bond is all that is 
needed to ensure that the amine group is in the perfect position lo  attack the O* o f the C-Br bond in 
our example above. AS* is very small for three-member ed rings so, while A ff*  is large, there is little 
additional contribution from the ГД5* term and cydization is relatively fast. Four-membered rings 
suffer the worst o f both worlds: forming a four-membered ring introduces ring strain (A /f*) and 
requires order (AS*) to be imposed on the molecule. They form very slowly as a result.

н
Unr AS* at ««y or* can mact
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V '* r  '$■■.** V*'

-  — I  ■<>
3- end 4«»ien*efed rtng»

conformation *« < м  of only j  tew

| These results are summarized in the following bo*.

•  R In f  form ation

•  Three-m embered rin g  fo rm ation  is fast— the product is strained so AH * is 
large b u t th is  is offset by the reacting atoms being as close as they can get in  a 
freely ro ta ting  chain

•  Four-membered rings fo rm  slow ly— the p roduct is s t ill s ign ificantly strained 
bu t the reacting atoms are now  not r ig h t next to  each o ther to  offset th is

•  Five membered r in g  fo rm ation  is o ften fastest o f  all. S ignificantly less strain 
and the ends are s till not too  fa r apart

•  Six-membered r in g  fo rm ation  experiences no stra in b u t neither does it  have 
the advantage o f  the ends being close

•  Seven-membered rings and beyond fo rm  m ore slow ly as Д5* increases

Medium and large rings

or 11 atoms * i tfw ring For l»<r«n<nwd ring» and я* 
• ta n a »

Thcrmodynamic control is important in other way» in carbohydrate chemistry, because control 
over nng size allows selective protection o f the hydroxyl groups o f sugars. Compare these two reac
tions. Both o f them give acetals from the same starting material, mannitol.

I
have lOor 11 members. These are fte medbm rings', of юишп esaenbaiy conatar* at abort !he 7-membeted ring
about 8-1Э members. and they softer from a dTere* sort mark. Rates of reecbons in rtngsaee of 14 and above era
of ttran. evident m the gr art* on p 000 (Charter IS). А л  to essentiaftyRVedrftoer* from thoae in acycftc compound»,
interactions between C-* bonds across the ring To gHlarfB nngs to form. К is often necessary to cany ort _
(transarwrtarbKeractfane) .Theee are worst tor togs o ft  the сусймюп reaction in vary d>rta Milton to dtocouragB
and 9 members, and begin to be reflevadonoe *wre are 10 compebng Waimotocrtar reactions.

Therm odynam ic contro l
In this section we have discussed the rate at which rings form: in  other words the kinetics o f ring for
mation. However, there are many ring-forming reactions that are under thermodynamic and not 
kinetic control. For example, you have already seen that glucose exists predominantly as a six-mem 
bered ring in solution. It could also exist as a five-membered ring: it  doesn't because, although five- 
membered rings form faster than six-membered ones, they are usually less stable (remember, a 
six-membered ring is essentially strain-free). For similar thermodynamic reasons, it doesn't exist as a 
seven-membered ring, even though you can draw a reasonable structure for it.

. j .  neither of Iheee и» formed - j ,

у  . . - Q C

operKh jin  form of ucoee cyrtoaOon of orange ryeftraftm of freon

*

J
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acetone f f *  9й  РЬСНО

И Q*»e<e* 49. р. ООО.

Don’t be put off by Ihe way in which we have had to twist half the molecule round to draw the left- 
hand structure: the stereochemistry hasn’t changed. The important thing is that acetone reads with 
mannitol to form three five-membered acetals (dioxolanes) while benzaldehyde forms only two six- 
membered acetals. This is quite a common result: when there is a choice, acetone prefers to react 
across a 1,2-diol to give a five-membered ring, while aldehydes prefer to react across a 1.3-diol to 
form a six-membered ring. Drawing a conformational diagram o f the product on the right helps to 
explain why. All o f the substituents are equatorial, making this a particularly stable structure. Now 
imagine what would happen i f  acetone formed this type o f six-membered ring acctal. There would 
always be an axial methyl group, and the six-membered rings would be lea stable.

Aminals are another dass o f saturated heterocydes that form very readily under thermodynamic 
control: aminals are nitrogen analogues o f acetals. They are usually made by refluxing a 1,2-diamine 
with an aldehyde in toluene (no acid catalyst is needed because the nitrogens are very nudeophilic), 
and this makes a very useful way o f forming a chiral derivative o f an achiral aldehyde. Here is an 
example: the diamine is made from the amino acid proline. The product has a new chiral centre, and 
it forms as a single diastereoisomer because the phenyl ring prefers to be on thc exo face o f the 
bicydic system (sec Chapter 33).

HjOlss£&. СЦ СГ — Оxn •
•c*w  b f  m ad d c*a*yit л  p»e»e»rf M . J .  _  I X T
■ p — n—e lo шглоншл N  tm—w* чм
S T *

R e flu x in g  in  to luene  rem oves the  w ater as an azco trope  (see p. 000). b u t. in  fact, the a m in a l fo rm s 
so re a d ily  th a t, i f  you  d o  th is  reac tion  in  co ld  d ic h lo ro m e th a n e  ( in  w h ic h  w ater is in s o lu b le ), the 
s o lu t io n  becom es c lo u d y  as d ro p le ts  o f  w ater are p ro duced !

Com batting AS*— the Thorpe-Ingo ld  effect
C om pare  the fo llo w in g  re la tive  rates fo r  epoxide fo rm in g  c y d iz a tio n  reactions. The second looks  as 

th o u g h  i t  suffers m ore  stc ric  h in d ra n ce  b u t i t  is tens o f  thousands  o f  tunes faster!

В
A d d in g  substituen ts  to  o th e r r in g - fo rm in g  reactions makes them  go faster to o : in  the n ex t tw o  

exam ples the  p ro d u c ts  are oxetancs and p y rro lid in e s

К  О * “ О
■  0 4 -D 04 "sS
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This effect is quite general, and is known as the Thorpe-Ingold effect after the first chemists to 
note its existence, in 1915.

•  The Thorpe-Ingold effect

The Thorpe-Ingold effect is ihe way in which substituents on the ring increase the 
rate, or equilibrium  constant, for ring-forming reactions.

As the box says, it ’s not only rate that can be affected by additional substitution. Нсгмте the rela
tive equilibrium constants for the formation o f an anhydride from a 1,4-dicarboxyfk acid (the 
unsubstituted add is called sucrinic acid, and the values are scaled so that KTt\ for the formation o f 
succinic anhydride is I) . More substituents mean more cychird product at equilibrium. The 
Thorpe-Ingold effect is both a kinetic and a thermodynamic phenomenon.

Now we need to explain why the is. The explanation comes in two parts, one o f which may be 
more important than the other, depending on the ring being formed. The first part is more apptiia 
ble to the formation o f small rings, such as the first example we gave you.

I f  you measure the bond angles o f chains o f carbon atoms, you expect them to be close to the H©aC '''~ >vC0 7M 
tetrahedral angle. 1095*. The crystal structure o f the 1,3-dicarboxylic acid in the margin, for ex- l l °*
ample, shows a C -C -C  bond angle o f  110*. Now, imagine adding substituents to the chain. They w ill . .
repd the carbon atoms already there, and force them a little closer than they were, making the bond 
angle slightly less. X-ray crystallography tdls us that adding two methyl groups lo  our 13-dicar- COjH
boxyfac aod decreases the bood angle by about 4*. 10t ^

We can assume that the same is tree in the alcohol starting materials for the epoxide-forming 
reactions (we can’t measure the angle directly because the compounds aren’t crystalline). Now con- caTiO* 
sider what happens when both o f these alcohols form an epoxide. The bond angle has to become 
about 60“, which involves about 50* o f strain (br the first diacid, but only 46* for the second. By dis- \ J  
torting Ihe starting material, the methyl groups Have made it slightly easier to form a ring.

This part o f the argument works only for small rings. For larger rings, we need another explana- ca. 106* 
lion, and it involves entropy. We’ll use ihe pyrrolidine-forming reaction as an example. We have 
explained the effect o f AS* (entropy of 
activation) on the rate o f ring forma
tion: as larger rings form they have to
lose more entropy at the transition * —ti соЫопгМоп-тяч n -m  . .
state, « id  thu  contributes to a less 
favourable AG*.

But. when the starting material has more substituents, it starts o ff with less entropy anyway. More 
substituents mean that some conformations are no longer accessible to the Marling material— the 
green arcs bdow show how the methyl groups hinder rota- /  \
tion o f the N and Br subMituents in to that region o f фасе. V \ /  J  
O f those fewer conformations, many approximate to the 
conformation in  the transition Mate, and moving from start
ing material to transition state involves a small loss o f 
entropy: AS* is less negative so AG* ( -  A /f*  -  7AS*) is more
negative and the ring forms faster. рожЫе: lowm AS0 AS* tost

ft.
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Bccausc the same arguments apply to AS® for the reaction as a whole (the difference in entropy 
between starting material and products), increased substitution favours ring closure even under 
thermodynamic control.

Baldw in ’s rules
Nearly all o f the cydization reactions that we have discussed have been intramolecular Sj*2 reactions 
where one end o f the molecule acted as the nucleophile displacing the leaving group on the other

end. We kept to this sort o f reaction in order to 
make valid comparisons between different ring 
sizes. But you can imagine making saturated 
heterocydes in plenty o f other ways— intra
molecular substitution at a carbonyl group, for 
example, such as happens in this lactoni ration 
reaction, or intramolecular addition on to an 
alkyne.

Cydization reactions can be classified by a simple system involving: ( I)  the rmg size being 
formed; (2) whether the bond that breaks as the ring forms is inside (endo) or outside (exo) the new 
ring: and (3) whether the dectrophile is an sp (digonal), sp2 (trigonal), or spJ (tetrahedral) atom. 
This system placcs three o f the cydizations just shown in the following classes.
1. The ring being formed has three members: the breaking C-Br bond is outside the new ring (exo)\ 

the С carrying Br is a tetrahedral (sp3) atom (ter)

2. The ring being formed has five members; the breaking C = 0  bond is outside the new ring ( exo); 
the С being attacked is a trigonal (sp2) atom ( trig)

b«<*uic
6 A s  4 3. The ring being formed has sis members; the breaking C*C bond is inside the new nng (endo); the 

С being attacked is a digonal (sp) atom (<iig)

«huR vJn n l9 7 6 *h . le  
tototftii'eo'

way th*«»

The classes o f cydization reactions are important not because we have a compulsive Victorian 
desire to classify everything, but because which class a reaction falls into determines whether or not it 
is likely to work. Not all cydizations arc successful, even though they may look fine on paper! Thc 
guidelines that describe which reactions w ill work are known as Baldwin’s rules: they are not really 
rules in Ihe Woodward-1 lofTmann sense o f the term, but more empirical observations backed up by 
some sound stereodectronic reasoning To emphasize this, the rules are couched in terms o f 
'flavoured' and 'disfavoured', rather than ‘allowed’ and ‘forbidden*. We will deal with the rules step 
by step and then summarize them in a table at the end.

Firstly, and not surprisingly (because we have been talking about them for much o f this 
chapter):

* * * * * *  ru les  (Chapters 35 and 
j ,  and examples 

• « o w e d th a t fmed them .
»violated a reaction th a t 

Woodwerd-Hoffmann rules Is 
• * " «  by Г о в е е т *  a d ifferen t 

•B a ldw in 's  ru les were fo rm ula ted 
•■ ■ •n a t io n *  o f  reaction:, th a t do. or

•  A ll ex o-let cydizations are favoured.

and. similarly (again you can find many examples in this book):

•  A ll ex<h trig cydizations are favoured.
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Despite the variation in rate we have described for this type Ы 
reaction, exo-tet cydization* have no stereoelectronic problems: the 
lone pair and the C -X  О* (X is the leaving group) can overlap suc
cessfully irrespective o f ring sii t .  The ring closures in Table 42 J  all 
fell in to this category.

The same is true (or exo-trig reactions: it  is easy for the nucle- 
ophflic lone pair to overlap with the O X  * *  to form a new bond.
Examples indude lactone formation such as the one on p. 000.

Endo- tet reactions are rather different. For a start:

|  # 5 -  and b en ilo  tc t  яге disfavoured.

Endo- ter reactions would not actually make a ring, but they fell conveniently in to the system and 
we w ill look at them here. Here is a reaction that looks as though it contradicts what we have just 
said. The arrows in the reasonable looking mechanism on the right describe a b-endo-tet process, 
because the breaking Me-О  bond is within the six-membered ring transition state (even i f  no ring is 
formed).

X T  X T  X T
But Fachenmoser showed that, for all its appeal (intramolecular reactions usually outpace 

all alternatives), this mechanism is wrong. He mixed together the starting material for the 
reaction above with the hexadeuterated compound shown below, and re-ran the reaction. I f  a 
the reaction had been intramolecular, the products would have contained either no deuterium. уътЫв 
or six deuteriums. In  the event, the product mixture contained about 25% o f cach o f these com- сь**е« 41.p ooo 
pounds, with a further 50% containing three deuteriums. The products cannot have been formed 
intramoleculariy. and this distribution is exactly what would be expected from an mfermolccular 
reaction.

W ith endo-m g  reactions, whether they work or not depends on the ring size.

|  •  3 ,4 . and 3-em fo-frif arc disfavoured; 6 -and 7-erufo-frigarc favoured.

The most important reaction o f the endo- trig class is the disfavoured 5-endo-m g  reaction and, 
i f  there is one message you take away from this section, it should be that У endo-m g  reactions are



Ц 42 42 • Saturated heterocycles and stereoelectronics

„ « и  uM” t01 ,te addition to unsaturaled 
к *  Chapter 10.

L<t  water to see tNs with a 
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Labe on* to se« for yourself
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disfavoured. The reason we say this is that 5-endo- 
trig cydizations are reactions that look perfectly 
fine on paper, and at first sight it seems quite sur
prising that they won’t work. This intramolecular 
conjugate addition, for example, appears to be a 
reasonable way of making a substituted pyrrolidine.

But this reaction doesn't happen: instead, the amine attacks the carbonyl group in a (favoured) 5- 
exo-tng cydization.

8 — H i

CC
* * O E I  H

Why is S-endo-trig so bad? The problem is that the nitrogen's lone pair has problems reaching 
round to the X* orbital of the Michael acceptor. There is no problem reaching as far as the elec- 
trophilic carbon in the plane o f the substituents 
but. i f  it bends out of this plane, which it must i f  it is 
to overlap with the Д* orbitals, it moves too far 
away from thc methylene carbon to react. It's like a 
dog chained just out of reach o f a bone.

Lengthen the chain, though, and the dog gets his dinner. Here’s a perfectly straightforward 6* 
auk-trig, for which orbital overlap presents no problem.

E xce p tion * to  B a ldw in 's  ru les

ВЫсМп'а rules aw only and, when a faction Is reactions can take place. Thames* strike* aaample la
thermodynamically very favourable (Batdwn's rule*. of ona that you mat qu te «arty on m thw boo* (Chapter 14): 
course, descrtbe the fanaticfwouraWKy of a reaction) the formation of a cydfc acetai «Soiolane) from a cartooryt

compound and etĥ Aene 0ycoi

a
«am the! 
roucanst

-St
We don’t need to gveagatntttM  mechanism her*, but with regard to Bakhen't rule* is thown «nth a 0een *i 
you should check Stat you can at* « m a t The key slap It a a ‘►en«*>rr*reectionbu! It wortul

=  St
In fact, cab ona frequently dtaobey BddMn's rules. Other try reaction, the suKUr analogue of the amine cydization
weSdetned eacepuon* to Baldwin's rules include that didn't аю*. is flne.C-S bonds are long, and the
pericycftc reactions and reactions In >Mch wcondro* empty 3d orbitals of sulfur may play a role by pnMde| an
atoms such as sutfur ere included in the ring. This Send» Mtiai nteracbon with the С-С я orbital

Г Г ^ — 0 ^ “
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W ith a?and tng cyclizations, exo is better than etui,к with «ii* cyclizations, the reverse is true.

|  •  A ll en d o -d igcyclizations are favoured.

Move from 5-eruto trig to 5-endo-Jig, and the reactions become much easier even 4-endo-dig 
reactions work. Here is an example o f b-crtdo-dig.

We warned you to look out for 5-endo- trig reactions because they are disfavoured even though on 
paper they look fine. Now the alert is the other way round! We expect you’d ̂ re e  that these endo-dig 
reactions look awful on paper: the linear aikyne seems to put the electrophilic carbon well out of 
reach o f the nucleophile, even further away than in  the 5-endo-trig reaction. The important thing 
with endo-dtg cyclizations, though, is thal the aikyne has two « ' orbitals, one o f which must always 
lie in  the plane o f the new ring, making it much easier for the nucleophile to get at.

Conversely:

|  # 3 -  and 4 -ex o-d ig a r c  d isfavoured; 5- to  7-ex o -d ig e s t  favoured.

These reactions are less important and we w ill not discuss them in detail.

B aldw in ’s rules and ring  opening
Baldwin’s rules work because they are based on whether or not orbital overlap can be readily 
achieved in the conformation required at the transition state. You met in the last chapter the princi 
pie o f microscopic reversibility, which says that, i f  a reaction goes via a certain mechanism, the 
reverse reaction must follow exactly the same path in  the opposite direction. So Baldwin's rules also 
work for ring-opening reactions. This is where the unfavourability o f b-tndo-thgreally is important: 
this tetrahydrofuranyl ester, for example, looks set up to do an ElcB elimination in base. Indeed . 
when it is treated with methoxide in deuterated methanol it exchanges the proton a  to the ester for 
deuterium, proving that the enolate forms. But is does not eliminate: elimination would be a reverse 
Ъ-endo- trig process and is disfavoured.

Whenever you think about a ring-opening reaction, consider its reverse, and think whether it is 
favoured according to Baldwin’s rules.
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IX**
To summarize
We shall end by summarizing Baldwin's rules in a chart. You should note the general outline o f this 
chart: commit to memory that, broadly speaking, endo- tel and emir-frig are disfavoured; exo- tet and 
exo-trig*re favoured, and the reverse for dig. Then you just need to leant the cut-off points that indi
cate the exceptions to this broad-brush view, ь -endo-tng falls into the favoured catergory while 5- 
exo-dig falls into the disfavoured one. And, i f  you really can remember only one thing, it should be 
that 5-mdo-frig is disfavoured!

In the next two chapters, we continue with heterocycles, but move from saturated ones to flat, 
aromatic ones. Conformation and stereoelectronics are no longer issues, but molecular orbitals cer
tainly are. In Chapter 44 you w ill meet many cydization reactions: you w ill find that not a single one 
is Baldwin-disfavoured.

Problems
i .  Predict the most favourable c o n fo rm a tio n s  o f  these insect

W c t>
4. Give mechanisms for the formation o f this tptro heterocycle. 
Why is the product not formed simply on reacting the starting 
materials in acid solution without Me>Al?

*• tefluxmgqrdohexanonc w ith  e th a n o L m in e  in  to luene w ith  a 
D«n Stark separator to rem<»ve the w ater gives an excellent yie ld  

°fti*Bbocycle. What is the m echan ism , and w h v  is a o d  catalysis
1 *яуother kind) unnecessary7

_______________ _ 94% yield

*  *  in the following reac tion  scheme and h o w  does i t  
W ^ t h *  final product?

i Q0
5. The Loitum alkaloids have a striking skeleton o f saturated 
heterocycle*. One way to make this skdeton is shown below. 
Explain both the mechanism and the stereochemistry.

NHM* ifv.

0
6. Explain the stereochemical control in this synthesis o f a fused 
bicydic saturated heterocyde—the trail pheromone of an ant.

H * м / с

C ontinued opposite



( Problems

^ 5 .4
! : J "  Ch4 « «  J I , on, of th . problems asked you to comment on the ^  P 'oP «* •  mechanism for this reacfon I, do„  и  
“ <m 4'  Ь л а д ,  Н и ,  м  N w  « » и  у »  lik c lo  th f at«ence o f ап оггУк^ or .  N ™-OH gr,mr

***№ and add comments on the way we drew the starting • . j '  0 \

C C ^-O C j
IX . Explain why the  cyclization p  m  a n t f r . . . . j _ „1 2 . hxpiain wny tn u  cyuuau.Mi gives a p rcpo, ■ f a e e ( . 
the osetane though th t tetrahydrofur.m v, mu, h „ J  • *

•• I-^ T 4^ ' ’ "o^". „ >4
i f r r « k  K 32, Problem 6, we i.skcd you to wovfc out ihe

*f ln * itry  o f a sugar. One o f the щ  1S> Reduction o f this keto-cstcr wiih liA IH , ^ v a  ц m a ieg jr
I " * " -  ‘ <HnPonenU in  the antibiotic \ — о diaatereoisomen o f the d io l Treatment w,th Tsd «dp ynde ,.
J v n  ™ *  has the gniaa structure * * > _ - /  . о м . * И ,С  1 moootosyfate from each Treatm ent*tlww■ *

M R  4>ertrum shown below. \  /  W m  In i t n o the two тегу different products shown. Eylain.

.  . . .  " 'h a n g e w n h D jO . V 4  u aw , 7 — f  • —
< 3H .d ./6H l), 161-ppan. ( IH . broads). 1.87 р.р.т. L J >  *  L )  

n n m i i i ' 1 < ■ '. 3.5 H i) , 2 J I pp.m. ( IH, ddd. /  И , J. 1.5 H i). 2Л7 ^

J W  n <ld' / *  3 H t|. 140 * * “ • (5H- Л 5-47 Ppm ,JHl A ГТ
n n  m  n ? 1 < 'H .  <4 Л а  6 H i). U 3  P4>m OH. d. / 6  H i). « Л  Г Л  ------ ►  Г Л
" Z 1, ̂ 'M .  /  3, J. J J  H i), and 4.7S p p m . (I H. dd. f  J i  I J  H i). Ч /  4 /
conform ^1 <,i*1 ,hu Problem. Vм  probably thought about the « m m *a n d ■ 1п».1м™г
рте^г» 'о^!), *П **** " ow *lr>w ** “ T why you think the molecule ^
t  R '■««formation. thc ^ n a t io n  мера follow B a ld w in  4 rule»’ What

reat t io i * ' ,>n * *  a “ P,CTI 55 *n<l 37. Give mechanisms for these electronic effects art involved! (
14 OMnmenting on the formation of that particular 

nrodu i  h ” T toc7 c k  ш the Ant reaction. What is Ihe alternative 
^ ‘ • "M h e  migration and why is it  not formed?

ааИ*««а

A . O
I I .  Consider the question o f Baldwin .  rule» ■■
reactions. Why do you t h in k  th e y  a re  succ

Uiecha **“ <** ° f  dithiolane decomposes as described in  ч" "  И 014
r i  d n . l .  a iu in i Iw  u u J  Ш  J 1 rraO ffll t b r  r u m n U  i h o w n

—
l>CTC W | r * n d  cannot be used M a d 1 rcafcnt. the example shown 
ment o h  ^  without any dccompoaition. Explain and com 
are поГо refio*electivky o f the reaction. Anions Ы dithunes

°  ° *  H>l i x  ^  preferring direct lo conjugate addition.
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Connections

Id lng on;
Н у  c h 7

aromatic s u b * tltu t lo n

e U^cieop^lllc attack on eromatk rings

a fatura tedhe terocyc le»cM 2

Arriving at:
о Aromatic systems conceptually 

derived from benzene: replacing CH 
w ith  N to gat pyridine

•  Replacing CH=C H with N to  get pyrrole
•  How pyridine reacts
•  How pyridine derivative* can be used 

to  extend pyridine's reactivity
e Now pyrrole reacts 
e How furan and thlophene compare with

e Putting more nitrogens In five- and eix-

•  Fused rings: Indole, qulnoltrte. 
IsoquinoUne, and ймкйЫпе

•  Rings with nitrogen and another 
heteroatom: oxygen or sulfur

•  More complex heterocycle»: 
porphyrins and phthalocyanlne*

Looking forward to:
о Synthesis of aromatic heterocycles

cM 4
e Biological chemistry ch4S-ch51

Introduction
Benzene b  aromatic because it ha» six electrons in a cyclic conjugated system Wc know it is aromat
ic bccaaae it! i» exceptionally stable and it ha* a ring current and hence large chemical shifts in the 
protoe NMR spectrum as well as a special chemist nr involving substitution rather than addition with 

chapter and the next arc about the very large number of other aromatic systems in 
* * *  ** morc atom» in the benzene ring are replaced by heteroatoms such a» N, O. and S. There

o f the»e systems with five- and su membered rings, and we will examine just a few. 
issromatu helerocvdes and it is important that wc treat it senomlv tx-iause most 
two thtrds of organic compounds belong to this clavs. and thev number among 

mOM MKn,hl4nl im pounds tor human brings It we think only of drugs wc can 
- n d s T ^  °^ twc<**onc by hctcrocy J cn Глеи m the Mitectith century quinine *ал u\ed topic 

*rw '  fh° U**1 **** structure of the drug was not known. The first synthetic drug was
for the reduction o f fevers. The first effective antibiotic was sulfapyridinc (19*8). 

The first multi-m illion pound drug (1970s) was Tagamet, the anti-ulcer drug, 
and among the most topical of current drugs is Viagra (1997) for treatment of 
male impotence.
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i.7 .5

&

All thee compounds here heterocyclic aromatic ring» shown in black. Three ' П Я  
five- or six-membered. two have five- or six-membered nngs fused toge ther The * * *  
gen* in the rings varies from one to four. We w ill start by looking at the simple * 
with one nitrogen atom. This is pyridine and the drug sulfapyndinc is an example'* '

Aromaticity survives when parts of benzene’s ring arc it 
by nitrogen atoms
There is no doubt that benzene is aro
matic. Now we must ask: how can we 
insert a heteroatom into the ring and 
retain aromatidty? What kind o f atom 
is needed? I f  we want to replace one o f 
the carbon atoms o f benzene with a 
heteroatom, wc need an atom that can 
be trigonal to keep the flat hexagonal 
ring and that has a p orbital to keep the 
six deiocahzed electrons. Nitrogen is 
ideal so we can imagine replacing a CH 
group in benzene with a nitrogen atom.

The orbitals in the nng have not changed in position or shape and we s till have the ux cWum 
from thc three double bonds. One obvious difference is that nitrogen is tr iv a lc n t and thus their a t*  ] 
NH bond. Instead, a lone pair o f electrons occupies the space o f the C -H  bond in h е

In theory then, pyridine is aromatic. But is it  ia  real life? The m ost ц п р о и Д д  
comes from the proton NMR spectrum. The six protons o f benzene resonate at 6 ц  727  p p a , L 
some 2 p.p.m. downfield from thc alkene region, clear evidence for a r in g  curren- Chapter 1Ц 
Pyridine is not as symmetrical as benzene but the three types o f p ro to n  a ll resonate in  the mat

I ц и
1н NMR «pectrum pp ldb*

As we win see. pyridine is also very stable and. by any reasonable assessment, pyndin 
We could continue the process o f replacing, on paper, more CH groups with nitrogc 
would find three new aromatic heterocydes— pyridazine. pyrimidine, and pyrazinc

gass. 0  0  0  0
NOT a dwnleel тлсПоп'

One of thc most armoytng tNr^s 
about heterocycbc chemistry « the 
mass oT what appear to be Йо0с«1 
names. You should not. of i

basic idea of how they art 
desired мяа help you. We w* 
you a fJkle on which names to 
learn shortly. For the moment

PfbmAn* p r»**
There is another way in which wc might transform benzene into a heterocyde. h 

lone pair o f electrons so wc could replace a CH *C H  unit in benzene by a nitrogen at 
that «re can use the lone pair in thc ddocahzcd system. This means putting it into a p о

snd any heterocyclic compound 
whose name ends In ’-bie’ is a 
nitrogen heterocyde. The sytable 
‘szo’ also Implies mtroesn and 
•py» (u»ua*y) Implies а «I» 
membered (esoefX и pyrroiel)

Ь Ь 2

?•
replace a CH-CM umt 
wrtti a nUrogan atom - V

We still have the four electrons from thc remaining double bonds and. w ith  the 
the lone pair on nitrogen, that nukes six in all. The nitrogen a to m  m ust s till be tng«»"* *  

pair in a p orbital so thc N -H  bond is in the plane o f the five-mcmbcrcd ring  r f . -»>« *
Thc NMR of pyrrole is slightly less convincing as the two types of p ro to n  on  the " f  

higher field ( 6 3  and Ь2 p.p.m.) than those of benzene or pyndinc b u t they  s t ill f a l l |П 
rather than the alkene region. Pyrrole is also m u re  reactive to w a rd s  electrophiles
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( t h c usual a ro m a tic  s u b s titu t io n  reactions I r ic d d  < ,r.i( ls  n it ra t io n , halogena- 
E d i t io n  r«actions: p y rro le  u  also a rom atic .

OOS) * *  hctcrocycles by further replacement of C l I groups bv nitrogen in pyrrole leads to two 
and imidazole, after one replacement and to two triazoles after two reptace-

И Ш ~ "  ■ U JW H i

?
гл й г( с'Пв СИ F's-f' 
w* .r*ro#f”  fo>" ?

?
а аеичл O i f  
« t-Arggen aton>

?
All of these compounds are generally accepted as aromatic too as they broadly have the NMR 

and reactivities expcctcd for aromatic compounds. As you may expect, introducing het
i|0>tl___ into the aromatK ring and. even more, changing the nng tire actually affect the chemistry
apt»* deal. Wc must now return to pyndine and work our way more slowly through the chemistry 
of the» important heterocycles to establish the principles that govern their behaviour.

Pyridine is a very unreactive aromatic imine
Tlwaitrogrn atom in the pyridine ring is planar and trigonal with the lone pair in the plane of the 
r t f^ lh is  makes it an imine. Most o f the imines you have met before (in Chapter 14. for example), 
have been unstable intermediates in carbonyl group reactions, but in pvndine we have a stable
.... ......... .....  because o f its aromaticity. AD imines are more weakly bask than saturated amines and
pyridine »  a weak base with a pKA o f 5.5. This means that the pyridinium ion as about as strong an 
add 4Mcarboxytic add.

PynU me is a reasonable nudeophilc for carbonyl groups and is often used as a nucleophilic cata
lyst ill acylation reactions. Esters are often made in pyridine solution from alcohols and acid chlo
ride (the full mechanism is on p. 000 o f Chapter 12).

R‘ >  0 4 J

Ttw  e n r tn *  О *, ' I ,  ц й п т с
and refers to a live membered 
heterocyclic rtng All the ftvo- 
membered aromatic heterocydes 
«nth nitrogen in the ring are

Strictly speaking, pyrrole is 
axole'. pyrarote is 1 .2<Sazote*. 
and mdazote is l.^d ia/o ie . 
These names are not used but 
otareie and W aide are used for 
the oaygen and sulfur analogues

0  0
o *  11.2 и.-»

9 -9

Pyridine is nucleophilic at the nitrogen atom because die lone pair 
o f  electrons on nitrogen cannot be delocalued around the nng  . They 
are in an sp2 orbital orthogonal to the p orbitals in the ring and there 
is no interaction between orthogonal orbitals. Try it for yourself, 
drawing arrows. AU attempts to ddocalize the electrons lead to 
impossible results!

Pyrtdine is also to>*c and has a 
foul smeN—so there are 
disadvantages m using pyndine 
as a solvent. But R is cheap and 
remains a popular solvent in spite 
of the problems.

lone pair In ap> ortwtai at
to p orWtal» in img

B p *  lone pair o f pyrid ine ’s nitrogen atom is not dclcxali/cd.
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Our main interest must be this; what does the nitrogen atom do to the rest o f the ring? Th<. 
taut orbitals—the p orbitals o f the aroraahc system—arc superficially the same as in benzene Г *  
more electronegative nitrogen atom w ill lower the energy o f all the orbitals. Lower tn r r . 
orbitals mean a less reactive nucleophile but a lower-energy LUMO mean» a more rcut||v ' ^  
trophilc. This is a good guide to the chemistry o f pyridine. It is less reactive than Ьеп/ещ , 
trophilic aromatic substitution reactions but nudeophilic substitution, which is diffkU|( 
benzene, comes easily to pyridine. 1

5

Contrast the unstable electron

the 2- «id a^iositions is worse.

with the stable pyrkSmum Ion. The 
nitrogen lone рак is used to make 
the pyridmum ion but is not 
involved m the unstable 
intermediate. Note that reaction 
at the 3posNion is the besf opOon

Pyrid ine is bad at d cc tro p h ilic  arom atic substitu tion
The lower energy o f the orbitals o f pyri
dine’s Я system means that dcctrophilic 
attack on the ring is difficult. Another 
way to look at this is to sec that the 
nitrogen atom destabilizes the cationic 
would-be intermediate, especially at the 
2- and 4-positions.

An equally serious problem is that unsisbteHactronora-- f
the nitrogen lone pair is basic and a reasonably good nudeophile— this is the basis for iu ro!e Иа 
nudeophilic catalyst in acyiatiom The normal reagents for electrophilic substitution reaction» ^  
as nitration, are acidic. Treatment o f pyridine with the usual mixture o f H N 0 3 and H ?S 0 4 n e i t ^  

protonates the nitrogen atom. Pyridine itsd f is not very reactive towards dectrophiles: the p y n ^ 9  
um ion is totally unreactive.

и ^ о 4 h , so . 0  - O '
Other reactions, such as Friedd-Crafts acylations. require Lewis acids and these too read at nitro

gen. Pyridine is a good ligand for metals such as АКШ ) or Sn(IV) and. once again, the complex with 
its cationic nitrogen is completely unreactive towards dectrophiles.

stable

~  —  О/исц

o iix ,

RCOCI 0 Cr1-
•  Pyridine does not undergo e lectro ly tic  substitu tion

Arom atic d cc tro p h ilic  substitu tion  on py rid ine  is no t a useful reaction. The r in g ii 
unreactive and the d cc tro p h ilic  reagents attack n itrogen m aking the ring  о  en k * ^  
reactive. A vo id  n itra tio n , su lfonation, halogenation, and F riedd-C ra fts  rc-actioo# 
on sim ple pyrid ine*.

N udeoph ilic  substitu tion  is easy w ith  pyrid ines
By contrast, the nitrogen atom makes pyridines more reactive towards niR,eo,' flllKvĴ I| of 
tution, particularly at the 2- and 4-positions, by lowering the LUMO energy of the *  'v 
pyridine. You can tec this effect in action in the case o f replacement o f halogens in the* P°* 
by nudcophilcs.
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— — CX
Hie inttrmediatc anion u stabilized by electronegative nitrogen and by delocaltzaUon round the 

r in f  TbeM rac,ions havc tom t “ miUrity to nudeophilic aromatic substitution ((.bapter 23) but 
„ e  more similar to carbonyl reactions. The intermediate anion is a tetrahedral intermediate that 
1 ^ 5  the best leaving group to regenerate Ihe stable aromatic system. Nucleophiles such as amines or 
thiolite anions work well in  these reactions.

p .- 6-6
The leaving group does not have to be as good as chloride in these reaction* Continuing the anal

ogy with carbonyl fractions, 2 and 4-chloropyridincs arc rather like acid chlorides but wc need only 
ate to» reactive pyridyl ethers, which react like esters, to make amides The 2- and 4- 

§  eKtho*ypyr«dines allow the completion o f ihe synthesis of flupirtine.

rv-CC^
rX J  н т

^ w ^ i m c o ,

The first siep is a nudeophilic aromatic substitution. In the second step the mtro group is reduced 
to an amino group without any effect on the pyridine ring— another piece o f evidence for its aro- 
■utiaty. Finally, one amino group is acylated in the presence o f three others.

Pyndones are good substrates fo r  nudeoph ilic  substitu tion
Karting materials for these nudeophilu substitutions (2- and 4- chloro or methoxypyndmes) 

** tb e m selvcs made by nudeophilic substitution on pyridunej and w t need now to discuss these 
■terestin^ molecules. I f  you were asked to propose how 2-methoxypyridine might be made, you 

probably iuggest. by analogy with the corresponding ben/ene compound, alkylation of a phe
Let us look at this in detail.

o ... (X. (XicX.
^  Tbe starting material for this reaction is a 2 hydroxypyridinc that can tautomeriie to an amide 
* •  2 ? ' " '  ^  *** Pru,on ,го т  to nitrogen In the phenol senes there u

°ubt about which structure will be stable as the ketone is not aromatic; for the pyridine both 
"^cture» are aromatic.

1151

Т«ю of th r problem» м  the end of th* 
chapter S M I  tN t p M k y o u  

M « to turn to Vwm fWM
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(X=**CX CX= Os
«tJbte unrtaW* И

In (act, 2-hyd roxypyridi ne prefer* to  n r il t  as the 
'amide' because that has the advantage o f  a strong O O  
bond and is still aromatic. There are tw o  electrons in each 
o f the C -C  double bonds and two also in  the lo n r pair of 
electrons on the trigonal nitrogen a tom  o f  the' amide.
Ddocalization o f the lone pair in  typ ica l amide style 
makes the point clearer.

Pyridones are easy to  prepare (see C hap te r 44) and can be alkylated on oxygen м  
their structure. A more important reaction is the direct conversion to chloropyndin^
The reaction starts by attack o f the oxygen a tom  at phosphorus to create a leaving ....... *>° q >
aromatic nucleophilic *uh*tituti«MV The overall effect u  very u m ila r  to  д̂ -yl chi.w ide 
a carboxylic acid.

~  O n ,

The same reaction occurs w ith 4-pyrid»»ne. which is also delocalized in the u m r way and епшё 
the ‘amide’ form; but not with Л-hydroxypyrid ine. which exists in the p h eno l' fo rm .

6 ^ 6
•  Pyridines undergo n u c le o p h ilic  substitu tion

Pyrid ine* can undergo e l e c t r o p h i l i c  substitu tion  on ly  i f  they are activ 
electron-donating subs tituen ts  ( see next section) bu t they readily un 
nu cleoph ilic  subs titu tion  w i th o u t  a n y  activation other than the nng ni 
atom .

• tedby

3 .

Activated pyrid ines w il l  do  e le c tro p h ilic  arom atic substitution
Useful electrophilic substitutions oc&ur o n ly  on pyridines having electron
such as N l l j  or OMe. These activate benzene rings to»» (Chapter 22 \ but here the ir hep *» ^
supply a nonbonding pair o f electron* th a t becomes the H O M O  and carries o u t the ^

a m in o - o r m e th o x y p y r id in e s  react re a s o n a b ly  w e ll o r th o  and  p o ra  to the actn

reactions happen in  spite o f the molecule b o n g  a pyridine, n o t because o f it.
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XJfnpk <*cUr* in th f manufacture of the analgesic flupirtine where a doubly activat 
А Г - '  kJ V | | f  MeO and N H ? group* u  nitrated )ust as i f  й were a benzene nng. The mtro 

ertho to the amino group and para to the methoxy group. This sequence is completed 
^ Г - ^ o n  The activation is evidently enough lo compensate for the molecule being almost 
ц # * * * under the conditions Ы the reaction.

| c .-=■ o x :
.. «nopynd.r^  has •  spec ai fo ie и  a mo-e r*U o fe " Mom. Whereas acy«*t.ons cata*y*e<J' by p*nj*>e

0 и М 1 * * * Г - — g g ^ e tth w ip y n d 'n e irs e ir . T h e is  ere rw n *» »  с •*»«•<» с Л  in ж А Л к *  *  p rv » « *  only « п а !
Tntno ro u p  amount» of DMAP m other solvents y e  needed to do the |

^ tie nuclei•  nuci*opM< nature of the t v f e b

NM«3

0
Pyridine N-oxides are reactive towards both electrophilic and nudeoph ilic  
subctitution
Thu *  all very well i f  the molecule has such activating groups, but supposing it doesn't? How are 
we to ritrate pyridine itself? The answer involve» an ingenious trick. We need to activate the nng 
with aa electron-rich substituent that can 
Urn be removed jnd we also need to stop 
Л* nitrogen atom reacting with the elec-

o f  this can be done with a _____
e w

Because the nitrogen atom is nudeophilic, pyridine can be oxidized to pyridine N-oxide with 
«agents such as w-CPBA or just H 20 2 in acetic acid. These ,V oxides arc stable dipolar species with 
*be electrons oo oxygen detouilized round the pyridine ring, raising the IIO M O  of the molecule. 
*«*cnon with dertrophilci occurs at the 2 - ('ortho') and 4- (para )  positions, chiefly at the 4-роы 
tM*  <o keep away from positively charged nitrogen.

shre» an ingenious trick. We need to a

0 —  p
p»m*ne _6

' I

^ ■ H h c  ,

$ - 6e s :  ^
о A . 0

"’Щ И Щ И ||С ° X'^C muM * *  rcn,ovcd and this is best done with trivalent phosphorus compounds 
Ike or PC13. The phosphorus atom detaches the oxygen atom in л single step to form

double bond In thts reaction the phosphorus atom is acting as both a 
*** W  **^trophile. but mainlv ад an electrophile since PCI, is more reactive here than
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NO, MOj MOj

ф Ф cb ж
♦ ^  Mo fta a oitotate

. 6  o = # x ,

The мш с activation that allowed simple electrupHic substitution— oxidation to the К 0x, 
can also allow a useful nudcophilic substitution. ТЪе positive nitrogen atom encourage 
ophilic attack and the oxygen atom can be turned in to a leaving group with PCI,. ° u r  «ап, Д  
nicotinic add whose biological importance we w ill discuss in Chapter 30.

c r 4
«сМпсасМ о

« I C O C C
Thc N-oxide reacts with P 0 3 through oxygen and the chloride ion released in this reactionai4  

to the most dectrophdic position between thc two electron-withdrawing groups. Now a simple dbn 
ination restores aromatiaty and gives a product looking as though it results from chlorination r*hcr 
than nudeophilic attack.

P ~ _ C K _ « ”-C с
4 , V V

w d b a d l
la c ed  « Ж  |

The reagent P O j also converts the carboxylic add to the acjfl chloride, which is hydn 
again in thc last step. This is a useful sequence because the chlorine atom has been inti 
the 2-position from which it may in turn be displaced by, for example, amines.

С С -Д Х -С С О ,
I •  Pyridine-^oxides

Pyrid ine N-oxides are useful fo r both e lcctroph ilic  and nudeoph ilu  s u b s t it t r f^ J
on the same carbon atoms (2-, 4-, and 6-) in  the ring.

Nudeophilic addition at an even more distant site is possible on reaction w ith  acid ‘ ^  
there is an alkyl group in the 2-posit ion. Acylation occurs on oxygen as in the lost , c J l , i j  

proton is lost from the side chain to give an uncharged intermediate.

J
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I k
Thi» compound rearranges w ith  m ig ra tio n  o f  the acetate p .o u p  to  the side cha in  and the  restora 

Л Ш  a f v o n u M ' r  T h i»  m ay  be an  io n ic  rea c tio n  o r  a (3.31 s ig m a tro p ic  rearrangem ent

O w .
IX» £Y >

Since pyndine i i  abundant and cheap and has an extremely rich chemistry, it is not surprising that 
it has many applications.

Some applications o f pyrid ine  chemistry
One o f the amplest way» to brominate benzenes is not to 
bother with the Lewi» acid catalyst» recommended in 
Chapter 22 but just to add liquid bromine to the aromatic 
compound in the presence o f  a small amount of pyridine.
(Ы у about one mole per cent i t  needed and even then the 
fraction ha» to be cooled to stop it getting out o f hand.

As we have »een, pyndine attacks electrophiles through its nitrogen atom. This produces the reac 
W t species, the N-bromo pyndinium ion. which it attacked by the benzene. Pyndine is a better 
aadeophilc than benzene and a bettor leaving group than bromide. Thu is another example of

O^rCX
■

p. ООО.

r

O'
cf — cr

A ДчиЬсг Way to use pyndine in brommations is to make a stable crystalline compound to rcplao 
••dsngrrous liquid bromine. This compound, known by names such as pyndinium tribromide, 

a a d tn f pyridine with the anion Bci. It can be uced to brominate reactnre compound» such
o « p t« M ) .

^  _  °* ****** methods depend on the lack ф
° *  pyndine » a system towards ^утИ Br>
inch a» bromine. Notice that, in * *  ** T

h 1 t * * '  benzene and pyridine are HOAc *»

t
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present together. The pyridine attacks bromine only through nitrogen (and revrrsibly 
never through carbon. « • J

Oxidation o f alcohols is normally carried out with Cr(VT) reagents (Chapter 24) Ьщ , 1  
the Jones' reagent (N a jC rjO ; in  sulfuric acid), are usually acidic. Some pyndinr I
o f O fVT) compounds solve this problem by having the pyridinium ion (pXTa 5 ) 4S ^
The two most famous are ‘PDC (Pyridinium DiChromate) and ‘PCC’ (Pyridinium '^ *Cl̂  I  
Chromate). Pyridine forms a complex with C iO j but this is liable to burst into flames 7 1
with I Ю  gives PCC which is much less dangerous. PCC is particularly useful in  thc oxid.. 
mary alcohols to aldehydes as overoxidation is avoided in  rt»e only slightly acid» ' I  
(Chapter 24).

0  — Q — 9  ^  1

</N>  ̂ w  6I КС
в

The ability o f pyndrne to form metal complexes is greatly enhanced in  a dimer the 

ligand ‘bipy' or W '-bipyridyL It is bidentate and because o f its ‘bite’ it  is a good lig a rd  foe Шаш 
transition metals but shows a partiality for Fe(II).

Q-P
***** 2.г-ыр*** e r a

It looks like a rather difficult job to persuade two pyridine rings to jo in together in tha way 
to form bipy. It is indeed very difficult unless you make things easier by using a reagent that bvows 1 
the product. And what better than Fc(f!) to do the job? IQ  manufacture bipy bv treating ] 
pyridine with F c C ^ I I jO  at high temperatures and high pressures. Only a sm all pmportiei s ffl 
the pyridine is converted to the Fed!) complex of bipy (about 5 4 ) but the remaining pvndat рм  
back in the next reaction. This is probably a radical process (Chapter 39) in the coo rd inu ti >nsphcit 
ofFe(ll).

о - с у э
Six-membered aromatic heterocydes can have oxygen in the
ring I
Though pyridine is overwhelmingly the most important o f the six-membered a ro m a tu  h n e t^  
there are oxygen heterocydes, pyrones. that resemble the pyridones. The pyroncs arc 
though a-pyrone is rather unstable.

“  Ok.
2 vyontt <* а ругам»
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The pyrilium salts arc stable aromatic cations and arc pH / ^ 4 .
^-чмшЫе as metal с о т р е м  for some flower colours. 0H

Hrle.<xvdes wilh sumembered nn»s based on other tie Г  T  I «ЧГ
^  „o r  , - p k .  П  *>  —  but -her are ouls.de .be ^  ^  ^
^  tha book. 0

•  ed pyu'M" p0M N t

Five-m em bered heterocycles are good nucleophiles
everything is the other way round with pyrrole. Electrophilic substitution is much easier 

than it i t  with benzene— almost too easy in bet—while nucleophilic substitution u more difficult.
-  t)Jl c ^  not a base nor can it be converted to an N-oxide. We need to find out why this is.

T he  b ig  difference is that the nitrogen lone pair is delocalired round the ring The NMR spectrum 
suggests that all the positions in the ring are about equally electron-rich with chemical shifts about 
I p.p.m. smaller than those o f ben/ene. The ring is flat and the bond lengths are very similar, though , M
the bon d  opfvmtr the nitrogen atom is a bit longer than the others. %

The delocahratiun of the lone pair can be drawn equally well to any ring atom because o f the five- ** в 6
membered ring and we shall soon see the consequences of this. AO the delocahzation pushes dec- / Y
Irons from the nitrogen atom into the ring and we expect the ring to be electron-rich at the expense 1 ■'* * и *«-10 
of the nurogrn atom. The HOMO should go up in energy and the nng become more nudeophihc.

An obvious consequence of (his drlocalizalion is the decreased basicity of the nitrogen atom and 
the increased acidity o f the N11 group as a wh<4e. In fact, the pK, o f pyrrole acting as a base is about 
-4  and protonation occurs at carbon The NH proton can be removed by much weaker bases than 
those that can remove protons on normal secondary amines.

The nucleophilic nature o f the ring mean» 
tha pyrrole is attacked readily by elec- 
trophiloL Reaction with bromine requires no 
I * * »  acid and leads to substitution (confirm - 
® f the aromaticity o f pyrrole) at all four free 
роммги

This is a fine reaction in its way. but we don’t usually want four bromine atoms in a molecule so 
onep»oblem with pyrrole is to control the reaction to give only monosubstitution Another problem
*  that strong acids cannot be used. Though protonation does not occur at nitrogen, it does occur at 
C* ^ oe *nd the protonatcd pyrrole then adds another molecule like this.

ary amines.

9 —  JK.
j ,  ItOH. 0 *c  j

• * У " о 1е  po lym erizes !

I y j * c i d l ,  those such as Ib S O * w ith  a p Кл of less than 4, cannot be used 
P o lym eri/a tion o f pyrro le.

L t t A

1 .*U

i
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bon dcrtroph ilt in the absence of ttrong a u j or Lrvn* add. I l is a .ubMitute for the FricJd ( * * * - 1
U iinn  w .w l. u d k ___— -------------*- . i  i k . _____ ___________ i „ г л . .  _ • . .

In the lin t  step, the amide reacts with POQ, which makes o ff with the amide oxvo..

method is particularly useful because it works well with M ejNCf IO  (DMF) to add a formyl (QIQ) 
group. This is difficult to do with a conventional Fnedel Crafts reaction.

You may have noticed that the reaction occurred only at the 2-position on pyrro le  hough ai 
positions react with reagents like bromine, more selective reagents u su a lly  go  fo r th  с  2- (or Sfl 
position and attack the 3- (or 4-) position only i f  the 2 - and 5-positions are  b locked  A poodesamph 
is the Mannich reaction (Chapter 27). In these two examples N-methylpyrrolc reacts ilr-inlyaUhcJ* 
position while the other pyrrole with both 2- and 5-po&itions blocked bv m e th y l groups n  actsclea** 
ly at the 3-position. These reactions are used in the manufacture o f  the >пИегомЯ 
anti-inflammatory compounds, tolmetin and dopirac.

The product from this first step is an im inium cation that reacts with p y rro le  to  give j  m o r t ^ J  

im inium salt. The extra stability comes from the conjugation between the p y rro le  n itrogen a d  the 
im inium group.

The work-up with aqueous NajCO j hydrolyses the imine salt and removes any acid format l i f e

m . C '  °  i u  о м . m w »

И H
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Furan and thiophene arc oxygen and sulfur analogues of pyrrole

t flow  we jn  explanation The mechanisms for both ? and 3-substitutions look good and we 
^  draw both, using a generalized E4 as th* electrophile

.  J i >be Irws«kw

1159

Г - Ф - ?
Both mechanisms с an occur very readily. Reaction in the 2-position is somewhat better than in 

£ l 3 .position but the difference u small. Substitution is favoured at all positions. Calculations show 
lb»l the HOMO o f pyrrole docs indeed have a larger coefficient in the 2-position but that is very 
m tA% ж theoretical chemist’s answer, which organic chemists cannot reproduce easily. One way to 
^ jerstand the result is to look at the structure of the intermediates. The intermediate from attack at 

2-pMitioa has a linesr conjugated system. In both intermediate* the two double bond* are, of 
course, conjugated with each other, but only in the first intermediate are both double bonds conju- 
ptcd with N4. The second intermediate is 'cross-conjugated', while the first has a more stable linear 
qmjugated system.

Since ckctrophilic substitution on pyrroles occurs so easily, it can be useful to Ыскк substitution 
with a removable substituent. This is usually done with an ester group Hydrolysis of the ester (this is 

*t)r easy with l-butyl esters— see Chapter 24) releases the carboxylic acid, which decaiboxy

Croftvconjugstton espiams other 
Н И М »  *  stability too. Here 
are some examples. The linear 
conjugated systems are more 
stable then the erosveonjugated

- -  -¥ r  *
The decarboxylation is a kind of reverse Friedel-Crafts reaction in which the elect rophile 

is •  proton (provided by the carboxylic acid itself) and the leaving group is carbon dioxide. Ih e
i may occur anywhere but it leads to reaction only i f  it occurs where there is a COjH

- Ш Ш
furan and thiophene are oxygen and sulfur analogues of 
Pyrrole

*h c r simple five-membered heterocydes are furan. with an oxygen atom instead o f mtro- nm *
thiophene with a sulfur atom. They also undergo eJectrophilic aromatic substitution very Л A j  Л 

*^ough not so readily as pyrrole. Nitrogen is the most powerful electron donor of thc three, Q. ^
***• and sulfur the least. Thiophene is very similar to benzene in reactivity. "  ®
may be surprised that thiophene is the least reactive o f the three but this is because И 

P orbital a4 the lone pair o f electrons on sulfur that conjugates with the ring is a Jp orbital 
****n the 2p orbital o f N or O, so overlap with the 2p orbitals on carbon u  less good. Both 

thiophene undergo more or less normal Friedel-CrafU reactions though the less 
anhydrides are used instead o f acid chlorides, and weaker Irw u  acids than А Ю 3 are

Q

%
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I Q ■ YY Q ■ ГГ
Notice that the regioselectivity i t  the tame at i l wat with pyrrole— (he 2-potition i* mor 

than the 3-poeifion in both cates. The product ketone» are leu  reactive towards 
the starting heterocydet and deactivated furan* can even be nitratcd^with the utual rra^cnu '  ***•» 
benzene derivative*. Notice that reaction hat occurred at the 5-рофюп in tpite of the pff ^  *er 
ketone. The preference for 2- and 5-substitution isqpite marked.

HNOj '  *

H»so4

So far, thiophene* and furan* look much the tame at pyrrole but there are other r 
which they behave quite differently and we shall now concentrate on thote.

FJcct roph ilic  add ition  may be preferred to  substitu tion  w ith  furan
Furan i t  not very aromatic and i f  there is the prospect o f forming stable bond* such а* С-Л1___
bonds by addition, this may be preferred to tubstitution. A famous example is the reaction of hu^ 
with bromine in methanol. In nonhydroxylic solvents, polytxommation occurs as expected, but
MeOH no bromine is added at all!

fur* 
but in

and other products

Rromination must start in the usual way. but a molecule o f methanol captures the first formed 
cation in a 1.4-addition to furan.

MUON

The bromine atom that was originally added is now pushed out by the furan oxygen tf*> 
make a relatively stable conjugated oxonium ion, which addt a tecond molecule of m ethaa fl

J>Q6- — ->Qi — J>Qc.
MeOH

Th it product concealt an interetting molecule. At each tide o f the ring we have an jc r t a l t f ^ H  
were to hydrolyte the acetal*, we would have ‘maleic dialdehyde' (cis-butenedial)—a m o le c * |P ^  
too unttable to be itolated. The furan derivative may be used in it t  place.

h/ V h Ж  y - \
............................. *  онс  сне

ilc lM »

The tame 1,4-dialdehyde can be made by oxidizing furan with the mild oaridizing *g*'nH ̂  ̂  
dioxirane, which you met on p. 000. In th it tequence, it is trapped in a W ittig reaction w 
diene, which i t  easily itomerized to F,F,
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L  У , _Q s .  '
i> Vfecsn extend this idea o f  fu ra n  b e in g  the o r ig in  o f  1,4 d ica rb o n y l com p o u n d s  i f  wc cons ide r tha t 

in feet, an e no l e ther on  b o th  sides o f  the r in g  I f  these eno l e thers were hydro lysed we w o u ldfiiran л
- . Ь И » * 0*

И®.М,0

hyd' j*y»‘* ** •»»«< ЧУ”
■piis time the arrow is solid, not dotted, because this reaction really happens. You will discover in 

ibc next chapter that furans can also be made from 1,4-diketones so this whole process is reversible. 
T V  example we are choosing has other features worth noting. The cheapest starting material con 
^n in g  a furan is furan-2-aldehyde or furfural*, a by-product of breakfast cereal manufacture. Here 
il reacts in a typical W ittig process with a stabilized yhd.

.  - v * — *
phosobonis yfcd

Now comes the interesting step: treatment of this furan with acidic methanol gives a white crys
talline compound having two 1,4-dtcarbonyl relationships

The thiophene ring can also he opened up, but in a very different way. Reductive removal o f the 
•uKur atom with Raney nickel (Chapter 24) reduces not only the C-S bonds but also the double 
bonds in the ring and we are left with a saturated alkyi chain.

u should try to draw a 
I mechanism for this reaction.

И the reduction follows two Friedel-C rafts reactions on ihiophene the product is a 1.6 diketone 
■*ead o f the H-diketones from furan. Thiophene is well behaved in Friedcl-Crafts acyiations, and 
"K tio n  ouun  at the 2- and 5-positions unless these are blocked.

^ ■ U liu n o f ih io p h c n c s  and fu ra n s  /  \  * * *  t
Out furam jmd Ih.ophtiws do partKuUrly well and 

well with these last two reactions is metalation. par 
tohution, o f a C -H  group next to the heteroatom
* *  **cuss this next. Uthiation o f benrene nngs л— а gy jj Ь Л

•) *  carried out by lithium-halogen (Br or I) /  ------- ». /
^  •  method that works well for hcterocydcs too as и u
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we will see b ier with pyridine— or by directed ('ortho') lithiation o f a C -H  group next to 
ing group such as OMe. W ilh  thiophene and furan, the heteroatom in the nng pmv j r ' 
sary activation. Гч rh«

Activation is by coordination o f О or S to Li followed by proton removal by thc . 
that the by-product u gaseous butane. These lith ium  compounds have a carbon-1,tb ,UI1) * *** 
are soluble in  organic solvents with the coordination sphere o f LI completed by THF mo|P

These lith ium  compounds are very reactive and w ill combine with most dectroph,in  J 
example the organnlithium is alkylated by a beiuylic halide. Treatment w ith aqueous acid 
1.4-diketone by hydrolysis o f the two enol ethers.

1- BuU. CtjO H,0. M®

Treatment o f this diketone with anhydrous acid would cause rccydization to the same fun 
Chapter 44) but it can alternatively be cydized in base by an intramolecular aldol reaction i 
27) to give a cyclopentenone.

This completes our exploration o f chemistry special to thiophene and furan and we л 
all three heterocydes (pyrrole in particular) and look at nudeophilic substitution

More reactions of five-membered heterocycles
Nudeophilic substitution requires an activating group
Nudeophilic substitution is a relatively rare reaction with pyrrole, thiophene. or furan anJ 
an activating group such as nitro, carbonyl, or sulfonyt, just as it  does with benzene ( t  
Here is an intramolecular example used to make thc painkiller ketorolac.

The nucleophile is a stable enolate and the leaving group is a sulfinate anion. An ftf*t j
must be formed in  which the negative charge is ddocalucd on to the carbonyl group o n |bl
as you saw in the benzene ring examples in Chapter 23. Attack occurs at the 2-роы*'лП ** ‘ *

More reactions of ftve membered heterocycles 1163

рФ Кр is there and because the negative charge can be delocalized on to thc ketone from that 
L~there is no inherent preference for attack at the 2- or 5-position.

■ Y

$0  far. all o f thc reactions we have discussed have been variations on reactions of benzene. These 
also do reactions totally unlike those of benzene and wc arc now going to explore two of

F iv e -m e m b e re d  heterocydes act as dienes in Diels-Alder reactions
Riran u  particularly good at I>ieU-Alder reactions but И gives the thermodynamic product, the t
jdduct. because w ith this aromatic diene thc reaction is reversible (Chapter 35).

f—
—i  I f  pyrrole would d o  a s im ila r  th e rm o d y n a m ic a lly  c o n tro lle d  exo D ie ls -A ld e r reac tion  w ith  a v in y l 
pyridine, a short route to  the  in te re s tin g  analgesic e p ib a tid in e  c o u ld  be im ag ined , w ith  jus t a s im p le  
reduction of the re m a in in g  alkene le ft to  do. T he  reac tion  looks  p ro m is in g  as the p y r id in e  makes the 

dienophile d e c tro n -d c fic ic n t and  p y rro le  is an  d c c tro n - r ic h  d iene ’

The trouble is th a t p y rro le  w il l  n o t do  th is  reac tion  as i t  is so good at e le c tro p h ilic  su b s titu tio n  
What happens instead is  th a t p y rro le  acts as a nuc le o p h ile  and attacks the e lectron  d e fic ie n t alkene 

The «rower is to make p y rro le  less n u d e o p h ilic  by acyta ting  the n itro g e n  a to m  w ith  the fam ous B<x 

pWccting group (C h a p te r 24). W c  w il l  sec in  th c  next section ho w  th u  m ay be done A good 

Did*-Alder rea c tio n  th e n  occurs w ith  a a lkyn y l su lfo n c

t>  -  ^  Г

({Mbabane was discovered a» the 
ikon Ы Ecuadorian bogs in 1992. 
It Ы an eicepbonaily powerful 
« la ^ r v c  and woiVs by a different

so there is hope that N w»* not be 
addict we The compound can now 
be synthesized ao there is no 
need to u a tw  frogs to «at (t—

[  I* is then possible to reduce thc nonconjugated double bond chemoselectrvdy and add a pyridine 
^■e to the vinyl sulfonc. Notice m this step that a lithium derivative can be prepared from a 

«/ndinc. In general, heterocydes form lithium denvatives rather easily. Thc skeleton o f cpi- 
i t  now complete and you will find some further reactions from the rest of the synthesis in 

ргоЫепи at the end o f this chapter
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Q Ю1

Х Г -^Х Г , Ш  _
Aromatic!tv prevents thiophene taking part in DieU-Alder reactions, but o x id a tio n  to 

destroys the aromaticity because both lone pairs become involved in bonds to  o xvg r n 

unstable and reacts with itself but w ill also do DieU-Alder reactions w ith  d i c n o p h . J y *  
dienophile is an alkyne, loss o f S02 gives a substituted benzene derivative.

НЯИ1М thiophene a.
Similar reactions occur with d-pyrones. These arc also rather unstable and barely -м)пш|с*п4 

they react with alkynes by DieU-Alder reactions followed by reverse Diels-Alder reactijAo рщ 
benzene derivative* with the lots o f CO j rather than SOj.

??я
p * .  p *  P *.

ea Э6 16.5 ел. 35

Z f9
o -o

COj

Nitrogen anions can be easily made from pyrrole
Pyrrole is much more acidic than comparable saturated amines. The p#Ca o f p y rro lid in e  is «bout Л  
but pyrrole has a pKa o f 163 making it some IO23 time» more acidic! P yrro l is about as acidic 
typical alcohol so bases stronger than alkoxides w ill convert it to its anion. We should not be too 
prised at this as the corresponding hydrocarbon, cydopentadiene. is also e x trem e ly  ac id * w f th « f ^  

o f 15. The reason is that the anions are aromatic with six delocali/ed к  electrons 1 he effect 
greater for cydopentadiene because the hydrocarbon is not aromatic and m uch  less * 1 1  
because it u  already aromatic and has less to gain. лЯШ

In all o f the reactions o f pyrrole that we have so far seen, new groups have added to ^  ̂  
atoms of the ring. The anion o f pyrrole U useful because it reacts at nitrogen, 
two lone pairs o f electrons in the anion: one is ddocahzed around the n n g  b u t the о m0i « ^  
in an sp2 orbital on nitrogen. This high-energy pair is the new HOMO and this U where

IM C U .

N-acyiated derivatives in general can be made in th is  way. A com m only used . 
hydride (NaH) but weaker bases produce enough anion for reaction to occur.

s o b *

X ?

Five-membered rings with two or more nitrogen atoms 1 1 6 5

o f pyrro les read w ith  elect rophile* at the ш  trogrn  atom.ф л т о^

I*how the Nf-Boc pynole was made for use in the synthesis o f epibatidine The base used was 
^ ^ d m c  derivative DMAP, which you met earlier in the chapter It has a pKaH o f V.7 and so pro- 

* small equilibrating amounts o f the anion as well as acting as a nucleophilic catalyst. ‘Boc
i n d '  »  u*ed a. the aofiatin* a*enl.

f  + + 6 
•Boc anhydnde* H z ~

l o  (>W»«.c»c i f  ...............  pyrrole nU ro fen ..........• -  N

1 W curious results are a consequence of the 1.3 relationship between the two nitrogen atoms. 
' '^ P lP N to iu tc d )  cation and the (deprotonated) anion share the charge equally between the two 

<atoms—they are perfectly symmetrical and unusually stable.
^  ^■«her way to look at the basic ity o f imida/ole would be to say that both nitrogen atoms can act 

the proton being attacked It has tu be the pyridine like nitrogen that actually captures the 
bv* lhe РПпЯе nitrogen can hdp by using its dekxalized electrons hke this

DMAP't of 9.7 is between 
those of pyrtdine (5.5) and tertiary 
alkyt amines (ca. 10) but much 
ctoaer to the latter

дпюп fa a H io o  is important in the next main section of this chapter, which is about what hap 
- —  we insert more nitrogen atoms into the pyrrole ring.

Five-membered rings with two or more nitrogen atoms
laridazolc
At the beginning o f this chapter wr imagined adding more nitrogen atoms to the pyrrole ring and 
noticed then that there were two compounds with two nitrogen atoms: pyrazole and imidazole.

replace one СИ group 
•Mb j Theppvotortnctop 

»»«e the bepnrnn* Ы this 
Ih * «Vuctur* 1 and * •  Ш 1 
•ynVwata or tNs cor^euna m 1 
chapter. In tNa chapter waartl

Only one nitrogen atom in a five-membered ring can contribute two dectrons to the aromatic 
sextet The other replaces a CH group, has no hydrogen, and is like the nitrogen atom in pyndine. 
TheUack nitrogens are the рут role like nitrogens; the green ones are pyridine like The lone pairs o r 
the black nitrogens are deknalized round the ring; those on the green nitrogens are localized in sp2 
«kilals *1 nitrogen. We can expect these compounds to have properties intermediate between those 
af pynole aod pyridine.

Bdaaole is a stronger base than cither pyrrole or pyridine- it has а рКлц  of almost exactly 7, 
that it is 504  protonated in neutral water. It is also more acidic than pyrrole, with a p*T. of

W ® '

w

■*Cr
\ = /

bewc*y of D « J end DON I M P  0 0 a
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Nature makes use o f  this property by having imidazole groups attached to proteins, n 
the amino acid histidine and using them as nudeophilic basic and acidic catalytic groiT * *  ̂  ¥ 
reactions (this w ill be discussed in Chapters 49 and 50). We use this property in the Sj, П
------j j - a j -------------------* - ,J— •-*----------------------1------ J " ^ 4 ^we add a silyl group to an alcohol. Imidazole is a popular catalyst for these reactions

^  . -  j r
A weakly basic catalyst is needed here because w# want to discriminate between the р щ » Я  

secondary alcohols in  the d id . Imidazole is too weak (pJTa|| 7) to remove protons from *** 
(p!Ta -  16) but it can remove a proton after the OH group has attacked the silicon atom

/0? I
-  x i , c -  I

In bet. the imidazole is also a nudeophilic catalyst o f this reaction, and the f irst step u «Д. 
stitution o f Q  by im idazole— that is why the leaving group in the last scheme w a s  .i ow« m  -y 
The reaction starts o f f  like this.

“X“
The same idea leads to the use o f Carbonyl Dilmidazole (CD!) as a double eleitrophilewheeu» 

want to link two nucleophiles together by a carbonyl group. Phosgene (COQ: ) has been used for this 
but it  is appallingly toxic ( it was used in the First World War as a poison gas with Jr radful cffccts). 
CD1 is safer and more controlled. In these reactions imidazole acts (twice ) a \ a le a v in g  £ г« яф  

carbonyl iMn#diOd*e

l oH---
The amino group probably attacks first to displace one imidazole anion, which r e tu f f l f l^  ̂  

tonate the ammonium salt. The alcohol can then attack intramolecubrly displacing 
dazole anion, which dq>rotonates the O l I group in its turn. The other product is just 
o f imidazole. r\
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^ ^ i c|atio iuhip between the delocalized imidazole anion and imidazole itself is rather like that 
b fnolate anion and an enol. It w ill come as no surprise that imidazole tautomerizes rapid

^temperature in solution. For the parent compound the two Uutomers are the same, but 
-----etrkal imidaz«>lc.4 the Uutomemm is more interesting. We will explore this question

I t  Л4. 
| p

°<ьД :

— *

H rfo.
Ъ  Jb . A

L  1.

lit h • n s r n m c " '^L d d e e kc ffo p h ilic  aromatic substitution o f imidazoles.
^ T ^ ^ io l t s  with a substituent between the two nitrogen atoms (position 1 ) «.an be nitrated with 

^ u i l  re a g e n t > and thc product consists o f a mixture o f tautomers.

P  ■==* ^? = Y ”
The initial nitration may occur i t  either of the remaining sites on the nng with the electrons com 
from the pyrrole-like nitrogen atom. Tautomemm after nitration gives the mixture.

The tautomerism can be stopped by alkylation at one o f the nitrogen atoms. I f this is done in basic 
solution, the anion is an intermediate and the alkyl group adds to the nitrogen atom next lo  the nitro 
group. Again, it does not matter from which tautomer the anion is derived— there is only one anion 
ddocalized over both nitrogen atoms and the nitro group. One reason for the formation of this iso
mer is that it has the linear conjugated system between the pyrrole-like nitrogen and the mtro group 
(seep. 000).

Important medicinal compounds are made in this way The antipara.utu metronidazole comes 
from 2-methyl imidazole by nitration and alkylation with an epoxide in base.

and each hat one pyrrole like nitrogen and two pyridine lllte nitrofteni Both 
. T * * ? » h a v e  t h t  рсцмЫ Ш у of taulnmcricni (in IJ .J  -tria/olc thc tautomers arc identical) and both 

°  * l,ngle amon
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1.2 ЛОмШ*
The 1.2.4-tria/ole is more important because if is the basis o f the best m odem  

fungicides as well as drugs for fungal diseases in  humans. p»e extra nitrogen atom nuke* \t _  — 
like pyridine and so more weakly basic, but it increases Я  acidity so that the a n io n  is f

р ^ ш 2  2

* c - .

<7-0 —  0
TNm may m n v d  уоь o f the ■ c f lK l— 
№1 jHM, is n m  nud»o(#Mkc tnjn 
a m o n i  because o f Ом two Brnwd 

U 'k M p  ООО)

The fungicides arc usually made by the addition o f the tnazolc anion to an epoxide or other, 
bon clcctrophOc. The anion normally reacts at one o f thc two linked nitrogen atom» | и ^  
matter which— the product is the same).

<7— 0 ^
A modern example o f an agent used against human fungal infections is Pfizer's tliuc 

which actually contains two triazolcs. Thc first is added as thc anion to an a-ihlorokctonc and thc 
second is added to an epoxide made w ith sulfur yiid chemistry (you «rill meet this m С hjpttr4*l. 
Note that weak bases were used to catalyse both o f these reactions. Triazolc is acidic enough for w *  
NallC O) to produce a small amount o f thc anion.

N— H H  M<7 O.

two um jm wi Ы t ltiucfr

Tetrazole
There is only one isomer o f tetrazole or o f substituted tetrazole*. as there is o n ly  one c a rb o o ^ ^ H  
the ring, though there are two tautomers. The main interest in tetra/oles is th a t they arc r j t h € f i l ^ l  

the pKe for the loss o f the N11 proton to form an anion is about 5, essentially the same as that 

boxylic acid. The anion is ddocali/ed over all four nitrogen atoms (as w e ll as the one 

and four nitrogen atoms do the work o f two oxygen atoms.

A. P 4 - S Л .- Л
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Breaux tetrazolrs have similar acidities to (hose of carboxylic acids, they have been used in drugs
—ebcement'for unit n the carboxylic acid has unsatisfactory properties tor human

A simple example is Ihe anti-arthntu drug indomelhacin whose carboxvlK acid group—«1к‘ПС
"  ^  rCp)aced by a tetrazole w ith  n o  lass o f  a c tiv ity

* m i 4 i  w*h even two or three nitrogen atom * jomed to*rt->et. socti as 
Ф0 1— -  —  (СИдМз) or WKWi :4 N j)  arc po»er.tiai»» e * * > w e  because 
1 Ф ,с т 9Ш * * 1 В *  <*f stable gaseous n*ro *en Compounds with more 

~  1. such aata tra io les. are l * * ty  to  D« more dangerous and tew 
e penta /o tev The bm * is reached » 'th

ebyOaro^atHjnof
^fcplihweanem pfrdto jweperr prfit^/.itrs Tlw lifHf is 
^Motet/A/cxe «и* the vnaJtogformula СЧ,' it is made fr 
|Щ1| -  ------------ —- * • - 1------ - ------------ " SKwellHXXrawl»

thil|tne Фа/ппмт s<«| is r
h fe a t care We recommend tha* no more then о 7Ь

stab* Me^SosHjrsh^e occurred aftr» standby. ..t 70 *C furl 
||fs»m uch lor that, but ehaiaoout the dwocompound"> it i s ^  

^ ^ H lfr tW ***a n d d s e o m p o a e s  to a с atone art»iloasofone 
^ ■ • « e r  Knet two more *o rv* P ~

" О- — О
Г T  к

V - O т
*•
•ь

*• thrt is left is a carbon atom and th i* is one of very *e» wey s t.i mal«e carbon matanaieOseouraiaetoomuehieaaareh. However, you wm see mthe nert 
MMchamicaSy The carbor atoms have remarfcabte reactions and these chapter that 1-ammo tetraiote Is a useM start>ngm*enal tor making an antt

bee- bnety studied, but tha hauroous preparation of the startmg

Kenzo-fused heterocydes 
Indoles are benzo-fused pyrroles

and its Ictra/ole analogue contain pyrrole rings with ben/cne rings fused to the side 
heterocyclic structures are called indoles and are our next topic. Indole itself has a 

t ring and a pyrrole ring sharing one double bond. ot. if  you prefer lo look at it this way, it is
system with 10 electrons— eight from four double bond* and the lone pair from the 

nUr4m *io m .

t«m U m  “ nportant heterocyclic syv 
H Ш ■ is built into proteins in ihe
fe r» 0 f t h cЩ^Ж^ “ **” 0 tryptophan (Chaplet 

*  u  the Iu m s  of important 
*  ̂ ndomethacui, and because it 

afc^n i. lhr •keleton of ihe indole 
^ ^ a l l y  active compound» 

l ^ . f a T 1'  M r n h m П . 4 n J  |.SI)

И Р * * *  * « " c d  in Chapter 51).

0 3
M W  И

Op

IT W -  •»  *■» «р«*еп,люг л
пюге accuse, you often see 
the second used In boohs and

t
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In many way* the chemistry o f indole is that o f a reactive pyrrole ring with a relatively Ut 
zene ring standing an one ride—electrophilic substitution almost always occurs on the pvrr^ **

example. But indole and pyrrole differ m one important respect In indole, electrophdiisuhu f  P
fared in the 3-portion with E
almost all reagmts. Halo- 
genation. nitration. suJooition.
Fricdci-O aft, ^ y ta -n . « d  I ~ “ Л ? " ”
alkylation аП occur deoity at that 
position.

Thu is, o f  course, the reverse 
o f what happens with pyrrole.
Why should this be? A ample 
explanation is that reaction ; 
the 3-position rimph involves 
the rather iseilatcd < 
tern in the five-membered ring 
and docs no t disturb the aro- 
matidty o f the benzene rmg

The positive charge in the 
intermediate is, o f course, ddo- 
calued round the benzene nng, 
but it gets it»  main stabilization
from the nitrogen atom. It is not possible lo get reaction in the 2-poution without seriously ' 
the aromaticity o f the benzene ring.

•  E lec tro ly tic  substitution on pyrrole and Indole

P yrro le  reacts with electrophiles at a ll positions b u t prefers the 2- and 5 -por 
w h ilc  indo le  much prefers the 3-position.

A simple example athe Vil*- 
meier formylation with DMF 
and POO), showing that indole 
has similar reactivity, 4 differ
ent regioselect ivity. to pyrrole.

I f  the 3-position u blocked, 
reaction occurs at the 2-position 
and this at first seems to suggest 
that it is all right after Л  to take 
the electrons the ‘wrong way’ 
round the five-membered ring.
This intramolecular Pnedel- 
Crafts alkylation is an example.

An ingenious experiment showed that this cydization is not as simple as it seem* If th« 
material is labelled with tritium  (radioactive 5H ) nexl to the ring, the product shows 
the labd where it  is expected and 50% where it is not.

c c f^  -  d p -  * ‘ л

To give th is  resuh, the reaction must have a symmetrical intermediate and the ob>10

С
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from attackal 3-position. The product is formed from the intermediate spire compound, 
has the five-membered ring at right angles to the indole nng -each CH, group has an exactly 

]J^oal c h a n c e  of migrating.

o ^ - a P
The migr*t,on “  *  pinacol-like rearrangement similar to those in Chapter 37. It is now thought 

д о  most *ub*titutions in the 2-position go by the migration route but that some go by direct attack 
y fc h  d is r u p t io n  o f  the benzene ring.

A ftood example o f indole's 3-position preference is the Mannich reaction, which works as well 
„ ilh  indole as it docs with pyrrole or (uran.

0Э M e^N H , С Н э » 0  

M OAc. M, 0

The electron-donating power o f the indole and pyrrole nitrogens is never better demonstrated 
than in the use to which these Mannich bases (the products o f the reaction) are put. You may 
t f  ember that normal Mannich bases can be converted to other compounds by alkyiation and sub
station (see p. 000). No alkyiation is needed here as the indole nitrogen tan even expel the Me2N 
poup when NaCN is around as a base and nucleophile. The reaction is slow and the yield not won
derful but it i t  amazing that it happens at alL The reaction is even easier with pyrrole derivatives.

o f - o f - o f
°fc« V  \

P ^ 'h e  five-membered nn g s  we have looked at have th e ir ben2o-derivative%  b u t we w il l  co m  en 
)US| one, l-h y d ro x y b e n /(M iu 7 o le . b o th  betause it  is an im p o rta n t c o m p o u n d  and because 

• * *  ««d little about simple 1,2.3-tna/oles.

OBt is aa im portan t reagent in peptide synthesis
^ ^ ^ ^ P j t o a * O t n a / o le  (H O B t)  u  a fr ie n d  in  need in  the lives o f  b iochem ists . I t  u  added to  m any 

where an activa ted  ester o f  one  a m in o  acid is co m b in e d  w ith  the free a m in o  g ro u p  o f 
^ C h a p t e r  25 fo r  som e exam ples). I t  was firs t made in  thc n ine teen th  ce n tu ry  by  a rem ark  - 

" ■ • p i e  reaction.

cc- H jO o>
\m

нов!. 1 ♦*yO»o«yterwoUi«o»e
Tbe

14 '■•«•n « 2 1 ° ^  HOBt * * * * • ”  4Ultc ‘ traightforward. except for the unstable N -O  single bond, 
^ e a e f ly  draw some othei tautomers in which the proton on oxygen— the only one in the

one of th * ргоЫвг % at 9W end Ы th t
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You met u m n l
heterocyclic ring—can be placed on ю т е  of the nitrogen atoms. These 
the second and third are nitrones. and the third structure looks Ins good t»u *

a> — 0^: — Op-
£  0 0  щ и ш

HOBt comes into play when ammo suds «re bring coupled toge ther m ,hf  | h tv  
amide formation, but in Chapter 25 we mentioned lhal amino-acyt chl..,,j 
make polypeptides—They are too reactive and ihey lead lo  side reaction 1пЯП и П ?  Ц  J *  
esters (with good RO leaving groups) are used, such as Ihe p h e n y l с ц „ ,  ы  c b '  ‘ ' * ' lnr»M . ^  *  

common to form the activated ester in the coupling reaction, using a 
common being 'D C C , dicydohexylcaibodiimide. DCC reads wiih cait>oxr |K " ' Д * 1 .**

- V s -
The product ester is activated because substitution with any nucleophile expek (hit 

urea м  a leaving group.

^ 0  «акМччМеа
\  н --------- - •» и и

" i -  _

►  The problem with attacking this ester directly with the amino group of the sec <>nd Mmmoiads**
You sawm Chapter 29 that the ю т е  racemuahon of the active estei is often found A better method is to have plenty of H0§№ *** 
most tlactropM* embOKfUe add It intercepts the activated ester first and the new intermediate d«>e> n.»t racemue, т о *1 у Ы « в »  

reaction u highly accelerated by the addition o f HOBt. The second amino add. protend 
borvl group, attacks the HOBt ester and gives the dipeptide in a very fast reaction vithe*

CO
R. ^ : 0 H

"&ГГ
Putting more nitrogen atoms in a s ix -m em b e re d  r i n g

At the beginning o f Ihe chapter we mentioned the three s u  mcmb e re d  a jo m J i  

two nitrogen atoms—pyridarine. pyrimidine, and pyranne. I n  th e se  ctin I" ' ‘‘ f  ^  
atoms must be o f the pyndine sort, with lone pair electrons n o t  d e lo c a l ir e d  r o u n  t " ^

Putting more nitrogen atoms in a six-membered nng 1173

look at these compounds briefly here. Pyrimidine is more important than either 
y,’e  sref0*0*1 ^  ju  involvement in DNA and RNA you will find thu in Chapter 44. AU three 

^ y ^ w e a k  base*—hardly basic at all in fa*.t Pvnda/ine u slightly more basK than the 
^  ̂  ̂ j ^ m t  li*ne pairs repel each other and make the molecule more nucleo-

c r . tne « г - ..........
*** aaam: sec p. 000 o f  < b a p tc r  23). 
( l h * « c ___ „K ^ -v C T T d e v t ro n -d e fk ie n t  n rjJ fc ( * * * e,C,' * ' ’ 7thesc v e ry  electron-deficient rings mostly concerns nucleophilic attack and dis-

X ^ r r L l " .....г - such at О  by nucleophiles such as alcohols and amines To introduce
°  j |0 uke one heterocyclic synthesis at this point, though these are properly the 

* * * f j ,t b T  n e «  ch ap ter . T h e

nd 'IT 'W  h y d ra n d e  

,or ‘omc 
м  ш е  it i> fo rn ’ " 1 WtKn 
l* x* w  „  acyiated tw ice  by

j - ' . ^ y d n d e

wtBch и  'm o re  a r o m a lu  

„ « c n o n w l lh  P O O , in  the w ay 

have I K "  p y n d in e  g ives 

,h , undotA tedly a ro m a tic  p y ri-

ia n n e d k W o n d f

Now « «  com e to  the po in t.

Eadi o f  these ch lo rides can  be 

d e fa c e d  ia turn  w ith  an  ovygen 
or nitrogen n u d eo p h ile  O n ly  

one chloride is d u p lac ed  in the 
first reaction, if that is required, 
and then the second can  be dis
puted with *  d ifferen t nudco 
phdf (see reaction on the right).

How ia thia po ssib le ’  T h e  mechanism of the reactions is addition to the pyrida/ine ring followed 
hy Iocs of the leaving  g ro u p , to  the first reaction must go like this.

ь*т. -  1 3

*ГС°п^ nuclrophilr attacks it is forced to atta<k a lees electrophilic ring An electron 
r ^  has been replaced by a strongly elect run-donating group I N H j)  v«i the rate

^■■■fcgM ep. the addition of the nudeophile. is slower
thcw *ppbc% t«* other easily inadc symmetrual duhl.no derivativec «if these rings and

The nitrogen atoms can be related 1.2, 1.5. or 1.4 as in the examples alongside 
l - r t j  I Me ,0 hnk the Cl И» JL

гЛ  “"A* JX

*« *.•0 .4 5
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00
00

Fusing rings to pyridines: quinolines and i s o q u i n o l  i
A benzene ring can be fused on to the pyridine ring in tw o  way» giving thr i 
quinoline. with the nitrogen atom next to the benzene ruig. and is o ^ i, , . ,^ '1 
atom in the other potuble position. W|Tb

tral skeleton o f the Lsoquinolinc alkaloids, which we will discus* at some I c n g t h ^ 'V ^ ^ ^ ^  
chapter we need not say much about quinoline because it behaves rather us you uo'ulJ ,-Р,ГГ **• Ц к  
istry is a mixture o f that o f benzene and pyridine. UoctrophiUc substitution ta y ,* ,^  
nudeophilic substitution favour* the pyndme nng. Su mention Ы qumoline pv„  ,4

r •“  You would
C V I 111*  >n I H IU t lR  1ПО 171П Ш К . b w i n ip n n i c  K in m iu t

istitution favours the pyridine ring. So mtration of quin 
nitroqumolilK. « id  Ihe I  m uoqum olino-m  ahoul equal ,um < U « (though you 
reaction really occurs on protonated quinoline. - (h?l>» UVII ■ J WVVWI Я wil ц в и м ц ц . . . .

|s ~ - C 0 := C 9 = & - c J
This u  obviously rather unsatisfactory but nitration is actually one of th e  better behwM 

tions. Chlorination give* ten product* (at lean!), o f  which no fewer than five a r t c T " ^ ^
— г— “ ------- * — *— * structure*. Tbe nitration c **~~— *— *' ' * * •

72» у«И

T o  get reaction on thc pyridine ring, the N -o x id e  can be used as w ith  py rid in e  itsdf. A pmi 
example is acridine. with two benzene ring*, which gives four n it ra t io n  p roducts , a l oo the beam 
rings. Iu  N-oxide, on the ocher hand, gives just one product in  good v ie ld—  n it ration takes fk a*  
the only remaining position on the pyridine ring. N0

с с о - с с о - с р с И
« « c «  e ”  o °

In general, these reactions are o f not much use and most s u bs tituen ts  at e pu t m to y w o " ™ *  ^  
ing ring synthesis from simple precursors as we will explain in  the next chapter I  h e r e i » t ® ^ ^ ^ e  

quinoline reactions that are unusual and interesting Vigorous o x id a tio n  goes fo r th f iJ J * ^  
ruh ring, the benzene ring, and destroys it leasing p y r id in e  nngs w ith  ca rbonyl group»»

w  X)
A particularly interesting nudeophilic substitution occur* when quinoline J 

acyiating agents in  the presence erf nucleophiles. These two examples shc»w that nu 
tution occurs in thc 2-position and you may compare these reactions with those о Р У ^ | 
The mechanism is similar.
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RNM,

OCX.
• a u in o h n o  and indo les w ith  th e ir fused ring» w r  kept the benzene and h e te r in y d ic  

I . * * * " *  there is a wav in w h ic h  thcv can be com b ined  m ore  in tim a te ly , and tha t is to  have

r o t e n  l lo m can b f  » t« ring junction
p v rro lc - tv p c  nitrogen as i t  m ust have three О bonds, so thc lone  pa ir m ust be in  a p  

*bat one o f  the  i m p  m ust he frvc-m em bered  and the sim plest m em ber o f  th is  

Д ,и  is ta ile d  io d o i i / in e  it has p y r id in e  and p y rro le  rings fused together a long  a O N
inteft***1̂

Ь<1в̂  A m in e  th is  structure y*Ki w il l  see tha t there is d e fin ite ly  a p y rro le  r in g  h u t th a t the p y n - 
*01 .И there O f course. the lone  pa ir and the я e lectrons are all d e loca li/ed  hu t thi% »ys 

i b d o l r  and  quinoline. is m uch  be tter regarded as a ten e lectron ou te r r in g  than  as tw o  

“ ^ fa d n a  rings joined together.
*  reacts w ith  electrophiles on

eeed ring* by wbitiu ition _  Ш
reactions Ш «pected but i l has one spe 
ad  reaction that leads dramatically to a 
more co m p le  aromatic system. It does a 
.vJoaddition with diethyl acetyl enedi 
4iS.nyUe to five a trkydic molecule.

The dienophile is the usual sort o f  unsatu ra tcd  ca rbonyl co m p o u n d  —b u t coun t the e lectrons used 
from the teiolizine. 1Ъе nitrogen lone  p a ir  is n o t used b u t a ll the  o th e r eight are. so th is  is a m ost 
unusual [2 * • !  cydoaddition T h e  firs t fo rm e d  p ro d u c t is n o t a rom atic  ( it  is n o t fu lly  con juga ted) bu t 
it can be dehydrogenated with palladium to  m ake a cydazine

М / С C P ~
HO/f \ o . . L fO i*t

_ _ _ _  *he electrons in the  cydaz ine— there  are ten  e lectrons ro u n d  the  o u te r edge and the
tone pair is not part o f  the  a ro m a tic  system. C yclazines have N M R  spectra and  reactions 

are aromatic

* used rings w ith  m ore  than  one n itrogen

* *° continue to inse rt n itro g e n  a tom s in to  fused n n g  systems and som e im p o r ta n t

'^T te r *° !helC * ro u P‘  punnes arc p a rt o f O N  A and R N A  and are trea ted  in
Ш * * * ш р 1 е  purines play an im p o rta n t part in  ou r lives ( o ffee and tea owe th e ir s tim u  

> d T n ^ 5 ^ *  C i®p»n ». a sim p le  tnmethvl p u rin e  denvative  It  has an im id a /o le  r in g  fu»ed to  a 
and is aromatic in  spite o f  the  tw o  ca rb o n y l g roups

CP

►
Notk* that this Is the reverse of a 
hydrogenation: the catalyst is the 
same but H j Is lost. not cared.
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^Jrlc ec id  xtnd ettopuHnol

T » o o » th .c » *< » 4 l ^ )<e, h
4 l i « l » » » o » M [ ,

,,ou"c« “
I t M «  but " V

It fcnltate. not unt ati d but ^

SM x d U h n tlM v  TheuUta, hSSTSES!!!!. IS *” ?™* “
•  ■ а я с к н и о ю и к ш м р м к ч и с а м . . .  я - М и ^ л и ^ ,
and it ia no surprise th * a compocg id  d o se fr  геае гт Ы щ  
unc acid, aNopunnol. I» thc best

5  «‘н

Other fused heterocydes have very attractive flavour and odour properties v r a z a - j  
arc important in many strong (ood flavours: a fused pyrazmc with * ring lumtion 
on» of the must important ..im pon fn l. in thc smell of n « . l meal You ,a „ .. jd 
pyrarine that provide green pcppcrt with their flavour in thc Box on thc next p4ge. '  

Finally, thc compounds ia  ihe margin form a medicinally impoitani group и  . > (

* " m > l  toi animals They arc dcmcd from a 6/S fused aromalu nng system thai - ” |д И ц |щ _  
electron system o f  the indolizine ring system hut has three nitrogen atoms

All thu multiple heteroatom insertion is possible only with nitrogen and we need I d lo o k in g  a 
what happens whet] wc combine nitrogen with oxygen or in hcterocyjcs

Hctcrocydes can have many nitrogens b u t  only one sulfur or 
oxygen in any ring
A neutral oxygen or sulfur atom can have only two bond» and so it can never be At the ФЩ* 
atom in pyridine— it tan only be like the nitrogen atom in pym»lc. We can put us many pyndh*®* 
nitrogens as we like in an aromatic nng. but nevermore than one pyrrole-like nitrogen. 
can put only one orygen or sulfur atom in an aromatic ring. The simplest example#» 
thiazoles and their less stable isomers.

The instability of the iso \om p ound t tomes from the weak О N or s \  UkW ТЬ еж И И И И  
be ileaved by reducing agents, which then utually reduce thc remaining hi « P'**' ^
The first product from reduction of the N О bond is an unstable imino cn • I h e e n d l j e j ^  
to the ketone and the imine may be reduced further to the amine We used iht» *»< ^  ̂
the pn*ducts of 1.3-dipolar cydoadditiofu in Chapter and i*nxa/ole> м ^  " * * ¥

Such heterocydes with even more nitrogen atoms exist but arc relatively и 
sliall mention just one, the 1.2.5-thiadiazole. because it is part o f a useful drug.11
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Tenolol is a (Mocker that bloc**

(epinephrine) end he tips heart 
disease at bay by counteracting 
N0 i blood pressure.

^ д о ц го 'ги п р к х » '»  Т э д р о ^ а ^ р о л * »
J Z L g ff r e fe e n p e p c ^ C a p s ia jn a n n u ^ a r  
T _  — *  <10001% of • »  m ass of the p e p p e r snd the men

l M l l l f M I
•  about oooo i s  cxtr»-~

M c m n r O  •* '< *  "  ЭОЧ of *w  о- И had an 

-  to* at1M  M ilto*» '■ *  • eonw *<*nm neror»»  
ц о В* • h**eaoM»or maas specbianre^watodlhet * * .  

L e e  uoa^fchc. а шиюч! e ^ r t y  to CvM14N />

1*1

7J0

IH

2И
JH

IH

IH

I  Hr Comment*
B.7 mu,cH

?

7.0 CM*CK

- OMe?

2.4 aromatic

2.4 aromatic

■ In the MajCH and CHjCH
^ ^ H * e NMe C M m ii> iu itt«  н и 

• •■ Г -ш и .2 .4 р р *а и (Л « 1 и . у  м. 
^WllUBtlelheorilyoneshowini; • *

■ h M b » a a w M * e io f  Г 'Н
91 lews. Wecaneestfy Ма

гяякг. part of • «  molecule because К has two methyl group*

i.Jbok

A better reason is that the chenscal shifts are a* wrong. The protons on an 
electronrtch р у т *  ring coma at around 6-« 5 p p m ut^eld from beruane 
(7.27 p.pm Л But these protons are at 7.B-B.0 p.p.m.. downM d from 
benjene. We h «* a destneided (electronpoor) nng. not a shielded (electron 
nch) ring From what you now lew» of heterocyclic chemistry, the ring must be
•  su-nentiered one and we must put both ratroe* Moms m the tint. The*» 
are three ways to do tNa.

--<5ir- -~<Xx
ox

MreaNyttsthc

chemical shifts are about 
r t f *  for thal molecule too.

ofth« * * •  Ае*эи x a
I.ButwehaweaMeOffoupanthermgfeedvrg 

n and thal wflllnctease
h to take a methyl group to 

SuptoC*M170 
JgyFr-andnoclueyeleatothe

У- We also have an aromatic r 
» In It (because 
Kanoutfiforabenrenenngl)

• tie two aromet c hydrofens >s? 4 и г  bo 
*  a pyrrole r tn f?  Well. no. »>d for two ressons » we 'jy агч) 

P^aia. we cant •  n  ihe Iasi n ro o |» n '*  we pit it on ihe end 
■ woUd he». to be an !• !,  ̂ oup. and the». nn4 one

and move the protons upAdd This gves us a untque si

There la only one way to be sure and that Is to make tNs compound and see If 
it is the same as the natural product m an respects rdudwibiotoecal 
activity. The inveet«alorsdidthisbutthenwlshedtheltheyhadn4ITbe

m 1012 of this compound ai

There•re thousands more hcterocydcs out there
lo  d a tu u  them and we hope you're grateful In U*r i l l  about time lo «op, 
you With a him o f the tomplrxity lhal u рошЫе. I f  pyrrole u lombinrd
•  f°o d  yield o f a highly eoluured crystalline compound is formed. This is a
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Q
Now, what about this ring system— ia it aromatic? It's certainly highly ,ы „. 

answer to thc question clearly depends on whether you include the nitrogen electr I
i f  you ignore the pyrrole-like nitrogen atoms but include the pyridine like nitro* 
round thc periphery, you have nine double bonds and hence I t  electron* j  4„  
people agree that these compounds are aromatic. ' <̂>v

They arc also more than curiosities. Thc space in thc middle with the four inward-n^a 
gen atoms is just right for complex formation with divalent metals such as Fe(II) Witk 
substituents, this structure forms thc reactive part o f haemoglobin, and the iron atom »  ****  
transports the oxygen in blood.

Iron prefers to be octahedral with six bonds around it and in one o f these spare places* 
globin that is occupied by oxygen. I f  you try and make an oxygen compkS Ы ihe 
porphyrin with four phenyl groups around the edge you get a sandwich duner lhal 
itself.

I I

The porphyrin in blood avoids this problem by having another he te rtj®  ̂  ^  
Haemoglobin consists o f the flat porphyrin bound to a pro!cm by c o o r d in a t io n  ^  ^  

zoic in the protein (a histidine residue: see Chapter 49) and the iron atom. This 
bind oxygen and makes the molecule far too big to dimerize.



There are thousands more heterocycles out there

U l l f l i ------* rc  U ro n g ly  co lo u re d — ih e  ir o n  com p lex  is lite ra lly  W ood red Some
provide the familiar blue and green pigment* used to colour plan к  shopping 

^ p h t h a l o c y a n m e - m c t a l  complete», which provide interne pigment» in these
i S r ^ b ' b e w :  rin g « yH e m  resem ble* j  p o rp h y r in
r*nf«

Thediflexen.es are the four extra n itro g e n  a tom s between the rings and th c  (used benzene rings 
Thee compounds are derivatives o f  p h th a lim id e , an iso in d o le  d e riva tive  th a t has a no n a ro m a tic  
five membered ring. The metal m ost c o m m o n ly  used w ith  ph tha locyan incs  is C u ( I I ) ,  and  th c  range 
of colours is achieved by halogenating the  benzene rings. T he  biggest p ro d u ce r is IC I at 
Grangemouth in Scotland where they  do the  ha lo g e n a tio n  and the  p h th a lo cy an in c  fo rm a tio n  to  
make their range of Procyon™ dyes.

Sonic hrtirocydcs arc simple, some very co m p le x , b u t we la n n o t live  w ith o u t them  W e shall end 
ih* dupter with a wonderful sloiy o f  h e te ro cyd ic  ch e m is try  at w o rk  Folk, ac id  is m u ch  in  the news 
today as a vitamin that is p a rtic u la r ly  im p o r ta n t fo r  p regnan t m o the rs , b u t lh a t is in vo lve d  in  thc 

т Л а ^°*ш п  « I  Irvmg thing* Fo lic as id  i*  b u ilt  u p  in  na tu re  fro m  three p iece* a he terocyclic t fa r t 
f  material (red), p -a m inobenzo ic  acid (b lack) and the a m in o  acid  g lu ta m ic  acid (b ro w n ) Here 

* * * *  fw curv.r, dihydrofoiic acid.

Ш  -- jc r  ' "
; «у"»'***

Л :  V '""

H 7 a

J

19
.1

9
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Although folic acid is vital for human health, we don’t have the enzyme* to nuke „ 
which means we must take it in our diet or we die. Bacteria, on the other hand, do  make "  * *  
is very useful, because it means that i f  we inhibit the enzymes of fo lk acid synthesis ' ll< *c*<1V 
but wc cannot possibly harm ourselves as we don't have those enzymes. I V  m lfj j  ^  
famethoxypyridazinc or sulfamethoxazole, imitate p-aminobenzoic acid and in h ib it  t» **
J __________ _______ .к .___ Г ____L  L.______ —  »---- ------------______ ____ *AA~A .1______ ■/ ' 'dropteroate synthase. Each has a new hcterocydk system added to the sulfonamide

*  a m .  -  f  Г4Г’ o f t S » a "

The next step in folic acid synthesis is the reduction o f dihydrofolate t o  t e t r a h y d j H  

can be done by both humaru and bacteria and. although it looks like a r a th e r  t r iv ia l  гсал 1 ш и 1 У  

portion o f molecules), it can only he done by the very important enzyme dihydrofolatr г Ы м Я

Though both bacteru and humans have this enzyme, thc bacterial vers ion  is different о к я ^  far 

us to attack it with specific drugs. An example is trimethoprim— y r t  a n o th o  h< t. пчусйс сотрашё 
with a pyrimidine core (black on diagram). These two types of drugs th a t attack the fohc add ямоЬ- 
olism o f bacteria are often used together.

We w ill see in the next chapter how to make these heterocyclic >yvtem> and. in Chapters49-51. 
other examples of how important they art in living things.

Which heterocyclic structures should you learn?
This is, o f course, nearly a matter o f personal choice. Every chemut rea lly m ust know the nsacsrf 
the simplest heterocydes and we give those below along with a menu of s u c tio n s .

First o f all. those every chemist must know:

o  9 о о Л
м ю к  rturctorw Air*”

Now the table gives a suggested list o f five ring systems that have im p o r ta n t  

of life and in human medicine— many drugs are based on these f iv e  s t ru c tu re s .

the most important 
nn* with two nrtrofen

p v t of the am«no add hifttMtna. oocurs 
in  proteins and is  Important m enzpm

a substituted imtdazoie •* *  
part of the antwlce» drug d m tt dm*

o -
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m
three functional ized pytlmtdinee 
•re part of DNA and RNA structure. 
a.g.ursdl

many antrvwal drug», particularly ant» 
HIV drugs, a rt modified pieces of DNA

&

occurs na tura lty m th e  im portan t 
an tim alanal drug qu inine

суагмпе dyestu ffs  used as  sensitizers 
fo r pa rticu la r ligh t w avelengths in 
co lour photography

occurs na tu ra lly  in  th e  benzyl Isoqutnoiina

occurs m p ro te in s  as  tryptophan and *  im p orta n t m odem  drugs are based on
the bram  as  th e  neuro transnw tter sero tonm  sero ton in  inc lud ing  sum atrip tan  fo r 
(&hyd roxytryp tam m e) m igra ine

xxf*
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Problems
JL For each o f thc following reactions; (a) state what kind of 
substitution it suggests; (b) suggest what product might be formed
if  monosubstitution occurs. ^

X y-'C Q ^'
qV - XXX—

X "
1 . E«plain the order o f events and thotce o f hues in thu

I  B u ll 

2. M .I*

2. Girt a medumsm for this iide-thain extension a t a pyridine.

( У ^ г - б '
S. Give a mechanism for this reaction, commenting on the 
position on the furan ring that reacts.

cC j6 '

Ъ=г
Ш. Fzplain the difference between these two pyndinc r

'X*
ae- ~  u .

4. Suggest which product might be formed in each o f these 
reactions and justify your choices.

(JO
РОСЦ

S. Comment on the mechanism and selectivity o f (his reaction o f 
a pyrrole.

MCI» СНяСЦ. M.WO,
a»yM d

t .  Why can this furan not be made by the direct route fro* j 
available 2-benzytfiiran?

J
The same furan can be made by the route described I><-l»v suцел |
mechanisms for thc first and thc last step. What is I 
product o f thc last step? pti

10. What aromatic system might be based on thc 
skeleton given below? What sort of reactivity 
might it display?

ft. Explain thc formation o f thc product in this Friedcl-Oafts The reactions outlined in thc chart below describe
alkylation of an indole. *eps in a synthesis o f an antiviral drug by the P*



V  HNOj V V  1.

{  И,5оТ o , N ' ^ ' W *•«PtiCKjCI.
k*co,

f o ld e r  how the reactivity of imidazoles is illustrated in the*e 
action*, which involve not only the skeleton of thc molecule but 
jbo the reagent L  You will need to draw mechanism* for the 
pactions und explain how they are influenced by the heterocycles

Ц . SuggeM h o w  2-pyridone might be converted into the amine 
ihown. This amine undergoes mononitration to give compound A 
w ith the N M R  spectrum given. What is the structure o f  A’ Why is 
thk isomer formed?

U .  S u n n i what the product, of Ih n . пи<когы к  w taritu tio iu  
might be.

& - c c  
■"об' Ф
14. The synthesis o f DMAP, the useful acylation catalyst 
mentioned in  Chapters 8 and 12, is carried out by initial attack of I 
thionyl chloride (SO a2) on pyridine. Suggest how the reactions 
might proceed.

0 -

o, - a
a

о
6

K k iN — СИ0
(OMfl 6

DMAP

(♦ CO ♦ HCI|

I h 1Л N».m. (3H. t. J 7 Hz). 1.7 p.p.m. (2H. sextet. /  7 H i) . J J  
pp ra (2H. q. / 7 Hi). 5.9p.p.m. (1H.broad s).6.4 p.p.m. ( IH . d. /
I  Hz). & l p.p.m. ( IH. d. /2 H i), and 8.9 p.p.m. (1H. d, /2  H i). 

Compound A was needed for с 
version into the potential enzyme 
inhibitor below. How might this be r ~



Aromatic heterocycles 2: synthesis

Connections
Building on:

•  A rom atld ty  ch7
•  EnoU and enoiatea ch21
•  The aldol reaction ch2 7
•  Acyiation of «notates ch28

•  Michael addition* of enolates ch29
•  Retroaynthetlc analysis ch30
•  Cycloadditions ch35
•  Reactions of heterocycles ch43

A rriv in g  at:
•  Thermodynamics Is on our aide
•  D isconnecting the carbon-hataro

Looking forward t 0
Bloloekal chemi.try Li

•  How to  make pyrroles, thlophenes, and 
furan» from 1,4-dlcarbonyl compounds

•  Mow to  make pyridines and pyrtdones
•  How to  make pyridarines and pyra/oies
•  How to  make pyrimidines frem 1 Д - 

dlcartoonyl compounds and awldlnos
•  How to  make th lu o ie s

fttw 4 % iH a n la i „  .1 ■ J J i i l  !■ ,wy a.a-oipoiar cycioaoaiuons
•  The Rscher Indole synthesis

о M aking drugs: Viagra, sumatriptan, 
ondansetron, Indomethacln 

a How to  make quinoline* and 
Isoqulnollnes

In thu chapter you w ill revisit thc heterocyclic systems you have just met and find out how to nuke 
them. You’ll also meet some new heterocydk systems and find out how to make those. With so many 
hctcrocyclcs to consider, you'd be forgiven for fcding rather daunted by this prospect, but do not be 
alarmed. Making hctcrocyclcs is easy—that’s precisely why there arc so many o f them, fust reflect. . .
•  Making C-O , C -N , and C~S bonds is easy

a Intramolecular reactions arc preferred to bimolecular reactions 

a Forming five-and six-membered nngs is easy
•  Wc are talking about aromatic, that is, very stable molecules

I f  wc arc to use those bullet points to our advantage we must think strategy before wc start. When we 
were making benzene compounds we usually started with a preformed simple benzene derivative— 
toluene, phenol aniline—and added side chains by dectruphibc substitution. In this chapter our strat
egy will usually be to build the heterocydk ring with most o f its substituents already in place and add 
just a few others, perhaps by dectrophilk substitution, but mostly by nudeophilic substitution.

Wc will usually make thc rings by cydization reactions with the heteroatom (O.N.S) as a nucleophile 
and a suitably fuiKtionalizcd carbon atom as the dcctrophdc. This electrophile w ill almost always be a 
carbonyl compound o f some soit and this chapter will hdp you revise your carbonyl chemistry from 
Chapters 6,12, N ,2 1,23. and 26-29 as well as the approach to synthesis described in Chapter 30.

Thermodynamics is on our side
Some o f the tynthcM» we will meet w ill be quite u irp ru in jly  lim p id  It tom ctim a stem* thal 
we can juA m il a few thing* together with about the right number o f atoms and let thermo- 
dynamic do Ihe rert A commercial synthcw o f pyridine, combine, at etaldehyde and
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ammonia under pressure to give a о * Hj H|0
simple pyridine.

The yield is only about 50%. but 
what doe» thal matter in such a timple 
process? By counting atoms wc can 
guess that four molecules o f aldehyde 
and one o f ammonia react, hut exactly 
how is a triumph of thermodynamic» 
over mechanism. Much more complex 
molecules can sometimes be made very 
easily too. Take allopunnot, for exam
ple. One synthesis o f this goul remedy 
goes like thu.

It is not too difficult to work out 
where the atoms go—the hydrazine 
obviously gives rise to the pair of adja
cent nitrogen atoms in the pyrazole ring 
and the eater group must be the origin 
o f the carbonyl group (sec colours and 
numbers on the right)— but would you 
have planned this synthesis?

We will see that this sort o f *witch’s brew' approach to synthesis is restricted to a few basic nng 
systems and that, in general, careful planning is just aa important here as elsewhere The difference 
here is that heterocyclic synthesis is very forgiving— it often 'goes right’ instead of going wrong. W ell 
now look seriously at planning the synthesis o f aromatic heterocydes.

Disconnect the carbon-heteroatom bonds first
The simplest synthesis for a hctcrocyde emerges when we remove the hcteruatom and see what dec- 
trophile we need. We shall use pyrroles as examples The nitrogen forms an enamine on each side of 
the ring and we know that enamines arc made from carbonyl compounds and amines.

vA Л

t t V7 ^ * et HCOWHj S i'V *"

I f  we do the same disconnection with a pyrrole, omitting the intermediate stage, we can repeat the 
C -N  disconnection on the other side too;

NH,

- Q —
N

90S VMM

What we need is an amine— 
ammonia in this cate—and a diketone. 
I f  the two carbonyl groups have a 1,4 
relationship we w ill get a pyrrole out of 
this reaction. So bexane-2.5-dione 
reads with ammonia to give a high 
yield o f 2,5-dimcthyl pyrrole.

Making furans is even easier 
because the hcteruatom (oxygen) is



t  Disconnect the с artooo -heteroatom bonds first

already there. All we have lo  do is lo  dehydrate ihe 1.4-diketone instead o f making 
Heating with acid is enough.

« ._l- l l__ _ 4Ц . - и - i  n » u ( , ie tAvo io ing m e  31001 p ro a iic i

from it.

J »

For thiophenes we could in theory use H2S or some other sulfur nucleophile but. in practice, an 
dectrophilic reagent is usually used to convert the two C=G bonds to C=S bonds. Thioketones are 
much less stable than ketones and cydization is swift. Reagents such as P2S5 or lawcsson’s reagent 
are the usual choice here.

’K')-' “ [’-ОН-
•  M aking five-membered heterocycle*

C yd iza tion  o f  1,4 -d icarbonyl com pounds w ith  n itrogen, su lfu r, o r oxygen 
nudeophiles gives the five-membered arom atic heterocydes pyrro le, thiophene, 
and furan.

-
It seems a logical extension to use a 1,5-diketone to make substituted pyridines but there is a slight 

problem here as we w ill introduce only two o f the required three double bonds when the two enam- 
ines are formed.

—  XX XK
pyndinc by enamine for-

.XX, — .XX..

Sulfur chemistry i» divj______
Chapter 46. sN w*! wtn sey ̂  
•bout the mechan i srr s of *  
reactions is that ph ->•

and replace it by another

‘ 1 
- -U** I

To get thc pyndinc by enamine for
mation we should need a double bond 
somewhere in  the chain between the 
two carbonyl groups. But here another 
difficulty arises—it w ill have to be a ds 
(Z) double bond or cydization would

On thc whole it is easier to use thc saturated 1,5-dikctonc and oxidize thc product to thc pyridine. 
As we are going from a nonaromatic to an aromatic compound, oxidation is easy and we can replace 
thc question mark above with almost any simple oxidizing agent, as we shall soon sec.

•  M aking six-membered heterocycle*

C yd iza tion  o f  1,5 d icarbonyl com pounds w ith  n itrogen nudeophiles leads to  thc 
six-membered arom atic heterocyde pyrid ine.

Heterocydes with two nitrogen atoms come from the same strategy
Reacting a 1,4-diketone with hydrazine (N H jN H j)  makes a double enamine again and this is only 
an oxidation step away from a pyridazine This is again a good synthesis.
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ip m to h f

I f  we use a 1,3-diketone instead we will r 7
get a five-membered heterocyde and the 3/  * ^  r—
imine and enamine formed are enough to ***** ***’  \
give aromaticity without any need for oxi- * *  4  ®
dation. The product is a pyrazole. О ••

The two heteroatoms do not. o f course, « pyruok.-

need to be joined together for this strategy to work. I f  an amidine is combined with the same 1,3 -dike 
tone wc get a six-membered heterocyde. As the nudeophile contains one double bond already, an aro
matic pyrimidine is formed directly.

Since diketones and other dicarbonyl compounds arc easily made by enolate chemistry (Chapters 
26-30) this strategy has been very popular and we w ill look at some detailed examples before moving 
on to more specialized reactions for the different classes o f aromatic heterocydes.

Pyrroles, thiophenes, and furans from 1,4-dicarbonyl 
compounds
We need to make the point that pyrrole synthesis can be done with primary amines as well as with 
ammonia and a good example is the pyrrole needed for dopirac, a drug we discussed in Chapter 43. 
The synthesis is very easy.

For an example o f furan synthesis we chooae menthofuran, which contributes to the flavour of 
mint. It has a second ring, but that is no problem i f  we tim ply disconnect the enol ethers as we have 
been doing so Car.

ether» 4 О

The starting material is again a 1,4-dicarbonyl compound but as there was no subctituent at C l of 
the furan, that atom is an aldehyde rather than a ketone. This might lead to problems in the synthesis 
so a few changes (using the notation you met in Chapter 30) are made to the intermediate before 
further disconnection.



Pyrrole», thiophenes, and furans from 1,4-dicarbonyl compounds

-i»lor , ;3f. .
**o

Notice in particular that we have ‘oxidized’ thc aldehyde to an ester to nuke it more stable— 
the synthesis reduction w ill be needed. Here is the alkyiation step of the synthesis, which does iedwd 
go very well with the a-iodo-ester.

Cydization with acid now causes a lot to happen. The 1,4-dicarbonyl compound cyclizes to 
a lactone, not to a furan, and thc redundant ester group is lost by hydrolysis and decarboxylation. 
Notice that the double bond moves in to conjugation with thc lactone carbonyl group. Finally, thc 
reduction gives the furan. No special precautions are necessary—as soon as thc ester is partly 
reduced, it loses water to give the furan whose aromaticity prevents further reduction even with 
UAIH4.

Ф  A reminder

Cyclization o f 1,4 dicarbonyl compounds with nitrogen, sulfur, or oxygen 
nucleophiles gives thc five-membered aromatic hctcrocyclcs pyrrole, thiophene, 
and furan.

Now wc need to take these ideas further and discuss an important pyrrole synthesis that follow* 
this strategy but includes a cunning twist. It aQ starts with the porphyrin found in blood. In Chapter 
43 we gave the structure o f that very important compound and showed that it contains four pyrrole 
rings joined in a macrocydc. Wc arc going to look at one o f those pyrroles.

Porphyrins can be made by jo ining together the various pyrroles in the right order and what is 
needed for this one (and also, in (act, for another— the one in the north-cast comer o f the por
phyrin) is a pyrrole with thc correct substituents in positions 3 and 4, a methyl group in position S, 
and a hydrogen atom at position 2. Position 2 must be free. Here is the molecule drawn somewhat 
more conveniently together with the disconnection we have been using so Car.

M tO X Me02C

( r  ( r
и
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We have made a problem for ourselves by having two carbonyl groups next to each othtr. Could wt 
t w p t  from that by replacing one of them with an amine? We should then have an ester o la a a  amino 
aod, an attractive Marling material, and this corresponds lo disconnecting щи one of ih t G -N bond»

At lin t  wc seem to have made no progress but *ust tee what happens when we move the double 
bond round the r in f  into conjugation with the ketone. After all. Й doesn’t matter where Ihe double 
bond starts out— we will always get the aromatic product.

Each of our two much simpler starting materials needs to be made. Ih e  keto ester is a 1,5-dicar 
bonyl compound to it can be made by a conjugate addition of an tnola lt. a process greatly assisted by 
Ihe addition o f a second ester group (Chapter 2»),

ИоОА

очщ а» JшЛЯЬоn ff

~  ~<r
The other compound ts am amino-lceto cstrr and will certainly react with itself i f  we try to prepare 

it as a pure compound. The answer is to release it into the reaction mixture and this can be done by 
nit ro u t ion and reduction (Chapter 21) of another stable enolate.

*0*0 

M u „« • *5—1— *■£«**о—M HO— M

No doubt such a synthesis could be carried out but it is worth looking for alternatives for a num 
ber o f reasons. We would prefer not to make a pyrrole with a free position at C2 as that would be very 
reactive and wc know from Chapter 43 that we can block such a position with a f-butyl ester group. 
This gives us a very difficult starting material with four different carbonyl groups.



Zinc in acetic add (Chapter 24) rcduccs the oxime to the amine and we can atari the synthesis by 
doing the conjugate addition and then reducing the oxime in the presence of the krto-diester.

How to make pyridines: the Hantzsch pyrtdine synthesis

« •О А " • O *
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Thi* reaction forms the required pyrrole in one step! First, the oxime is reduced to an amine; then 
the amino group forms an imine with the most reactive carbonyl group (the ketone) in (he keto- 
diester. Finally, the very easily formed enamine cyclizes on to the other ketone.

This pyrrole synthesis is important enough to be given the name o f its inventor— it is the К no i t  

pyrrole synthesis. Knorr himself made a rather simpler pyrrole in a remarkably efficient reaction. 
See i f  you can work out what is happening here.

/ -----COjCt L M x  NaMO], ИОАс \  /
-----------------------------------  F \

How to make pyridines: the Hantzsch pyridine synthesis
The idea o f coupling two keto-esters together with a nitrogen atom also works for pyridines except 
that an extra carbon atom is needed. This is provided as an aldehyde and another important differ
ence is that the nitrogen atom is added as a nudeophile rather than an dectrophile. These are fea
tures o f the Hantzsch pyridine synthesis. This is a four-component reaction that goes like this.

►

Standard hi 
tend t o h i v t i M n j
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d>d not Я
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d.cfboull

3 ( r / r i M U

You are hardly likely to understand the rationale behind this reaction from that diagram so let’s 
explore the details. The product o f the reaction is actually the dihydropyridine, which has to be oxi
dized to the pyridine by a reagent such as H N O j, Ce(IV), or a quinone.

Ц ■ . -I an |
'  ;̂ Шк



44 • Aromatic heterocycles 2: synthesis
l i f t

The rcac(ion is very simply carried out by mixing the components in the right proportions in 
ethanol. The presence of water does not spoil the reaction and the ammonia, or some added amine, 
ensures the slightly alkaline pH necessary. Any aldehyde can be used, even formaldehyde, and yields 
o f the crystalline dihydropyridine are usually very good.

This reaction is an impressive piece of molccular recognition by small molcculcs and writing a 
detailed mechanism is a bold venture. W e can see that certain events have to happen. The ammonia 
has to attack the ketone groups, but it would prefer to attack the more electrophilic aldehyde so this 
is probably not the first step. The enol or enolate of the keto-ester has to attack the aldehyde (tw ice!) 
so let us start there.

-W
This adduct is in equilibrium with thc stable enolate from the keto-ester and elim ination now 

gives an unsaturated carbonyl compound. Such chemistry is associated with the aldol reactions we 
discussed in Chapter 27. The new enone has two carbonyl groups at one end of the double bond and

_______ ____ is therefore a very good Michael acceptor (Chapter 29). A second molecule o f enolate docs a conju-
I gate addition to complete the carbon skeleton of the molecule. Now thc ammonia attacks cither of

r the ketones and cyclizcs on to the other. As ketones are more electrophilic than esters it is to be
expected that ammonia w ill prefer to react there. ^

t ,0 , C ^ j L ^ C O , C .  NH, E,0 ’^ V C 0 if’

I the (>h>t»)(MK*ne
The necessary oxidation is easy both because the product is aromatic and because the nitrogen 

atom can help to expd the hydrogen atom and its pair of electrons from the 4 position If we use a 
quinonc as oxidizing agent, both compounds beiome aromatic in the same step. W c w ill show in 

| Chapter 50 that Nature uses related dihydropyridines as reducing agents in living things.
ООО

te**e«one
jm m rv's

“txir
The Hantzsch pyridine synthesis is an old discovery ( 1882) which sprang into prominence in the 

1980s with the discovery that thc dihydropyridinc intermediates prepared from aromatic aldehydes 
arc calcium channd blocking agents and therefore valuable drugs for heart disease with useful effects 
on angina and hypertension.



f How lo make pyrldines: the HanUsch pyridine synthesis f
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So far, so good. But it also became dear that the best drugs were unsymmetrical— some in a trivial 
way such as felodipine but some more seriously such as Pfizer’s am lodipine. At first sight it looks as 
though the very simple and convenient Hantzsch synthesis cannot be used for these compounds.

Clearly, a modification is needed in which half of the molecule is assembled first. The solution lies 
in early work by Robinson who made the very first enamine» from keto esters and amines. One half 
o f thc molecule is made from an enamine and thc other half from a separately synthesized enone. W e 
can use felodipine as a simple example.

M eO jC

Other syntheses of pyridincs
The llanusch synthesis produce * reduced pyridine but there are many syntheses that go directly to 
pyridincs. One of fhe simplest is to use hydroxylamiiie (N1 l2O I I)  instead of ammonia as the nucleophile. 
Reaction wirh a 1.5-dikctone gives a dihydropyridine but then water is lost and no oxidation is needed.

M,W--OH

на
Eton n‘ ^ 0 4 »*
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The example below shows how these 1,5-diketones may be quickly made by the Mannich 
(Chapter 27) and Michael (Chapter 29) reactions. O ur pyridine has a phenyl substituent and a fused 
saturated rin^. First we must disconnect to thc 1,5-diketone.

oa„-ccL
Further disconnection reveals a ketone and an enone. There is a choke here and both alternatives 

would work well.

a x - c tx -ссл.
It is convenient to use Mannich bases instead of thc very reactive unsaturated ketones and we w ill 

continue with disconnection 'a '.

CHjO °* ^ ph
Thc synthesis is extraordinarily easy. The stable Mannich base is simply heated with the other 

ketone to give a high yidd Ы  the 1.5-dikctonc. Treatment o f that with the H Q  salt o f N H 2O H in 
EtO I I gives the pyridine directly, also in good yield.

ОгО^ОСХжОХ
100* yMd 94% ytHd

Another direct route leads, as we shall now demonstrate, to pyridones. These useful compounds 
are the basis for nudeophilic substitutions on the ring (Chapter 43). W e chooae an example that puts 
a nitrile in the 3-posinon. Thu is significant 
because thc role of nicotinamide in living things 
(Chapter SO) makes such products interesting to 
make. Aldol disconnection of a 3-cyano pyridonc 
starts us on the right path.

If  we now disconnect thc 
C-N bond forming the enam- 
ine on the other side o f the ring 
we w ill expose the true starting 
materials. This approach is 
unusual in that the nitrogen 
atom that is to be thc pyndinc 
nitrogen is not added as ammo
nia but is already present in a 
molecule of cyanoacetamidc.

Thc keto-aldehyde can be made by a simple Claisen ester condensation (Chapter 2A) using the 
enolate o f the methyl ketone with ethyl formate (H C O jE t) as the dectrophile. It actually exicts as a 
stable enol, like so many 1,3*dicarbonyt compounds (Chapter 21).

Xl - /■ ̂  A • -A
ethyl formal»



С Руг azoic s and pyridazlnes from hydrazine and dicarbonyl compounds
____ - ......... ...............................  .......................  ■ "■..............................■ " —  ^

f r> the synthesis, the product of the Claisen ester condensation is actually the enolate anion of the 
k r l„  aldehyde and this can be combined directly w ithout isolation with cyanoacetamide to give the 
pyr idonc in the same flask.

л ^ - 1 / l ' ^ C - ^ C  .........................

VVhat must happen here is that the two compounds must exchange protons (o r switch enolates if I Zmlker* c £ jd ^ , ̂ *4*%  
yoU prefer) before the aldol reaction occurs. Cydization probably occurs next through C-N bond I nwjor product,thee-tikC** 
forfnation and. finally, dehydration is forced to give the Z-alkene. | '"'*** ** w**tM.

H1i r Sso0
|n  planning the synthesis o f a pyrrole or a pyridine from a dicarbonyl compound, considerable 

venation in oxidation state is possible. The oxidation state is chosen to make further disconnection 
o f the carbon skeleton as easy as possible. W e can now see how these same principles can be applied
lo  |«yrazoles and pyridazines.

py razoles and pyridazines from hydrazine and dicarbonyl 
compounds
^ co n n ectio n  o f pyridazines reveals a molecule of hydrazine and a 1.4-diketone with the 
proviso that, just as w ith pyridines. the product w ill be a dihydropyrazine and oxidation w ill be 
needed to give the aromatic compound. As w ith pyridines, we prefer to avoid the as double bond
problem

As an example we can take the cotton herbicide made by Cyanamid. Direct removal o f hydrazine 
would require a cis double bond in the starting material.

►
Thehtfttctdetakid*. «rw isM jl 
cotton crops rathe* tf ̂  tha 
cotton plant Itsetf

I f  w e rem ove the double bond first, a m uch sim pler com pound em erges. N ote that th is is a  keto- 
gftcr rather than a d iketone.
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and the molecule

When hydrazine is added to thc keto-ester an im ine it formed with the ketone hut icylation 
occurs at the ester end to give an amide rather than the tmino-ester we had designed. The product is 
a dihydropyridaiolone.

■yyOC
EtOH. HjO -yjX

Aromatization with bromine gives the aromatic pyndazdonc by bromination and dehydro- 
bromination and now we invoke the nudeophilic substitution reactions introduced in Chapter 43. 
First we make the chloride w ith PO C lj and then displace w ith methanol.

y JX w U >

M r OH

The five-membered nng pyrazolcs are even simpler as the starting material is a 13-dicarbonyl 
compound available from the aldol or Claisen ester condensations

Chemistry hits the hesdlines-Viagrs
In  1998 chemistry suddenly appeared in the media in an exceptional way. Norm ally not a favourite 
of TV  or the newspapers, chemistry produced a story with all the right ingredients— sex. romance, 
human ingenuity— and all because of a pyrazole. In  thc search for a heart drug. Pfuer uncovered a 
compound that allowed impotent men to have active sex lives. They called it Viagra.

The molecule contains a sulfonamide and a benzene ring as wefl as the part thal interests ш  most— a 
bicydic aromatic hctcrocydic system of a pyrazole fused to a pyrimidine W e shall discuss in detail how 
Pfuer made this part of the molecule and just sketch in the rest The sulfonamide can be made from the 
sulfonic add that can he added to the benzene r ii*  by dcctrophilic aromatic sulfonatkm (Chapter 22).

t



Рут azotes and pyndazlnes from hydrazine and di carbonyl compounds

Inspection of what remains reveals that the carbon atom atom in thc heterocydes next to the ben
zene nng (marked w ith an orange blob) is at the oxidation level o f a carboxylic acid. If. therefore, wc 
disconnect both C-N  bonds to this atom wc w ill have two much simpler starting materials.

1.1 4 » о- '-1? J
The aromatic acid is available and we need consider only the pynzole (core pyraznle ring in black in 

the diagram). The aromatic amino group can be put in by nitration and reduction and thc amide can be 
made from the corresponding ester. This leaves a carbon skeleton, which must be made by ring synthesis.

«•ес̂ г'лМк-

Following the methods we have established so far in this chapter, we can remove the hydrazine 
portion lo  reveal a 1.3-dicarbonyl compound. In  (act, this is a tricarbonyl compound, a diketo ester, 
because o f the ester already present and it contains 1.2- I.3-. and 1.4-dicarbonyl relationships. Thc 
simplest synthesis is by a Claisen ester condensation and we choose the disconnecUoo so that the 
dectrophile is a reactive (oxalate) diester that cannot enolize. The only control needed w ill then be in 
the cnohzation of thc ketone.

-ЛЛ 1. (M eO ),SO , •m :
2. NeOH/H jO

-  w ^  Vr aeM V
HjO

-A

Thc Claisen ester condensation gives thc right product just by treatment with base. The reasons 
for this are discussed in Chapter 28. W e had then planned to read the keto-diester with methyl- 
hydrazine but there is a doubt about thc regiosdectivity o f this reaction— the ketones are more dec- 
trophilic than thc ester all right, but which ketone w ill be attacked by which nitrogen atom?

JU-
W c have already seen thc solution to this problem in Chapter 43. I f  wc use symmetrical hydrazine, 

we can deal w ith the selectivity problem by alkylation. Dim ethyl sulfate turns out to be the best

ТЪ* alkyte»>on is ■
because tt* 
must Ьесопч- ttv ; -s ra*0 
nitrogen atom

prefer _ _

system inyoiv *r.g •' 
andtheeMr»
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The «able pyrazole acid from Ihe hydrolysis of (his ester is a key intermediate in Viagra 
production. N itration can occur only at the one remaining free position and then amide forma
tion and reduction complete the synthesis of the amino pyrazole amide ready for assembly into 
Viagra.

The rest of the synthesis can be summarized very briefly as it mostly concerns material outside the 
scope o f this chapter. You might like to notice how easy the construction of the second heterocyclic 
ring is— the nudeophilic attack o f the nitrogen atom of one amide oo to the carbonyl of another 
would surely not occur unless the product were an aromatic hcterocyde.

81% yWJ

Pyrimidines can be made from 1,3-dicarbonyl compounds 
and amidines
In  Chapter 43 we met some compounds that interfere in folic add metabolism and are used as 
antibacterial agents. One of them was trimethoprim and it contains a pyrim idine ring (black on the 
diagram). W e are going to look at its synthesis briefly because the strategy used is the opposite o f that 
used with the pyrim idine nng in Viagra. Here «re disconnect a molecule of guanidine from a 13* 
dicarbonyl compound.

ИМ,

The 13-dicarbonyl compound is a combination o f an aldehyde and an amide but is very sim ilar 
to a malonic ester so we might think of making this compound by alkyiation of that stable enolate 
(Chapter 26) with the convenient benzytic bromide

t



Unsynvnetncal nucleophiles lead to selectivity questions

The alkylation w orlu fine but it turn* out to be better to add the aldehyde as an electrophitefcf. 
the pyridone synthesis on p. 000) rather than try to reduce an ester to an aldehyde. The other ester is 
already at the right oxidation level. Notice the use of the NaCl method o f decarboxylation (Chapter 
26).

Condensation w ith ethyl formate (H C O jE l) and cydization w ith guanidine gives the pyrim idine 
ring system but w ith an O H  instead o f the required am ino group. Arom atic nucleophilic substitu
tion in the pyriraidone style from  Chapter 43 gives trim ethoprim.

&
Unsymmctrical nucleophiles lead to selectivity questions
The synthesis o f thiazolcs is particularly interesting became o f a rcgiosdcctivity problem. If  we try 
out the two strategics we have just used for pyrim idines, the first requires the reaction of a carboxylic 
acid derivative with a most peculiar enamine that is also a thiocnoL This does not look like a stable

hoc H * * * ,

The alternative is to disconnect the C-N and C-S bond* on the other side of the heteroatoms. 
Here we must be careful what we are about or we w ill get the oxidation state wrong. W e shall do it 
step by step to make sure. W e can rehydrate the double bond in two ways. W e can first try putting the 
O H  group next to nitrogen.
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•JX]’
O r wc can rchydrate it thc other way round, putting the OH group next to the sulfur atom, and du- 

connect in the um r way. In  both cases we require an dcctrophilic carbon atom at the alcohol oxida
tion level and one at thc aldehyde or ketone oxidation level. In  other words wc need an a-haloketone.

Thc nucleophile is thc same in both eases and « is an odd -looking molecule. That is, until wc realize 
t *  that it is just a tautomcr of a thioamide. Far from being odd. thioamides are among thc few stable thio- 

carbonyl derivative* and can he easily made from ordinary amides with Р Д  or Lawoson's reagent

So the only remaining question is: when thioamides combine w ith a  haloketones. which atom (N  
or S ) attacks thc ketone, and which atom (N  or S ) attacks the alkyl halide’ Carbonyl groups arc ‘hard' 
eiectraphiles— their reactions are mainly under charge control and so they react best with basic 
nucleophiles (Chapter 12). Alkyl halides arc ‘soft* dectrophilcs— their reactions arc m ainly under 
frontier orbital control and they react best with Urge uncharged nucleophiles from the lower rows of 
the periodic table. Thc ketone reacts with nitrogen and the alkyl halide with sulfur.

h ard /tad  о

-ос
Fcntiazac. a nonsteroidal anti-inflammatory drug, is a simple example. Disconnection shows that 

we need thiobenzamide and an easily made a-haloketone (easily made because the ketone can eno- 
Uze on this side only—see Chapter 21).

0-0с^в== л ?
Thc synthesis involves heating these two compounds together and the correct thiazole forms eas

ily  w ith the double bonds finding their right positions in the product the only positions for a stable 
aromatic hctcrocydc.

Isoxazoles are made from hydroxylaminc or by 1,3-dipolar 
cydoadditions
The two main routes for the synthesis of isoxazoles are the attack of hydroxyiamine (N H jO H ) on 
diketones and 1,3-dipolar cycloadditions of nitrile oxides. They thus form a link between the strategy



we have been discussing (cydization of a nudeophile with two heteroatoms and a compound with 
two dectrophdic carbon atom s) and the next strategy—cydoaddition reactions.

H^N— OH

Isoxazoles are made from hydroxylamine or by 1.b ip o la r cydoadditions 4

Sim ple sym metrical isoxazoles are easily made by the hydroxyl amine route. If  R* W R \  we have a 
symmetrical and easily prepared 1,3-diketone as starting material. The central R 2 group can be 
inserted by alkylation of the stable enolate of the diketone (Chapter 26).

W hen R 1 *  R \  we have an unsymmetrical dicarbonyl compound and we must be sure that we 
know which way round the reaction w ill proceed. The more nucleophilic end of N11 j  O H  w ill attack 
the more dectrophilic carbonyl group. It seems obvious that tbe more nucleophilic end o f N1 IjO l I 
w ill be the nitrogen atom but that depends on the pH o f the solution. Norm ally, hydroxylamine is 
supplied as the crystalline hydrochloride salt and a base o f some kind added to give the nudeophile. 
The relevant pJC«s are shown in the margin. Rases such as pyridine or sodium acetate produce some 
of the reactive neutral N H jO H  in  the presence of the less reactive cation, but bases such as NaOF.t 
produce the anion. Reactions of keto-aldehydes with acetate-buffered hydroxylamine usually give 
the isoxa/ole from nitrogen attack on the aldehyde as expected.

•nr NMjOH-HCt T

-Y
J m - Jj f

•t*« of hydroxylапиг« Щ 
•rfth pH: the more nudag 

i» merited n Щ

M odification of the dectrophde may also he successful. Reaction o f hydroxylamine w ith 1,2,4- 
diketo-esters usually gives the isoxazole from attack of nitrogen at the more reactive keto group next 
to the ester.

X  1 -ЧОН-НС, Г !
It ,

A clear demonstration o f selectivity comes bom the reactions of bromoenones. It is not imm edi
ately dear which end o f the dectrophde is more reactive but the reactions teD us the answer.

K aC O , NaO tt

The alternative approach to isoxazoles relies on cydoadditions of nitrile oxides with alkynes. W e 
saw in Chapter 35 that there are two good routes to these reactive compounds, the y-dim ination of 
chlorooximcs or the dehydration of nitroalkanes.

"■* \\
HjM— OH 

* « ] [

HjN— 0 °.... -«I

C l, E» ,N

в  в

A few n itrile oxides arc stable enough to be isolated (those with declron-withdrawing or highly 
conjugating substituents, for example) but most are prepared in the presence of the alkyne by one of 
these methods because otherwise they dimerize rapidly. Both methods of forming nitrile oxides are 
compatible with their rapid reactions with alkynes. Reaction with aryl alkynes is usually dean and 
regioselective.
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Thc alkyne is using its HO M O  to attack thc LU M O  of thc nitrile oxide (see Chapter 35 for an 

explanation). If  the alkyne has an electron-withdrawing group, mixtures of isomers are usually 
formed as thc H O M O  o f the n itrile oxide also attacks thc LU M O  of the alkyne.

.д; COjCt

Intram olecular reactions are usually clean 
regardless of thc preferred electronic orienta
tion if  the tether is too short to allow any 
cydization except one. In  this example, even 
the more favourable orientation looks very 
had because of the linear nature of thc react
ing species, but only one isomer is formed.

Tetrazoles are also made by 1,3-dipolar cydoadditions
Disconnection of tetrazoles with a 13-dipolar cydoaddition in mind is easy to see once we realize 
that a nitrile (RCN ) is going to be one of thc components. It can be done in two ways: disconnection 
o f thc neutral compound would require hydrazoii acid (H N 3) as the dipole but thc anion discon
nect* directly to azidc ion.

© ©

Unpromising though this reaction may look, it actually works well if  an ammonium-chloride- 
buffered mixture of sodium azide and the nitrile is heated in DM F. The reagent is really ammonium 
azidc and the reaction occurs faster with electron-withdrawing substituents in R. In  the reaction 
mixture, thc anion of thc tctrazoic is formed but neutralization w ith add gives thc free tetrazole.

NaNj. NH4CI

u a ,  DMF 
100 ’C ф-о- f o .

V

A* nit riles are generally readily available this is the main route to simple tetrazoles. More compli
cated ones arc made by alkylation of thc product of a cydoaddition. The tetrazole substitute for 
indomethacin that we mentioned in Chapter 43 is made by this approach. First, thc nitrile is pre
pared from the indole. The 1 ,3-dipolar cydoaddition works well by thc azidc route we have just dis
cussed, even though this nitrile w ill form an ‘enol’ rather easily.

“ ‘ Y ' Y ' S  “ Y y i " - .
NaMj, NH4CI

L  J L /  J L /  uci. d m f
^  ^  ^  100 *c



с Tetrazoles are also made by 1.3-dtpolar cycloadditions

Finally, the indole nitrogen atom must be acybled. The tetrazole is more acidic so it is necessary 
to form a dianion to get reaction at the right place. The usual rule is followed (see Chapter 24)— the 
second anion formed is less stable and so it reacts first.

Thc synthesis o f the anti-inflam matory 
drug brnperamolc illustrates m odification 
of a tetrazole using its anion. The tetrazole 
is again constructed from  the nitrile— it's 
an aromatic nitrile w ith an electron-with- 
drawing substituent so this w ill be a good

Conjugate addition to acrylic acid (Chapters 10 and 23) occurs to give the other tautom cr to thc 
one wc have drawn. Thc anion intermediate is. of course, ddocalized and can react at any o f Ihe 
nitrogen atoms. Am ide form ation completes the synthesis o f hropcramolc.

Thc difficulty in trying to forecast which way round a 1 ,3-dipolar cycloaddition w ill go is well 
illustrated when a substituted azidc adds to an aikyne in  the synthesis of 1.23-tnasoks. Reaction of 
an alkyl azide w ith an unsymmetrical aikyne, having an electron-withdrawing group at one end and 
an alkyl group at thc other, gives mostly a single triazole.

It looks as if  the more nuclcophilic end o f thc azide has attacked the wrong end o f the aikyne 
but we must remember that ( 1 ) it is very difficult to predict which is the more nudeophilic end o f a 
1.3-dipole and (2 ) И may be either H O M O  (dipole) and LU M O  (aikyne) or LU M O  (dipole) and 
H O M O  (aikyne) lhat dom inate the reaction. The reason for doing the reaction was to make a 
logues o f natural nucleosides (thc natural compounds are discussed in Chapter 49). In  this case thc 
O H  group was replaced by a cyanide so that a second aromatic ring, a pyridine, can be fused on to the 
triazole.
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The next section deals with the synthesis of heterocydes where a heterocyclic ring is fused to a 

benzene ring, the 6/5 system, indole, and the 6/6 systems, quinoline and isoquinoline.

The Fischer indole synthesis
You are about to see one of the great inventions o f organic chemistry. It is a remarkable reaction, 
amazing in its mechanism, and it was discovered in I М 3 by one of the greatest organic chemists of 
all, Em il Fischer. Fischer had earlier discovered phenyihydrazine (Ph N H N H j) and. in its simplest 
form, thc Fischer indole synthesis occurs when phenyihydrazine is healed in acidic solution with an 
aldehyde or ketone.

CL-'X 1 ■*> CcO
и v  H

The first step in the mechanism is formation o f the phenylhydrazone (the im ine) of the ketone. 
This can be isolated as a stable compound (Chapter 14).

Оу-Л-Ок?
The hydrazone then needs to tautomerize to the enamine, and now comes the key step in the 

reaction. The enamine can rearrange with formation of a strong C-C bond and cleavage of the weak 
N-N  single bond by moving electrons round a six-membered ring.

c$L- a ?  - a$
Next, re-aromatization of the benzene ring (by proton transfer from carbon to nitrogen) creates 

an aromatic amine that immediately attacks the other im ine. This gives an am inal, the nitrogen 
equivalent of an acetal.

-  oS-



с The Fischer indole synthesis

Finally, acid-catalysed decomposition of the am inal in acetal fashion w ith expulsion o f ammonia 
allows the loss o f a proton and the form ation of the aromatic indole.

dS-cx?
• J

This is adm ittedly a complicated mechanism but if  you remember the central step—ihe (3,3 ]-sig- 
matropic rearrangemenl— (he rest should Call into place. The key point is that the C-C bond ia estab
lished at the expense of a weak N-N  bond. Naturally. Fischer had no idea about [3,3] or any other 
steps in the mechanism. H e was sharp enough to see that something remarkable had happened and 
skilful enough to find out what it was.

The Fischer method is the mam way o f making indoles, but it it not suitable for them a ll W e need 
now to study its applicability to various substitution patterns. If  the carbonyl compound can enolize 
on one side only, as it the cate with an aldehyde, then the ohvinut product is formed.

If  the benzene ring has only one ortho position, then again cydization must occur to that petition. 
Other substituents on the ring arc irrelevant. At thu point we shall stop drawing the intermediate 
phenylhydrazone.

оNy ant free odh# peeWon

Another way to secure a single indole as product from the Fischer indole synthesis is to make sure 
the reagents arc sym metrical. These two examples should make plain the types o f indole available 
from symmetrical starting materials.

“XX*-jo—’“XXOи и

(X- • XT — oxr
И N

The substitution pattern o f the first example u  particularly important as the neurotransmitter 
serotonin is an indole w ith a hydroxyl group in the 5-position, and many important drugs follow 
that pattern. Sum atriptan (marketed at lm igran). is an example that we can also use to show that 
substituted phcnylhydrazincs arc made by reduction of du/onium  salts (Chapter 23). The first stage 
o f the synthesis is nitro*ation o f the aniline and reduction with Sn Q j and IIQ  to give the salt of the 
phenylhydrazine.
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The required aldehyde (3-cyanopropanal) is added at an acetai to prevent self-condensation. The 
acidic conditions release the aldehyde, which forms the phenylhydrazone ready for the next step.

The Fischer indole synthesis itself is catalysed in this case by polyphosphoric add (PPA ), a sticky 
gum based on phosphoric add (H jP 0 4) but dehydrated so that it contains some oligomers It is 
often used as a catalyst in organic reactions and residues are easily removed in ««rater.

A ll that remains is to introduce the methyl amino and dimethytamino groups. Thc sulfonate ester 
is more reactive than thc n itrile so the methyl amino group must go in first.

For some indoles it is necessary to control regjoseiectmty with unsymmetrical carbonyl com
pounds. Ondansetron, thc anti-nausea compound that is used to help cancer patients take larger 
doses of antitumour compounds than was previously posaihlc. is an example. It contains an indole 
and an imidazole ring.

Thc I J  relationship between C-N and C-O  suggests a Mannich reaction to add thc imidazole 
ring (Chapter 27). and that disconnection reveals an indole with an unsymmetrical right-hand side, 
having an extra ketone group. Fischer disconnection w ill reveal a dikctone as partner for phcnylhy- 
drazine W e shall leave aside for thc moment when to add the methyl group to the indole nitrogen.

И

И и
■umatnpUn

сх-.у



The Fischer Indole synthesis

The diketone has two identical carbonyl group» and w ill cno liic (Of form an enamine) delusively 
toward* thc other ketone. The phcnylhydramne therefore form» only thc enamine we want.

=  OnAq''
In  th it case, thc Fucker indole reaction was catalysed by a lew is acid. Zn C I., and base-catalysed 

m ethyUtioo (ollowed. The final stages are summarized below.

* ••ometrtc*! n

think Vbhy

ZbCIj ОобгО^ГО^У-' -6
In  the w ont caae. there is no such simple distinction between the two sites for enamine formation 

and we must rely on other methods of control The nonsteroidal am i-inflammalory drag 
indomcthacin is a good example. Removing the N-acyl group reveals an indole with substituents in 
both halves of the molecule.

-xxP'XT
The benzene ring portion is symmetrical and is ideal foe the Fischer synthesis but the right-hand 

half must come from an unsymmetrical afcn-chain kcto-add. Is it possible to control such a synthe

н

The Fischer indole is acid-catalysed so we must ask: on whal side of the ketone is enohzation (and 
therefore enamine form ation) expected in add solution’ The answer is away from thc methyl group 
and into thc alkyl chain (Chapter 21). This it what we want and thc reaction does indeed go this way. 
In  bet. the l-butyl ester is used instead o f the free acid.

~TX~н __
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Acylation at the indole nitrogen atom is achieved with acid chloride in base and removal of the 
/-butyi ester gives free indomethacin.

"XT -X sf
1 . I i e  -e / v \

There are many other indole syntheses but wc w ill give a brief mention to only one other and that 
is because it allows the synthesis of indoles with a different substitution pattern in the benzene ring. 
If  you like names, you may call it the Reissert synthesis, and this is the basic reaction.

[Xc-Oars|OQr“ ]-OQ~
Ethoxide is a strong enough base to remove a proton from the methyl group, delocalizing the neg

ative charge into the nitro group. The anion then attacks the reactive diester (diethyl oxalate) and is 
acylated by i t

COf.-c^-ccr
a *

The rest of the synthesis is more straightforward: the nitro group can be reduced to an amine, 
which immediately forms an enamine by intramolecular attack on the more reactive carbonyl group 
(the ketone) to give the aromatic indole.

Since the nitro compound is made by nitration of a benzene ring, the preferred symmetry is very 
different from that needed for the Fischer synthesis. N itration o f para-xylene ( 1,4-dimethyibenzene) 
is a good example.

■HMkMfor

X  СГ ̂
r  The ester products we have been using so far can be hydrolysed and decarboxylated by the mech

anism described in the last chapter if a free indole is required. In any case, it is not necessary to use 
diethyl oxalate as the electrophilic carbonyl compound. The strange antibiotic chuangxinmycin 

К Я И * 1 (which you met in Chapter 32) was made by a Reissert synthesis using the acetal of D M F as the elec-
trophile. Here is part of the synthesis.



Quinolines and isoquinolines

y n js ' -»

6C^-0C”‘-
« « • ^ Г 'О И Й

Quinolines and isoquinolines
W c move from ben 10-fused pyrroles to bcnzo-fuscd pyridincs and 
meet quinoline and isoquinoline. Isoquinolines w ill feature as ben- 
rytisoquinoline alkaloids in  Chapter 31 and their synthesis w ill most
ly  be discussed there. In  this section we shall concentrate on the

-<w-

:CQ; CO:
Quinoline forms part o f thc structure of quinine, the malaria 

remedy found in cinchona berk and known since the tim e of the 
Incas. The quinoline in  quinine has a 6-MeO substituent and a side 
chain attached to СЛ. In  discussing the synthesis o f quinolines, we 
w ill be particularly interested in this pattern. This is because the 
search for anti-m alarial compounds continues and other quinolines 
with sim ilar structures are among the available anti-m alarial drugs.

W e shall also be very interested in quinoiooe*. analogous to pyri- 
doncs, with carbonyl groups at positions 2 and 4 as these are useful 
antibiotics. A simple example is pefloxacin which has a typical 6-F 
and 7-piperazinc substituents.

a c a c i

XT “со “об
iririotire Ir. ff

W hen we consider thc synthesis o f a quinoline. the obvious disconnections are. first, the C-N 
bond in the pyridine ring and, then, the C-C bond that Joins the side chain to thc benzene ring. W e 
w ill need a three-carbon (C j) synthon. dcctrophilic at both ends, which w ill yidd two double bonds 
after incorporation. The obvious choice is л 1.3 dicarbonyt compound. qoo г- со."* oA

The choice o f an arom atic amine is a good one as the N1 I j  group reacts well w ith carbonyl com
pounds and it activates the ortho position to  dcctrophilic attack. However, the dialdehyde is malonic 
dialdehyde, a compound that does not exist, so some alternative must be found. If  the quinoline is 
substituted in the 2- and 4-positions this approach looks better.
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The in itially formed imine w ill tautomerizc to a conjugated enamine and cydization now occurs 
by electrophilic aromatic substitution.

cxA-cuNcx^
[ -ogu-cfr-ci.

The enamine w ill normally prefer to adopt the first configuration shown in which cydization is 
not possible, and (perhaps for this reason or perhaps because it is difficult to predict which quinoline 
w ill be formed from an unsymmetrical 13-dicarbonyl compound) this has not proved a very impor
tant quinoline synthesis. W e shall describe two more important variants on the same theme, one for 
quinolines and one for quinolones.

In  the synthesis o f pyridines it proved advantageous to make a dihydropyridine and oxidize it to a 
pyridine afterwards. The same idea works well in probably the most famous quinoline synthesis, the 
Skraup reaction. The diketone is replaced by an unsaturated carbonyl compound so that the quino
line is formed regiospedfically.

The first step is conjugate addition of the amine. Under acid catalysis the ketone now cydizcs in 
the way we have just described to give a dihydroquinoline after dehydration Oxidation to the aro
matic quinoline is an easy step accomplished by many possible oxidants.

- сб" c6  ̂  0 6

1 *  ucy n «r« «г»«« Stoauo 
«••Лол appropriate^ applies to

mmty&c. v
he* added я» an*

sue* «Л *»V
Ur (IV, v<

of various 
pattan 

• « ^ b e t t e r

Traditionally, the Skraup reaction was carried out by mixing everything together and letting it rip. 
A typical mixture to make a quinoline without substituents on the pyridine ring would be the aro
matic amine, concentrated sulfuric acid, glycerol, and nitrobenzene all heated up in a large flask at 
over 10042 with a wide condenser.Yl .

HjSO*. >100 *С
0ycerd

The glycerol was to provide acrolein (C H j-C H -C H O ) by dehydration, the nitrobenzene was to 
act as oxidant, and thc wide condenser...? AU too often Skraup reactions did let rip— with destructive 
results. A safer approach is to prepare the conjugate adduct first, cydizc it in  acid solution, and then 
oxidize it w ith one of the reagents we described for pyridine synthesis, particularly quinoncs such as 
DDQ.

'O, 6-xx/'-to “ xo
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An important use o f the traditional Skraup synthesis is to make 6-methoxy-8-nitroquinoline from 
an aromatic amine w ith only one free ortho position, glycerol, the usual concentrated sulfuric acid, 
and the oxidant arsenic pentoxide. Though the reported procedure uses 588 grams o f As2O y which 
might disconcert many chemists, it works well and the product can be turned into other quinolines by 
reduction o f the nitro group, diazotization, and nudcophilic substitution (Chapter 23).

" ° *  Ф/омЫ

required for the quinolonc synthesis.

The more modem style o f Skraup synthesis is used to make S-quinolinol or ‘oxine*. ortho- Amino- 
phcnol has only one free position ortho to the am ino group and is very nucleophilic. so acrolein can 
be used in weak acid w ith only a trace o f strong acid. Iro n (III) is the oxidant w ith a b it o f boric acid 
for hick, and the yield is excellent.

/ % «

HO Ac
F«^S04)t.

tr a c e  H jS0 4

<p
90» v»

This compound is im portant because it forms unusually stable metal complexes w ith metal ions 
such as M g (II) or A l(f ll). It  is also used as a corrosion inhibitor on copper because it forms a stable 
layer o f С и (П ) complex that prevents oxidation o f the interior.

Quinolones alio  come from anilines by cydization to an ortho position
The usual method for making quinolonc antibiotics is possible because they ad have a carboxytic 
acid in the 3'position. Disconnection suggests a rather unstable malonic ester derivative as starting 
material.

r  O l ,- ” r

In  fact, the enol ether o f this compound is easily made from diethyl malonate and ethyl orthofor
mate [H Q O F t)j]. The aromatic amine reacts with this compound by an additioo-elim ination 
sequence giving an enamine that cydizes on heating. This time there is no worry about the geometry

H C (O C t), °*E t o ^  ^ c o ,ft

— -J
For examples of quinolonc antibiotics we can choose ofloxacin, whose synthesis is discussed in 

detail in Chapter 23, and rosoxacin whose synthesis is discussed overleaf. Both molecules contain the

44 • Aromatic heterocycles 2: synthesis

same quinolone carboxylic acid framework, outlined in black, with another heterocyclic system at 
position 7 and various other substituents here and there.

To make rosoxacin two hcterocydic systems must be constructed. Workers at the pharmaceutical 
company Sterling decided to build the pyridine in an ingenious version of the Hantzsch synthesis 
using acctylcnic esters on 3-nitrobcnzaldchydc. The ammonia was added as ammonium acetate. 
Oxidation with nitric acid made the pyridine, hydrolysis of the esters and decarboxylation removed 
the acid groups, and reduction with F e (Il) and I IQ  converted the nitro group into the amino group

Now the quinolone synthesis can be executed with the same reagents we used before and all that 
nains is ester hydrolysis and alkylation at nitrogen. Notice that the quinolone cydization could in 

theory have occurred in two ways as the two positions ortho to the am ino group are different. In 
practice cydization occurs away from the pyridine ring as the alternative quinolone would be impos
sibly crowded.

Since quinolones, like pyridones, can be converted into chloro-compounds with P 0 0 3, they can 
be used in nucleophilic substitution reactions to build up more complex quinolines.

и
Because isoquinolines are dealt w ith in more detail in Chapter 51, we w ill give just one important 

s ̂  synthesis here. It is a synthesis of a dihydroisoquinoline by what amounts to an intramolecular
r'p alsan iu  И ц и  и Vibm eier reaction in which the dectrophile is made from an amide jnd PO O V Since, to make the 

isoquinolinc, two hydrogen atoms must be removed from carbon atoms it makes more sense to use a 
noble metal such as Pd(0) as the oxidizing agent rather than the reagents we used for pyridine syn-

More heteroatoms in fused rings mean more choice in 
synthesis
The imidazo-pyridazinc ring system forms the basis for a number of drugs in human and animal 
medicine. The synthesis of this system uses chemistry discussed in Chapter 43 to build the pyridazine 
ring. There we established that it was easy to make dichloropyridazincs and to displace the chlorine



More heteroatoms in fused nngs mean more choice in synthesis

atoms one by one w ith different nudeophiles. Now we w ill move on from  these intermediates to the 
b icydic system.

М Ж  k—  ЙО ' " s  "
иж»«ав(1 .2Ч>1р ^ ч з^

A 2-bromo-a*.id derivative is the vital reagent. It reacts at the am ino nitrogen atom w ith the еда» 
bony! group and at the pyridazine ring nitrogen atom with the alkyl halide. This it (he on ly way the 
molecule can organize itself into a ten-electron aromatic system.

x rx -x *x
In  chapter 43 we also gave the structure o f tim olol, a thiadiazole-hased fi Mocker drug for reduc

tion o f high blood pressure. This compound has an aromatic 1,2.5-thiadiarole ring system and a sat
urated m orpholine at well at an aliphatic side chain. Its synthesis relies on ring formation by rather a 
curious method followed by selective nudeophilic substitution, rather in the style o f the last synthe
sis. Thc arom atic nng is made by thc action o f S jQ j 011 'cyanam ide'.

This reaction must start by attack o f the amide nitrogen on thc ekctrophdic sulfur atom. 
Cydization cannot occur while the linear nitrile it in place so chloride ion must first attack CN . 
Thereafter cydization it easy. The chloride ion probably comes from  duproportionation o f C IS-.

HI,
« V f S i
Reaction w ith epichlorohydrin (the chloroepoxide shown bdow ) followed by amine displace

ment puts in one of the side chains and nudeophilic substitution w ith m orpholine on thc ring com
pletes the synthesis.

Ж
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Л *  it  any » summary. There are 
more detj*1» >n Ihe wk-vanl 
^ l l - Ы O u K e r, 44 «ПЙ44 
M t  a *  «>о many, man» more

haterocyclea. These methods are 
p i* «here *e suBest»™  start.

Summary: the three major approaches to the synthesis of 
aromatic heterocydes
W e end (his chapter with summaries of (he (hree major strategies in (he synthesis o f he(erocycles:
• ring construction by ionic reactions

• ring construction by pcricydic reactions
• modification of existing rings by dcctrophilic or nudeophilic aromatic substitution or by lithia- 

lion and reaction with dectrophilcs

W c w ill summarize the different applications of these strategies, and also suggest cases for which 
each strategy is not suitable. This section revises material from Chapter 43 as well since most o f the 
ring m odifications appear there.

R ing construction by ionic cyclization

The first strategy you should try out when diced with the synthesis of an aromatic heterocyclic ring is 
the disconnection of bonds between the heteroatom or atoms and carbon, with the idea of using the 
heteroatoms as nucleophiles and thc carbon fragment as a double electrophile.

H eterocycle* w ith  on* hateroatom

pyrroles, thlophenes, andM ant

We ally made by tNs strategy 
from 1.4ч*свгЪолу( compounds

« О

-’С/"' "-О-*
tht membered rings

made by this strategy 
from laSdwaibonyt 
compounds with oridabon

H eterocycle* wtth tw o adjacent heteroatom *

Ideally made by this strategy from

Mote. This strategy is nof suitable for 
Isochi wotes as thiolamlne



Summary: the three major approaches to the synthesis of aromatic heterocycles

ideaWy nude by this strategy from 
1.4чЯсагЪопу( compound» with cud a t or ф. = -ф-ф
H etaro cycJas w tth tw o  non-ad|acent heteroatom s

Ideally made by this strategy 
from о hatocarbonyl compound

Mbta. ТЫ» strategy is not

are not иеиаЯу react*» enoutfv 
cycti/ation of acylated carbonyl 
compounds Is uauaily preferred

utmembemd nngs

tdealty made by IM s stratecy from
u

-C-X —'HX —

R ing conttruction b y  pericyd ic reaction»

C yd oad d ition  reactio ns

1.3 dipolar eye lo addition 
is ideal for the 
construction of 
isoiazoies. 
1.2.Xnaaotes.and

-

" • V S  • 1.2ЛA
5 и

that is tha vital step 
of the Racher indole O^XI-OS^CC^
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Ring m odification

Electroph ilic arom atic substitution 

works very wen on pyrroles.
thiophenes and furane «Леи it occurs 
bast In the 2- and Sposltiore and 
nearly as w ei in the 3- and ^positions. 
Often best to block positions where

О Q Q
works wen for mdole-—occurs only »  
the 3posrtlon but the electrophile 
may nutate to the 2posibon fCO’ •"

• O '

works weM for ftve^nembered rings with a 
not
blocked (see earlier sections)

Note. Not recommended for pyndine,

sulfur, oxygen. or pyrrote^ike nitrogen atom and occurs anywhere that is

Quinoline, or isoqutnoHna

N udeophilic arom atic substitution

works particularly well for pyndme and 
quinoline where the charge in the ex t i

OCX
especially Important for pyrtdones and 
qulnoiones with conversion to the 
cNorocompound and displacement of 
chlorine by nudeophUes and, for 
qutnoHnes. displacement of fhiorlne 
atoms on the benzene ring

works weM for the sii-membered rmgs 
wkh two nitrogens fpyridazmes,

is) In all

(X^-tX—CX
хй - jo6

Llth latlon  and reaction w ith electrophllesQwonts wen for pyrrole (If NH Nocked), 
thiophene. or furan nett to the 
heteroatom. Exchange of Br or I for U 2 ■ МЙ. S. *r О 
works we* for most eiectrophiies 
providing any addle hydrogens 
(tnckaftng the NH in the ring) are blocked



t Problems

Problems
1 .  In  this pyridine syn the 
mechanisms for the reactions 
of ammonia in the last step?

2 . Suggest a mechanism for this synthesis o f a tricyclic aromatic 
heterocyde.

co (5
S . How would you synthesize these aromatic heterocydes?

4. Is the hcterocydic ring created in this reaction aromatic? How 
docs the reaction proceed? Comment on the selectivity o f the 
cydization. i 7 . Suggest a synthesis of fcntiazac. a nomu-roidd Ind-

inflammatory drag. The analysis is in the chaptcr but you need m 
explain why you need these particular starting nutcnalse w dle
how you would make them.

cydization.

jx M io x
S. Suggest mechanisms for this unusual indole synthesis. How 
does the second reaction relate to dcctrophilic substitution at

t .  Explain why these two quindine syntheses 
starting materials give (m ainly) different products

Zn C l,

о ИГ

О р» ПОИ. н ,о

о£Ъ  ° ^ o 6J
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o jrf «rcbanistm  fen th c *  reactions used to prepare a fused 1 2 . The question revues a number of previous chapters.
t. W hy is it necessary * ° u*e * protecting group?

to
ofatnazolc.

cat.
И®

«5
1. NaMOz, MCI

2. NaOAc. NaN,

A ■> 
CtaHiT* 0

c«m4n4o ,

CHCIj
CuH14N4Oa

oo-

especially 24-26, and 39. Give mechanisms for the reaction* in  this 
synthesis of a furan and comment on thc choice of reagents for the 
various step*.

И О *

NHjOH.HCI

""" J
lib  Identify the intermediate* and give mechanisms for the steps

11 This question shows the purpose of making the furan in 
Problem 12 and revises material from Chapters 33 and 36. The 
above furan was used in the synthesis of the natural product 
linderalactone by first alkylation and reduction. Give mechanisms 
for the reactions and comment on the stereochemistry of these

jj^ C lve  detailed mevhanuins lor ihu pyridine »ynthcsi*. 1 Ъс Ь ы  
Chapter» 27 and

КОИ. MaOH

CO jft

A version of thc Mannich reaction on this lactone then gave an 
unsaturated compound that is Mill a 1:1 mixture of diastereo- 
isomers. Give mechanisms for these reactions.



Problems

Each diastereoisomer of this unsaturated lactone rearranged on 
h rating into a different isomer of a ten-membered cyclic diene. 
W hat sort o f reaction is this, what kind of isomers are they, and

14. Suggest syntheses for this compound, explain 
choose this particular approach.

r



ymmetric synthesis 45
Connections

Build ing on:
a eerton yl group reactions ch S .ch S .

,  g ^ n illln g  stareochem l.tr), ch l6 , 
t Ch33,»ch34

a (Itc tro p h lllc  addition to alkene» ch20 
.  ДИо1 «a c tio n *  ch27 
e B la rta eeoaalectlvtty ch3S-ch34 
,  Cyeleeddltlons ch35

Arriving at:
о W hy m aking pur* enantlom ers m atters
• C h lra tty  dertvee from nature 
a  Resolution Ls the la st rasert 

a  Tha ch iral pool pravldea starting

Looking forward to:
M ain grout chem istry ch46 cM 7  
Organom ataM c chem istry ch M

a C h iral au iH larlas are w idely used wtth

Chiral reagents and ca ta lysts  m ay ha 
even batter
Induatrial asym m etric synthaala 

th ;

Nature is asymmetrical— nature in the looking-glass
‘How would you like to live in Looking-glass Mouse. Kitty? I wonder if they’d give you milk in there? 
Periups looking glass m ilk isn't good to drink...' Lewis Carroll. Through the looking-glass and what 
Alice found there, Macm illan, 1872.

You are chiral, and so are Alicc, Kitty, and all living organisms. You may think you Ictok fairly 
qpm etrual in a looking-glass, but as you read this book you are probably turning the pages with 
your right hand and processing the information with the left side of your brain. Some organisms are 
rather more obviously chiral: snails, for example, carry shells that could spiral to the left or to the 
right. Not only is nature chiral, but by and large it exists as just one enantiomer— though some snail 
*hetts spiral to the left, the vast m ajority of marine snail shells spiral to the nght; all humans have 
th*stom ach on their left and their liver on their right; all honeysuckle climbs by spiralling to the left 
and all bindweed spirals to thc right.

| •  ‘L'uni vers est dlssym m etrlque’ , Louis Pasteur, c*. I 860

Nature has a left and a right, and it can tell the difference between them You may think that 
"В ® *  being» «re sadly lacking in this respect, since as children we all had to learn, rather labori 

*r  rVfn У00 could no doubt distinguish the smell of oranges
(hT r *  lracU ° f  k*»om . even though this u an achievement at least as remarkable as getting 
S P lh t  ‘hoe on the right foot The smells of orange and lemon differ in being the left- and right- 
ц ц  4 k*m f e o ** °^ c’ limuocne ( R)-{ ♦ )-l imonrne unelU rminded and orangey,

“  *harp and lemony Sim ilarly, spearmint and caraway seeds smell quite d if
*hi* pair o f aroma* differs only in being the enantiomeric forms of the ketone
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Some bacteria make their c e i 
walls from ‘unnatural- » amino 
•cids to make them unassailable 
by the (Sammo-aaddemed) 
eruymes used by h ifu r 
organisms to hydrolyse peptides.

You пмф*. of course, retort that, 
in going trwou0i the looking 
fiass. perttape Alice's kitten has

Even bacteria know tbeir right from their left:
Pseudomoruu p atiJa  is a bacterium that can use 
aromatic hydrocarbons as a foodstuff, degrading 
them to diols. The diol produced from bromoben- 
zene u  formed as one enantiomer only.

How can this be? W e said in Chapter 16 that enantiomer* are chemically ijc n tir j 
that we can distinguish them with our noses and bacteria can produce them sc . т v j.r  ‘  
answer lies in a proviso to our assumption about the identity of enantiomr rs they агг a ,  , T  
they are plated in a ih ira l environment. This concept w ill undeilie all we sav in this 
to make single enantiomers in thc laboratory. W e take our lead from N atu re  all lift g  chjr«  ̂ * 
living systems are chiral environments. Nature has chosen to make all its living strtu r*s fro «^ |5  
molecules (am ino acids, sugars), and has selected a single enantiomeru torm o f each. Every 
acid in your body has the S and not the R configuration, and from this fast, a lom  *,th the 
chirality of natural sugars, derives the larger Kale chirality of all hvinp structures from  the DNAd*. 
Ые hdix to a blue whale’s internal architecture. The answer to Alice's question is must cenunly w  
her kitten w ill be able to degrade thc achiral fats in the milk quite easily, hut thr p'»tetog (which «0 
be made of 5-amino acids) and L-lactose w ill be quite indigestible.

of configuration so that her 
protems w  aH made of ftam lno 
acids. Who can ted?

That t%. Пора i 

Chapter 4».

There is no dear relationship 
between molecular cNrality and 
the chirality of We forms. R i* *  
and left-handed people are made 
from amino acids and sugars of 
the same handedness and the 
rare left-hand-spiralling snails 
have the same molecular chirality 
as the» more common rî it-hand-

NH , is NH,

For a perfumer or flavour and fragrance manufacturer, the distinction l>etwec n antiomesgf Ar 
same molecule is clearly of great importance. Nonetheless, we could all get by with tra w iy- ie **  
toothpaste. Yet when it comes to drug molecules, making the right enantiomn . an he а тлПегвП* 
and death. Parkinson's disease sufferers are treated with the non-proteinogcnic amino s d #  
(3-(3,4-dihydroxyphenyl)alanine; mentioned in Chapter 51). Dopa is chiral and only 
(known as I -dopa) is effective in restoring nerve function. (K)-dopa is not only nefficctit y -  
fact, quite toxic, so the drug must be marketed as a single enantiomer We will look *  how 
made industrially later in the chapter.

The amphetamine analogue fenfluramine, whose synthesis you designed while you 
Chapter 31, used to be marketed as an anorectic (appetite-suppres^ant)— it 4 
tion of the hormone serotonin and makes the body feel satisfied— until it be. ame _  junO0p*. 
undesirable side-effects could be avoided by adm inistering it solely as the 
Fenfluram ine ‘relaunched’ as the enantiom erically pure dexfenfluraminc. and was rcpu 
ing point for your overweight patients’— was available in the USA as a component 1  
pill Redux.

spiralling relatives.

Xu^lXXX, ,ДХ. 2j\
с-вора odopa deifenfluram«« w an

marketed aa а штфв enantiomer appetite suppressant



Resolution can be used to separate enantiomers

\ ^  only drugs that have lo be manufactured enantiomerically pure. This simple lactone is 
I* **п°*  onr ^ a se d  by lapanesc beetles ( Poptlm tapon k«D as a means of communication The 

th< rh*r® 'JV c larvae a re serious crop pests, arc amacted by the pheromone. and synthetic. 
ЬК ****1 ^  marketed as ‘Japonilure' to bail beetle Irap*. Provided the synthetic pheromone is the 
fh * - " f  jbown. With the 7  double bond and the H conhguration at the stereogenic centre, only 

catches thousand* of beetles. You lust met this compound in Chapter 32. where we 
^  ^  that double bond rtereacontrol was important since the £ is«»mer of the pheromone i> 
f j J J J  useless as a bait (it retains only about 10%  of the activity) Kven more important is control 

** ,hc chir4* centre* beiause 4 enantiomer of the pheromone is not only 
Ы  attracting the beetles, but acts as a powerful inhibitor of the R enantiomer even I %  S- 

w K L p B  ,n > um ple of pheromone deuroyi (he activity.

Jip m tu  beetle phfiumom

You can sec why chemists need to be able to make compounds as single enantiomers In Chapters 
JI- J4 you looked at relative stereochemistry and how to control it; this chapter is about how to con 
trol absolute Hereochemistry. In  the last 20 years or so. thu subject has occupied more organic 
diemiM than probably any other, and we are now at a point where it is not only possible (and in fact 
essential. because of strict regulatory rules) to make many drug molecules as single enantiomers. but 
4 „abo even possible to make some mdeculcs that are indigenous to nature more cheaply in  the lab 
At кай 3 0 * o f the world’s supply of menthol, for example, is not extracted from plants bui is made 
gi lapai w ing chemical techniques (which you w ill meet later in this chapter) that produce only a

Rcsol ut ion can be used to separate enantiomers
Whce wc first introduced the concept of enantiomers and chirality in Chapter 16. we stressed that 
any imbalance in enantiomers always derives ultim ately from nature. A laboratory synthesis, unless 
« involve» an enantiomerically pure starting material or reagent, w ill always give a mixture of 
enantiomers. Here ia just such a synthesis of the lapanese beetle pheromone you have just met Yo* 

th t ̂ -selective I.m dlar reduction in use— only one geometrical isomer of the double bond 
"  fenced— but. of course, the product is necessarily racemic and therefore useless as beetle 

in the original addition of the lithiated alkyne to the aldehyde there can be no control 
•ry. If  all the starting materials and reagents arc ach iral the product must be

■— - / "Л *  и* I r\  1 "ои
“ Л ,

^  introduced you to resolution as a means of separating enantiomers. so if we 
(* ) compound, we could try that Resolving the pheromone itself u not straightforward 

<>,W r ^ j * IV! I ' ,fl,t functional groups to attach a reviving agent to But the precursor alcohol 
p ** W fflura Pirk lt did this by reacting the nkcm k akohol with an enaniiomeruallY

nu*Cf * m utlJre of the two dustereottomenc amides which he then separated by 
rt* ° ,vinIS agent was removed from one of the diastereoisomers to give a single 

slcohol. which could be cyclued to the natural (Rbpheromone using ha.se and

- / Л ,

t
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LevX

сьц ш г  J7  and 41. You *M м« 
ann(h«* vcanpl* of согм«г«Юп of MH2 
to OH «Hh *r*n«c*» khort»» TN» «  a

U>'̂  :Л1
la te r n  this chapter. you <MR s«e 
on eiam pie of resoM ion of e 
compound (BiNAP) for «Mch there 
Is a demand for both enarrtlomers 
и  components of chlrrf 
catatytts. Resolution le the best 
opbon there.

(NMcehoi N

This is not, however, the method used to make Japanese beetle pheromone 
Resolution, as you have probably realized, is highly wasteful— if you want just one enanti,,mJ ] ^ B  
other ends up being thrown away. In  industrial synthesis, this is not an option unless r e p lie d  
possible, since chemical plants cannot afford the expense o f disposing of such quantities ol high- ] 
quality waste. So we need alternative methods of making single cnantiomers

The chiral pool— Nature’s ‘ready-made’ chiral centres
A more economical way o f making compounds as single enantiomers is to manufacture them i«n< 
an enantiom erically pure natural product as a starting material, rather than |ust using one a , esoh- j 
ing agent. This method is known as the chiral pool strategy, and relies on finding a suitable сам- ! 
tiom encally pure natural product— a member of the chiral pool— that can easily be 'г.гь 1оли| 1  
into the target molecule. Thc d iira l pool is that collection of cheap, readily available pu < natural ] 
products, usually am ino acids or sugars, from which pieces containing thc required chiral ventres I  
can be taken and incorporated into thc product.

Sometimes the natural products that are needed are imm ediately obvious from the Mr tw taf I  
the target molecule. An apparently trivial example is the artificial sweetener aspartame m <■ Leteda I  
Nutrasweet). which is a dipcptidc. Clearly, an asymmetric synthesis of this compound will start 
the two members of the chiral pool, the constituent (natural) (5)-am ino acids, aspartu acid and 
phenylalanine. In  fact, because phenylalanine is relatively expensive for an ammo ас к! I
quantities of aspartame derive from synthetic (S )-phenylalanine made by one of thc met ho* da-
cussed later in  the chapter.

* * ~  ̂j  ôp*
Most asymmetric syntheses require rather more than one or two steps from chiral 

stituents. M ale bark beetles of the genus Ips produce a pheromone that is a mixture of .
tiom encally pure compounds. One is a simple diene alcohol (S)-(-)-ipsenol. Japanese Л ajfr* 
the 1970s noted the sim ilarity of part of the structure o f ipsenol (in  black) to the widely I
amino acid (5 )-leucine and decided to exploit this in a chiral pool synthesis, using the 
centre (green ring) o f leucine to provide the stereogenic centre o f ipsenol.

Y4T
The am ino group needs to be converted to a hydroxyl group with retention ol configur^  

zotization followed by hydrolysis does just thia because of neighbouring group part4  '• J 
the carboxylic acid.

vrr-

A
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The alcohol was protected as the TH P derivative (Chapter 24). Reduction o f the acid, via the eater, 
then a io " d  introduction ot the toayl leaving group, which waa displaced lo make an epoxide The 
«poude reacted with a Grignard reagent carrying the diene portion ofthe large! molecule.

^  у  и * - ;0
TsCI

Another inlect pheromone synthesis illustrates one of thc drawbacks of chiral pool approaches 
T V  ambrocu beetle aggirgation pheromone u  called sulcatol and к  a simple secondary alcuhol 
Thu pheromone poses a rather unusual synthetic problem the beetle» produce it as a »5 J5  mixture 
ot enantiomen so, in order to numic the phetomone's effect, the chemist has to synlhecile both 

separately and mix them toprthcr in the right proportion

One approach to the (R ) m n tio m ft employ» the sugar found in DNA, 2 deoxy I) ribose. as a 
source of chirality.

w /
bfbcrfl group» reimMng

Only one (ringed with green again) of the two defined chiral centres in the sugar appears in the 
F®du<t *o, after protecting the hemiacetal, the two free hydroxyl groups were removed by mesyla 
*»en. substitution bv iodide, and reduction. A simple olefination gave (K)-sulcatol. Sugars often need 
^■plifying in this way, because only rarely are all their thiral centres (most have more than two!) 

| **eded in the final product.

of the iodide 
mdary 

doesn't matter м  it

Ho. ^ ;  “ «>"• ^  ^

" /  ш /  f

JUA
Jj* )*S u lc a to l cannot be made by this route, because the L sugar is unavailable (even D deoxyn 

CX*4n" Vc)’ 40 an ■•twnsthre synthesis was needed that would be adapted to give either 
■ifj1 СГ .***• “ b tio o  is to go back to another hydroxy-acid, ethyl lactate, which is more widely avail 

^ ^ P **(*)*en a i» t»o m e» . but *гЬц,Ь can be converted simply to either enantiomer of a key epoiidc 
'  **le’ Froin (S)-ethyl lactate, protection of the alcohol, reduction of the ester, and tosyialion 

^© W ed'if C*°*UrC * ° ° ° *  СПАП**°1П̂  the epoxide; to<ylation of the secondary hydroxyl group 
I '" ' '*  ̂  A u c tio n  and ring closure gives the other enantiomer

Ot court*, her* a resolution 
strategy would have boon ideal!
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For this reason, the two enantiomers o f propylene oxide are commonly used as chiral____м
ing materials. These epoxides react w ith the appropriate Grignard reagent to give either ^  
o f the sulcatol.

(fry or (SVprop**ene o*kJ« l*V or |SV*u*c*o<

For targets with more than one stereogenic centre, only one need he horniwcd from th# -«■» 1 
pool, provided diastcrcoselcctive reactions can be used to introduce the other» with 
relative stereochemistry. Because the first Ju ra l centre has defined absolute c o n f^ u ra ^ lJ 
diastereoselective reaction that controls the relative stern к  hem is try of a new chiral icntr, aUo dcfir^ 
its absolute configuration. In thu synthesu of the rare am ino sugar methyl mycamino- ■ ^  ^ 1  
chiral centre comes directly from the chiral pool— the rest are introduced diastereosrlntxely.

y y *
н о *^ чу Х он

йм «2
The ring was built up from acetylated (5 )-lactic acid, and a cydization step introduced the tecmi 

chiral centre— the methyl group goes pseudoequatorial while the pseudoaxial position u preferred ' 
by the methoxy group because o f the anomeric effect (Chapter 42).

Х М ._ ^ О А «  М а ^ - Л А с
— ► — ► Л Г  ♦ м i t — = — S  ^  1

copi io a  ом

OMe

The third stereogenic centre was controlled by axial reduction of the ketone to g'Vf : 
alcohol, which then directed introduction of the fourth and fifth stereogenn centres bv ГР °® * И

N ^ ,
anal attack leads to w

<пь с * *  1
Finally, Ihe simple nudcophilic amine MC2N II attacks the epoxide with inversion ‘> 1

tion tn give methyl mycaminoside. The conformational drasving sh«iws that all sul»*|,ucnt 
torial except the M rO  group, which prefers lo  be axial because of the anomeru effee»
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v v *- .Л С
и »

T V  trouble with chiraJ pool approaches is that thc compound you make has to be pretty close 
'V  jpveturr to one of the natural products that arc readily available or thc synthetic route becomes 
^tortuous that it’s even more wasteful than resolution. The second major drawback u the lack of 
^ la b ility  of both enantiomers of most natural products, especially useful starting materials 

amino acid* and s u g a r * — wc have just met thu problem with thc synthesis of sukatol from 
^ jyn b o se  As a further example, we can return again to our Japanese beetles. Their phero 
„one can be made from glutamic acid by a short route. Unfortunately, when widely available 15)- 
( t  j.gjutjm ic acid is used, the product is the «мисмпмг of the active pheromone, which you will 
iciitemher i* a powerful inhibitor of the natural pheromone. Making thc right enantiomer is not eco
n o m ic a l, because (й )- (- )-glutamic acid is about 40 times more expensive than (S)- (4 )-glutamic

Normaiy. axial attack occurs on

ex^amed m Chapter 18 but the 
mta Is not nod as you can и е  
here. Equatorial attack occurs 
here because the transition state 
already has much of the stability 
of the product. You should 
continue to assume anal attack 
unless told otherwise.

r \ "l У -*" Г ь
а.*, м. о н с ^ / ^ в  'T o ^ 0

(Ии. 10-1511Ы О  Г « а м

metric synthesis
When we create a new stereogenic centre in a previously achiral molecule using achiral reagents 
(addition of CK" to aldehydes was the example you met in Chapter 16), we get a racemic mixture 
because the transition states leading to the two enantiomers are themselves enantiomeric and there
fore equal in energy.

■ Ш  ' "U-aeoctufr, «Паск •*» a kat vw m «n achtrai •пуио'чтжщ.

-j—  ■—elective synthesis, on the other hand, relies on making the transition states for reactions 
different diartcrcotaomen as dillerent in energy a» possible and therefore favouring ihe 

tl" 1 °* °« e  diastercouomrr over another You met this type of sterc<Mclectrvity in < Ju p tcr 1J  
*»d *  j  3tl<ls ‘°  ,h‘4 ketone to give one diastereoisomer of the tertiary alcohol

" Г Г  ° <hrT' on onf or othcr faK* of ketone leads to diastereomeru transition states:
tnod otmous when you realize that one is axial and one equatorial attack An energy 

mr this type o f reduc tion appears on the next page.
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Now, let's go back lo  the principle o f resolution and see how we can dew * л w 
upon it that doesn't require us to throw away 50%  o f our pfeduct Resolution^ 1Гпр,* ^ И  
attaching an enantiom erically pure resolving agent'to the racemic substrate distir | }
strate’s two enantiomers as diastereoisomers (diastereoisomers are chemically j'ff, 
tiomers are not). Can we use this same idea to make two enantiomenc (and ther ( 
energy) transition states into diastereoisomeric ones (which w ill therefore be unequal in *  • 
we can, the lower-energy transition state w ill be favoured and we w ill get m ore of 
than thc other. "  " " S i

nudeapMK a»tack on a Ketone to a (Ы Ы  env*onrr«er>t.

I  _  V й
ih ^ S h

The answer is most definitely yes— what is needed is an enantiom em ally pure mole cu le«p«tof 
a molecule that w ill be present during the fraction and w ill interact with the transition slate of thc 
reaction in such a way that it controls the formation of the new stereogenic centre The molecA 
might be a reagent or a catalyst, or it might be covalently attached to thc starting nuteriA  We w i 
consider all o f these possibilities, the last first, and you w ill see that they really arc the mart powetW 
and versatile ways o f making enantiom erically pure compounds

Chiral auxiliaries
The product of a Diels-Alder reaction between cydopentadiene and ben/yl acrylate must netOM *J 
be racemic as both reagents are achiral. Though only one thastereoisomer— the rnJo  p M l H  
formed, it must be formed as an exactly 50:50 mixture of enantiomers.
OHs Aide» reaction fv t t  • net

Now sec what happens if we replace the achiral benzyl ester group with an amide dc ^  hifJ  
natural am ino acid valine (Chapter 49). The diastereosde«tivity remains the same сПаГк ^ И  
environment created by the single enantiomer covalently bonded to the dienophile has a ^ ,
effect: only one enantiomer of the product is formed.
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i  Diets Alder reaction £v«s a lin ^ t enart omer of The product

IX -
enantiomer single enantwme* actwat ^  . п и . та |, 

d ^ T fro rtX S fv -ю * оГй^порЫе ♦ d«n« .......................................** ^  «"•>

д , igt m  stereoselectivity is concerned, the key step is the Diels-Alder reaction— in each ease the 
E|(cydopentad iene, shown in black) adds across the dienophile, an acrylic acid derivative. As 

^ \»o u ld  expect from what we said in Chapter 35, both reactions are diastereosdective in that they 
Ц Е^ яК  mainly the endo product. In the first example, that is all there is to say. the product that it 
Sp ied  is necessarily racemic because all the starting materials in the reaction were achiral.

gut, in the second example, a green chiral auxiliary has been attached to one of the starting mate- 
mf || contains another stereogenic centre and is enantiomerically pure— it was, in fact, made by a 

cbiral pool strategy from the amino add (S>-valine (see below). You can see that it has quite an effect 
gp the reaction— the extra stereogenic centre means that there are now twv possible diaatereoiso- 
^  endo product*, but only one is formed.

VJ
/ remove of the 

Chtra* auubary 
« • a iW i 

compound asM s adduct is tamed aa

The chiral auxiliary was enantiomerually pure— every molecule had the same configuration 
at its fltereogenK centre. That centre was not involved in the Diels-Alder reaction, so all the 
praducts w ill sim ilarly have the same configuration at the stereogenic centre in the green part of the 
«decide. So, if  one diastereoisomer of the product is formed, all the stereogenic centres in that 
product must be of a single configuration; in other words the product is diastereoisomerically and 
fflM tiaiiierically pure. And when we do the final step of the sequence, to remove the chiral auxiliary, 

«entiom eric purity remains, despite the fact that we have removed its source. Overall, by 
■I attachment and removal o f the auxiliary we have made the same product but as a single

You mey note the lndue*ono< the 
Et̂ AIQ lew is acid catalyst m the

discussed in Chapter 35. the 
presence o l a lewts add 
increases the rate Ы  Diels-Alder 
reactions, and in this case is also 
vftal fcyh i^  stereoselectivity.

•  Tw* It  What we mean by a chiral auxiliary strategy

I  I* A n <nantiom eri«.ally pure com pound (usually derived from  a sim ple nat ural 
product like an am ino acid ), callcd  a ch ira l aux ilia ry, is attached to  the starting 
Material.

I  A daaftercosclcctivc reaction is earned out, w hich, because o f the enantio 
meric purity o f the ch ira l au x ilia ry, gives on ly one enantiom er o f the 
product.

В  У  The ch ira l au x ilia ry is rem oved by, for exam ple, hydrolysis, leaving the product 
o f the reaction as a single enantiom er. The best ch ira l aux ilia ries (o f w hich the 
«• m p le  above is one) can be recycled, so although sto ichiom etric quantities are 
•®*ded, there is no waste.
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W e have introduced you lo  this chiral auxiliary before any other because il is more cortu 
used than any other. It is a member of the oxazobdinone (the name of the heterocyclic ring) fa 
auxiliaries developed by David Evans at Harvard University, and is easily and cheaply made fron,r 
am ino acid (S)-valine. Not only is it cheaply made: it can also be recycled. The last step of 
above, transcstcrifkation with benzyl alcohol, regenerates the auxiliary ready for re-use

"> 'h* 
‘>ГП’Ч 

r r,’u'« j
synthesis of Evant't e

*jCOt

The most versatile chiral auxiliaries should also be available as both enantiomcrs. Now, ft* ^  j 
valine-derived one here, this is not the case— (R)-valine is quite expensive since it is not found ̂  | 
nature. However, by starting w ith the naturally occurring (and cheap) compound norephed rmc ^  
can make an auxiliary that, although not enantiomeric with the one derived from (S)-valine, JU ,_  
though it were. Here is the synthesis o f the auxiliary.

X  • JL *jC O ,

And here it is promoting the same asymmetric Dicls-Aldor reaction, but giving the enantk 
product.

I low  do these auxiliaries fu lfil their role? If  «re go back to the valine-derived auxilurv jrvi dr*» 
the auxiliary-bearing dienophile coordinated w ith die Lewis acid you can clearly see that the iso- 
propyl group shields the back face of the alkene from attack: when the cydopentadienc m o vcA * 
must approach from the front face (and remember it w ill align itself to gain maximum s 
orbital stabilization and therefore give thc a t Jo  product).

ал
" V

£t,A IC I nXX i t .

-  T P
" 1

Note lhat the auxiliary also has the effect o f fixing the conformation of thc black singk 
s-as (we introduced this nomenclature on p. 000). Attack on the lop face of the t-trans 
would give the enantiomeric product.
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The auxiliary has succeeded in doing what we set out to do (p. 000)— it has made diastereoiso 
meric th ( transition states leading to enantiomeric products, the difference in energy iru ing  because 
of rtenc. crowding o f one fece of the alkene.

Lest you should imagine that all effective auxiliaries are oxazoiidinones, hcTe is a different or*-- 
§  pfcqiylmenthol- used by Corey ia enantioselective prostaglandin synthesis 8-Phenylmenthol u 
made from thc natural product pulegone (Chapter 51). Even in the starting material the role of the 
phenyl group is dearly to crowd one face of thc dienophile.

r * '4 ' —

A Lewis acid (AiQ j)-catalysed Diels-Alder reaction with a substituted, but still ach iral cydopcn 
tadiene gives a single enantiomer of the addiut. The sense of asymmetry induced in the reaction is 
seen more dearly if  we redraw thc product with *R** to represent the chiral auxiliary. The phenyl 
group on thc auxiliary shields thc back o f the dienophile (as drawn) so that thc diene has to add from 
thc front to give one of thc possible endo enan t iomerv

• V O
Corey used the four chiral centres created in thc reaction to provide the chiral centres around the 

Cfdopentanone ring of the prostaglandins (a family of compounds implicated m inflammation; see 
Chapter 51). After hydroxy Ы  ion o f the ester’s enolate, the auxiliary was removed, this time by 
•eduction D id  cleavage with periodate (mentioned at the end of Chapter 35) gave a ketone that 
underwent Baeyer-Villiger oxidation on the more substituted side to give a hydroiysable lactone. 
IBllobctonization gave a substituted cydopentanone that Corey used as a starting material for sever 
^  important prostaglandin syntheses.

HgO,

■ Ix ~ &
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OeetmpMe

PbCH7l >99:1

bromide 98:2

E ll 94:6

A lkylation o f  chiral enolates

Chiral auxiliaries can be used in plenty of other reactions, and one of the most
alkylation of enolates. Fvans's oxarolidinonc auxiliaries are particularly app,**"
they are readily turned into enolizable carboxylic add derivatives. ■ ^

v A .

“

Treatment w ith base (usually LD A ) at low temperature produces an enolate. and 
see that the auxiliary has been designed to favour attack by electrophiles on only ОПе f ^  
late. Notice too that the bulky auxiliary means that only the Z-enolate forms: alkvb»t3 
late on thc top face would give thc diastcreoisomenc product. Coordination of th< U thiuafcL^** 
other carbonyl oxygen makes the whole structure ngid. fixing the isopn»pv| priHJ|, wherei| 
vide maximum hindrance to attack on the 'wrong* face. an

- Х й Г

boflorn f*  . -ит+ШЩ

The table in the margin shows the ratio of diastereoisomers produced by this reaction for s km 
alkylating agents. As you can see, none o f these reaction* is truly 100% .лдМ егсам иН аа! 
indeed, only the best chiral auxilianes (o f which this is certainly one) give > 98% of а ш ф  
diastereoisomer. The problem with less than perfect diastereoseleuivity is that, when the dedae- 
iliary is removed, the final product is contaminated with some of the other < nantiomer. А Ш 2яЬ* 
of diastereoisomers w ill result in a 98:2 ratio of enantiomer s.

Enantiom eric excess
When talking about compounds that are neither racemic nor cnantiomeru J ly  pure (« И ^ В ^  
enantiom erically enriched or, occasionally, scalem ic) chemists talk not about ratios of 
but about enantiomeric excess. Enantiom eric excess (or ее) is defined as the 
tiomer over the other, expressed as a percentage of the whole. So a 98:2 n m tu iM lB  
sists o f one enantiomer in 964  excess over the other, and wc call it an cn4n* j^ _  
mixture with 96% ее. W hy not just say that wc have 98% o f one e n a n tio m e rfB j^ ^ ^ ^ ^ ^ ^  
like other isomers because they are simply m irror images. The 2% of the wrong ^  ^  ̂  
a racemate of 2%  of the right isomer so the mixture contains 4%  гас 
enantiomer. % %  ее.

98:2 mlrture of d
98:2 nurture of enanbomet»
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tee shortly how wc can make further use of the chiral auxiliary to increase the ее of the 
^ K e d e t t * .  Bo*- firs1, we shou,<1 consider how to measure ее. One way is simply to measure 

r<iCf*0fl С * ?  which the em ple rotates plane-polarized light The angle of rotation is propor 
* ? a  л е е в  of the sample (see the Box). The problem with thu meth<»d is that
О®*- *10 ^  ^ u a l value for ее you need to know what rotation a sample of 100%  ее gives, and that 
t****** _ possible Abo. polarunctcr measurements arc notoriously unreliable they depend or
• solvent, and concentration. and are subted to massive error due to small amounts of

*llv  •в " г  “ npun,l<'

I  , Ration should be proportional to MunMomeitc excess

« ■ "- T - Ы «1 « I» , »■ *t<< 10 0 
■ *77.

, * 'L""“ 3 ^ .4  0 « М  • *• «**>»«>«
■ ' • 2 1  «*• t * *•  * 0 lo- !'"* °* “' —  «osotroum rtom w rfvi»^

I»  « * » • "'" " V - l
l i e m « "  •«•»]». tt'-  •■ 4»» ■'

P M C  eonUM <x 80»  .n « .f o r > « ic . ih  CO..
* 2 0 »  racenw; matenel. or 8 0 4  of one

enimtiomer plus 20% of a 1 : 1  mixture of the two 
enantiomers—****  is the same as 90% of one 
enantiomer ane 10% of the other, or 80% enantiomeric 
eras» Oftflcal rotations e*t fve a 0j><te to enanttomerte 

talpw W toV*

Mon fan» because of what is knoum as the 
Moreau effect. You can read more about this In CM and

Modem chemists usually use either chromatography or spectroscopy to tell the difference 
betwoei enantiomers. You may protest that we have told you that this is impossible— enantiomers 
are chemically identical and have identical N M R spectra, so how can chromatography or spec 
troscopy tell them apart? W ell, again, they are identical unless they are in a chiral environment (the 
principle on which resolution relies). W e introduced H PLC  on a chiral stationary phase as a way of 
separating enantiomers preparativcly in Chapter 16. The same method can he used analytically— less 
than a mflKgrum «if chiral compound can be passed down a narrow column containing chirally mod
ified siKa. Ib e  two enantiomers are separated and the quantity of each can be measured (usually by 
UV absorption or b jr refractive index changes) and an ее derived. Gas chromatography can be used 
in the samtway— the columns are packed with a chiral stationary phase such as this isoleucine deriv-

*« : : в Г ЮП-  spectroscopuallv rdies again on putting them into a chir J  environment
i J V ^*^C comr oun<* “ • «У . an alcohol or an amine, is to make a derivative (an

w*t*1 enantiomerically pure a*.yl chloride The one miwt commonly used is 
chloride, after its inventor Marry Mosher, though there are many others 

<K *mmf r>ow become diastereoisomers. and give different peaks 
,nlf* ral4 c*n be used to determine ее and. although the 'i f  NM R of such 

^ ^ ^ ^ ^ ^ ■ ■ « w iso m e rs  may become quite cluttered because it is a mixture, the presence o f the
1 *be ratio can alternatively be measured by integrating the two singlets in the 
■pectrum.

1233
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More effective is the chiral borohydride analogue developed by Corey. Bakshi 
based upon a stable boron heterocyde made from an araino alcohol derived fr 
known as thc C BS reagent after its devclopert.* . ^  *

ПЛу* агюс°^1 Г \ и 
H90H
НИ) COjBn

The active

~BS reagent after its devdopcvt.'*

s ^ - ' i
reducing agent is made by complexmg the heterocyJe w.th bo,ane. q .  4 
ally about 10% ) of the boron heterocvcle are needed ----- ‘ yc**fik

► Catalysts not reagent* ' “ c J4 ,,,r  ,ru u iu ‘& “  ,,l-uc u7 п * ” Ре хш 8 ».c «к^стосуие with borane. On».
The fact that the reactions are amounts (usually about 10%) of thc boron heterocyde arc needed because bmamjfc
catalytic in the heterocyde means reactive to reduce ketones only when complexed with the nitrogen atom. The rest of th« b o i^ !
that relatively little is needed and it waits until a molecule of catalyst becomes free.!--------------------------------

v Later In the chapter you

1000times less catalyst than this 
one and. Indeed, none of the

rest at this chapter writ use chwsl 
reagents only chirei catalysts. 
Note the distinction from chiral 
amdhanes heie: akhou^i

always h * «  to be used m

CBS reductions are best when the ketone’s two substituents are well ■*-n— пТиЫ <lmdly 
just as Ph and M e are in the example above. Only when thc ketone is complexed with the ‘Mbs’ 
boron atom (in  the ring) is it electrophilic enough to be reduced by the weak hydride sourcc. 1Ъ 
hydride is ddivered via a six-membered cyclic transition state, with the < i- ntiosdcctM jBH V 
from preference o f the larger o f the ketone's two substituents (R L ) for the pse doequatoridlpeebei 
on this ring.

• n e iw  |
■eudoeqoa’nrtai I

A

Reduction» N d jrt't CBS

1Ъе CBS reagent is one of the best asymmetric reducing agents invented 
does asymmetric reductions all the time— and gets 100%  ее even' tune too. M tfure 
chiral catalysts, and chemists have not been slow to subvert these natural ^
The problem with using enzymes u  that they arc designed to fit into a
and are often quite substrate-specific, and so are not useful as a general ihe ^ ^  ^
thu can be overcome by using conveniently packaged multien/vrm svstems.
ticularly good at reducing ketones, and the best enantioselci-t ivies are ob<J'n еЯ& 0 +
ncs a (l-cstcr group. Ih e  reaction is done by stirring the ketone with “ 1
yeast, which must be fed with plenty of sugar.

hater's yeaat 9^ UP Ю 97» ••
55* ***
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reactions are quite тем у, and are best done on a Urge Scale! Notice how the selectivity of 
4t is the reverse of that of the CBS reagent with respect to the large and small ketone sub

* V и most useful, since ( W prolm e is expensive, and an enantiomeric yeast cell would be 
(ltucn»s- 1

rirv indeed.
* • rortant application ,hls baker's yeast reduction is in the synthesis of citronellol. After 

a*d protection of the ester, SN2 substitution ol the secondary tosylate group could be 
«version using a copper nucleophile. The ее obtained here ia better than that of 

**l* f fljtural sam pl« of citronellol: in common with many other terpenes, citronellol extracted 
bn ts  v a r ie s  greatly in enantiomeric purity. It is quite a compliment to the humble yeast that. 

K ^ h d p  from Professor M on's research group, it can outdo most of the more sophisticated
f  of the plant kingdom.

In fact, the enandomet of the CBS 
m ater* can be made by a 
resolution strategy.

%. NaH. BnBr

Asymmetric hydrogenation

Probably thc best-studied way o f carrying out enantioselective reduction is to hydrogenate in the 
pretence of a chiral catalyst. You would not normally c hoose catalytic hydrogenation for reducing a 
urbonyl group to an akohol and, indeed, carbonyl reductions using hydrogenation with a chiral 
оЫуИ Ш  not usually very enanlioselective. Much better are hydrogenations of double bonds. 
|4 iiab it) those with nearby heteratonu (O H . N H R ) that can coordinate to the metal.

Here • a simple example: it is, in fact, an asymmetric synthesis of the analgesic drug naproxen, 
first, look at the reaction— w ell consider the catalyst in a moment.

(*

TW  pimdplr it qu ilt simple— the u l j l v u  w in Iv  j  jingle cruntiotopk L * e  of the tlnuhle f*ond 
4 Sdds hydrogen across it. Exactly how it does thi> need not concern you, but we do need to go 

£ £ °r« d e ta il about the structure of the catalyst, which consists of a metal atom (Ru ) and a ligand.

th e ,,, .
many other ligands for asymmetric hydrogenation, BTNAP is a chelating 

* * * * * ^ N k v  k .. HU t>rtWrfn ,he ,wo phosphorus atoms firm ly anchored in a chiral environ 
by “  ofan un«*ual sort, since B IN A P has no chiral centres. Instead it has axial

P J ^ t * d  rotation about the bond joining the two naphthalene nng systems. In
^ ^ | ^ ^ ^ ^ V | ^ lM M l(n o fR lN A P  tn intrridnvrrl ih# PPh. вгеыin wiyiiM kiv* In fnr. m ■!« wivo f B IN A P to interconvert. the PPh2 group would have to force its way 

: group or round the black hydrogen (see next page). Both pathways are too
&bon to occur.
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R e so lu tio n  o f B IN A P

B IN A P  is not derived from a natural product, and has I»  be iynthe*i>» i . 3
^   ̂ ln the

The scheme show* one method by w îch BINAP may be made—the resolution u lt  Rlsth*phoM hineoadethatl«ie«olved. «xJther 
step is unusual because К "efces on formation of a molecular con^jle*. not a phosph ne «MtMrtchlomilane

Thu. make* it relatively expensive, but the expense is offset by thc economy ot italye м ^ | И  
luch reaction*. Whereas about 10 mohk catalyst is needed for CBS reductions, m jny h * 
of this type give high enantiomeric excesses w ith only 0.0002 m ol%  B IN A P ruthei 
Because such minuscule quantities of catalyst are needed, enantioselcitivc hydn 
widely used by industry than any other asymmetric method. The other advantage * f thc r 
is, of course, that either enantiomer is equally available.

B IN A P ruthenium (II) is particularly good at catalysing the hydrogenation с ( allylic akotakarf 
of a ,0 -uiuaturated carboxylic acids to give acids bearing a  stereogenu vcntrti (like I

If  the double bond also bears an amino group, the products of these rca> i ions f  *  
and in these cases there u  another alternative that works even better, л catalyst 
Here is one very important synthesu of an unnatural amino and using a rh o Jiu m «*^ B  
look first at the reaction and then we w ill discuss the catalyst.Hl '*** j L. " X J  м мил*

The product can be converted into L -dopa, a drug used to treat Parkinson ^
reaction and this catalyst, both developed by Monsanto, that co n v in ced  manv «-П^н 
that enantioselective synthesis was possible on a Urge scale.

.a n d -
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h en :' су~ о
talyst й  a cationic complex of rhodium with another diphosphine. D IPA M P. D IPA M P’*

2 jk v  e * 'Jf4 'n *** ^  **етсовеп‘с phosphorus atoms unlike amines, phosphines are conhgura 
Л ^ ы *и Ы в . rather like sulfoxides (which we w ill discuss in the next chapter). The catalyst imposes 
\f f S L  on the hydrogenation by coordinating to both the amide group and the double bond of the 

Two diastereoisomcric complexes result, since the chiral catalyst can coordinate to either 
Ко р к : bees of the double bond.

&  jX . o 0,-0
■ -ciS& c& SOMv

It turns out that the eiuntioselectivity in the reaction arises because one of these diastereoisomeT- 
ic complexes reacts much more rapidly with hydrogen than the other, ultim ately transferring both 
hytapM  atoms to the same face o f the double bond.

'*  ̂ ______________ _________ Щ
/ ------

1ЯМП1- ИЫ1,

—  j  °  *■ ? - i* »  °  *’ Л ) н — ►  j O ^ 1

^ ** niaior n«nw *w

=  Y : { [ C _

N lh  H

morg l‘m‘ted in scope than the BINAP-Ru(II)-catalysed hydrogenations, rhodium- 
u t ^ ^ У *Го8сп'|,“ 'пч arc of enorm ous.on,m eioal importance because of the demand for both 
г ,,J ^ i t f * * n4tur,*l amino acids on a va>t scale It u even economic J  foi the rnoie eipensise of ihe 

* °b e  made syntheticdly lather than uolated (n*m naluial source* phenytila 
^ 2 У * » р 1 е .  o f  industrial importance as a component of the artificial *wectencr a»partame. is

oy enantioselective hydrogenation.

P|RM.i OjM"ПС
ftlT ah i rrfn ■ гм Л ■! — • - -‘V w if**™ 1* 

834 M . n»n| to 
97% oe or rvcrytfaNiMtюп

J^ X
U hx in . ,

tMPAMp *• • suitable ligand for this reaction as well, the industrial process uses
b P JJJ® .  Unfortunately, the product is in itially obtained in rather modest Я Р  
1 ^ "  ̂  recTystalliration improves this to 97%. In  the manufacture of aspartame,

t
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coupling w ith natural (and therefore 1004 ее) aspartic acid turns the
tinnier into a dial

n).
neric im purity that can be removed by crystallizel- S S o f 'h , .

Im proving  и  by ra c ry s ta lU ia tto n

Tbs tachnujue is «uMo fmouenty used *
Ы almost «nsrrtromencaRy put* samples. ■
| H A  oyatale art moat а1аЫа if they con 
•to#e enantiomer or ¥  a raceme R t lM  

nafa
•6% has a eood chanca of impro^nt »«a ca of Vta a 
fthemvtor enantiomer rema*wi(№ the mother llquars). 
Samples irthees much less toantNt tend to decrease)

^ а к й й а г

Before leaving asymmetric hydrogenation reactions, we should mention one other 
that has acquired immerue importance, again because of iu  industrial ap p liu imn v - 
across citrondlol a couple o f time* in thi» chapter already: the corresponding aldchyd^aS* **•  
even more important because it it an intermediate in the a syntheui of I -menthol h . l j ! '* * »  
chemical company TaU sa*... Tahaiago manufacture about Ю Ч  of the JX )o  tun 
demand for I -menthol from citronellal byusingan intramolecular ene reaction (a.- 
met in Chapter 35).

Z-C I, «Я
The green methyl group prefers to be equatorial in the transition state and direct* the fm 

of the two new chiral centres. The transition state (in  the frame) is like a tm tiv dec jlin  with r iiIm I 
six membered chair rings. Both new substituent* go equatorial in the product while Ac In m tM  
binds to the oxygen and accelerate* the reaction, as it would t«*r a DieU-Alder reaction

ZmCIj 3J
But it u  not thu step that makes the synthesis remarkable, but rather Takawigo s route 

lal. Pmene u  another terpene (hat u  produced in only low enantiomeric excew 1>v 
indeed, which u  the major enantiomer depends on whether it u a European or a H>jjb 
pine tree). But in the menthol process none o f this matters, and cheap, 
pinenc can be used, because the first step is lo  convert it to an achiral terpene. 
diethylam ide adds to this diene lo give an allylic amine.
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the key * * !*  |(S)-BTNAP]2Rh* catalyses thc rearrangement of this allylic amine 
К Г *  mine, creating a new chiral centre wilh 9 *4  ее. This reaction u rather like a hydrogena- 

10 r|iiJ»kh th* hydrogen come* from within the same molecule, or you could see it as a [ 1 3 1 -
0 shift (usually duallowed) made possible hy participation of the metal’s orbitals 

^ ^ C p e rw a y  7ой * ° °k a* thf caU*F* *«**4* onf of two enantiotopu hydrogen atoms (shown 
"^ 'fy j^ an d  green) and allows only the green one to migrate. This reaction can be run on a 

Л t t n n  scale, needs only 0.01 m ol%  catalyst, and is a testunony to thc power of asymmetric

1 l ' H T
ш и  т< 5 н и *А РГ, H,0

(about 1 ho

£xactlv how this reaction works and exactly what features o f [(S )-B lN A P|2Rh * make for success 
ful aaypmictiK induction are not clear. Though we can work out a mechanism for the reaction, we 
cannot sajr predaely how thc chirality of thc ligand directs the formation of the new stereogenic cen
tre. Here, a* elsewhere in modern organic chemistry, the experiments get ahead of human under

$ or n rtfcw lu m , and w h ich  ligands?

la used In catalytic matter ofthorou^ literature Marche* foSowed by soma
e hydrogen* or l« enormous (Thou#i experimentation. However. Rh will rea*y рте good ее*

0 * * 0  and В HAP j-.t probably t*e mo* irr portent), and an* when hydroger-at№geiectrorvpoor or corseted
ti»iy «(them can be used with Rh or Ru We can double bonds that carry a ̂ cartoon* croup (necessary for
явпаФе1е141Мамте»А»1пе* to choice of catalyst in cneiofon). and the anan«des we have been discuumg
•mer*.Mt demands more of Re aubatrtfet and Io m  at are among the beat of theee 
■ а^Пав^те agandHHNcn igeid  to choose is a

*4ar4ls iBIfiAP I» the one usually 4 rt is an а»у«к alcohol о» an a.fU jnia'.rated сагЪэжу!*
both dectrorv^cn *nd etectrorv acid The er>antK>*e«ective *»yC'a^net»on c'gerarvji

bonda R48gOP|(OAciv wofVs best if the Ip 000) is also fefloselectn*. because .sdated double
"^■ ep^cam e, an «hydro.* group-* o<hef words bunds are not hydrogenated

We no*
P'obibly ■•^m etric reductions and move on to two asymmetric oiidations, which are
******** of prI / 0 m° St 'т Рогип1 sym m etric reactions known They arc both products of the labo 

^■■■Toiessof Barry Slurpless.

T h e ^  ^ e p o x id a tio n

¥*njdnim “  *n °® d a t,(,n « f alkenes by a.vymmetnc epoxidation You met
, “ ■nsition-metal catalyst for epoxidation with Г-butyl hydroperoxide in Chapter II,
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- V
i4»K*T - и* tartrate

and this new reaction makes use of titanium , as titanium  tctraisopropoxide i 
tame thing. Sharpless surmised that, by adding a chiral Ugand to the titanium cat b ! ' v *° 
able to make the reaction asymmetric. The ligand that works best is diethyl tartraV  ^  
stxywn below i< iu%t one of many that demonstrate that this is a remarkably g,,.^

ТЦО/ # r)4 4 4 / \

H « h M T  .  -

r - 4 S ^ i i  m x *+«*■•«*««
Transition-metal-catalysed epoxidations work only on allylic alcohols, so thcrc ц 

lo  the method, but otherwise there arc few restrictions on what ian  be epoxidizcd«n 
W hen this reaction was discovered in 1981 it was by far the best asymmetric 
Because o f its importance, a lot '  * “
the Mrhemc below show» what и
bridged by two tartrate ligands (-------------------------------------
ligands, and is coordinated to one of the carbonyl groups of the tartrate ligand The 
best if  the titanium  and tartrate are left to stir for a while so that these dimen can form tieariy

:c, a lot of work went into discovering exactly how the 
what is believed to be the active complex, formed from tw,. 
igands I shown in gold) Fach titanium atom retain» tw,. 0f it s ^ ^ ^ ^ H

When the oxidizing agent ( f-BuOOH. shown in green) is added to the mixture. К dufiacesaerf 
the remaining isopropoxide ligands and one of the tartrate carbonyl groups

Now, for this oxidizing complex to react with an allylic alcohol, the a lcohol г а и й Ь г ч » # -  
ordinaled to the titanium  too, displacing a further isopropoxide ligand Because <»f the dupe 
complex the reactive oxygen atom o f the bound hydroperoxide has lo be delivered lo tke Ummum 
of ihe alkene (as drawn), and ihe epoxide u  formed in high enantiomeru cxccw

—

I hfferenl allylK  jkoh o tl C O O riM f in ih t H IM w«y to thc tiunium  jnd 
enantiotopic face to the bound oxidizing agent, and the preference for oxidation ^ ^ 
shown in the Schematic diagram below Tartrate u ideal as a chiral ligand beca 
relatively cheaply as either enantiomer. L-tartrate is extracted from grape*- 
and more expensive— it й  sometime* called unnatural tartrate, hut, in tav*.
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Slu 'i « *  **, °  ,oun<, ,lu l ,h “  rt* ,lon wo,ks wl,h оп|Г •* catalytic amount of titanium -tarlratr 
.om(4c i, because Ihe reaction products tin  be displaced from the metal centre by more of the two 

The catalytic version o f the asymmetnc epolidation is well suited lo mdustri J  exploitation. 
fmA tftt American Company I. T . Baket employs it to make rynthetic disparlure. the pheromone of 
the gipsy moth

. ТЦО*). Г > „ РОС

eet H-)OCT
80% 91% a t

H,. cat

N«* *an y target moicv.uk* are themselve* epoxides, but the (treat thing about the epoxide 
products i* that they art highly versatile— they react with many type* «if nuclc<iphile* to give 

products. You met the chiral (i-blocker drug propranolol in Chapter 30, and its 
Itebon pattern makes it a go«id candidate for synthesis using asymmetric epoxidation.

-aT-
* ° h J^aU*n*le*r ‘ Л е  obv,° u> material, ally! alcohol itsdf. gives and epoxide which и hard
J u l . whoсагп<ч1 t,ul ,h li svnthesis o l propranolol. u*ed thu ulicon iub*titutrd 

. 1
S t , y , ^  °  *rouP W4» mwylated and duplaced with I -naphthoxidc and. after treatment with 

ftm o\r (he silicon, the epoxide wa* opened with isopropylamine

■ s . . ,
N i l * ,
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A sym m ctric dihydroxvlation

The last asymmetric oxidation we w ill mention really it probably the best asvm

It is a chiral version ofthcsyrtdihydroxylation of alkenes by osmium tetroxide Her Г€всвЧ ^ И
though the concept is quite simple, the recipe for the reactions is quite corno! U 4n 
approach it step by step. ^ tcd *> * '

i*w  i-‘u>
97%**

The active reagent is based on osm ium (M il) and is used in just catalytic amounts ГУа 
there has to be a stoichiometric quantity of another oxidant to reoxidize the osm ium  j f t «
»c cycle— K jFe (C N )* is most commonly used. Because 0 s0 4 is volatile and toxic, tlic 
ly added as K jO e O jJO H )* which forms OsO« in the reaction mixture. The other - Jd iriZ  
K2C O ) and methanesulfonamide (M eSO jN H j), which increases the rate of the react 
chiral ligand. The best ones are based on the alkaloids dihydroquimdine and dihvu- K,UI1 
structures are shown below They loordiiute lo the osmium through the yello* n m o g e n ^ ^ ^ ^ B

" - S p

. л Л ,

6a"' I
The alkaloids (usually abbreviated to D H Q D  and D HQ . respectively) must be attached 1<i aaw- 

m alic group Ar. the choice o f which (like the choice o f ligand for ouniioselective Ц 
w ith Rh ) varies according to the substrate. The most generally applicable ligands are these 
phthala/ines in which each aromatic group Ar carries two alkaloid ligands

•ONQOjFHAL

~ o ~
rfvdrebneJ if M i

Dihydroquinine and dihydroquinidine are not enantiomeric (although the g re« 
inverted in dihydroquinidine. the black ones remains ihe same), but ihey act on ihe dAy 
as though they were— here, after all that introduction, is a real example, and ргоЫМ7 4  
remarkable of any in this chapter.

л-
КИМЫОИЦ. Hjf*<CN)r
K fC O j. M «SO/M 4,

'войн, H40. О С
OMGO-*HL

H^O,<OHU.H^#(CMU 
K/CO,, m * s o 2n h /

ЧкЮН- M,0. U С
PN Q O /HM . V

would a
£)-Slilbene dihvdroxytales more selectively lhan any olher alkrnr. and ^

not be exaggerating ifw e said that this particular example is the most enant i - T v*' \
lion ever invented. It is also much less fussy about the alkenes it w ill o*idi/f »hjn 
epoxidation. Osmium letroxide ilself is a remarkable reagent, since it oxtdi/e* J l |)ydr«*J®4* 
of alkene. electron-rich or electron poor, and the same и irue ol ihe asymmcirK
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(oArn
^brevui,tfd to A D ) reagent. The following example illustrates both this and a synthetic use for

product.

OaO«. K jFefC N )*. K jCO |,

DHtJO-cortertng Mgand

Jio l is produced from a double bond that is more electron-poor than most, and can be con- 
to the antibiotic chloramphenicol in a few more steps.

vtf-yy d  mo<• » W  МОЛИ

L c ’.r-.oY”
R«d— Is ttiv ity  la thi» synthesis

HU H  I  • - i — J  -*------- ------- ~ f  ‘ ~ ' *|0’  l '0'
WPe*w»oonwidieection3#theepo*deneedcon«mertingontoo The tosyUUon ■« f  f

■ H i  •aeatisa It*  h)*ko*i< (roup near (ha eieetrorvwithdrawmc H tir  M more ackikc 
» » Е м » н опе Ыф Ш *я н * у Ь 9 * Ь с п к тbecauaetosyabonoftheother

toad to tho other enantionw of feeepodde The г**.омИвпм1у or 
«Пасма! anle on Vw apo^de muM b* b«c«uM of ttw dpctrarvwtlhdrMw^ долга
PHP-oodK i*c «  ere our apes the reacbon to proceed th-outfi an Ssl-l*e (or Ю ои 
W  i fcna*** M e . «Khcabontc character on the reaction centre. Substitution neit to 
•* '«• • frw w re d . and the l.W o l I» formed «elect***

W ee n  sum up the usual selectivity of the AD reaction in another diagram, shown below. W ith 
<hettb*ratc arranged as shown, with the largest (R|.) and next largest groups (R M) bottom left and 
*4* П|Ы. fOpectively. DHQD-based ligands w ill direct 0 s0 4 to dihydroxyfote from the top face of 
«e  double bond and D l IQ-based ligands w ill direct it to dihydroxylate the bottom

pfffbantioselectivlty In the Sharpless asymmetric dlhydroxytation
InantiosetoctMty m the Sharpest asymnetnc dihydroiyUtion

PHQD
hindrance С----ТЭТ 0s04

Щ ш Щ  *Лг»г1 .лл we a*

for th^  m u must, of course, lie in the way in which the substrate interacts with the osmi-
cvcn “  wc wntc ,h li book, the detailed meihanum ol the asymmet| 

b  *M  under djscussion. W hat is known и  that the ligand forms some sort of
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‘chiral pocket’, like an enzyme active site, w ith the osmium silting at the bot 
only approach the osmium if they are correctly aligned in the chiral pocket ’*■ ̂ k e w l 
forces the alignment shown in the scheme above. The analogy with an en*v ***** ч,Стк

_____ :___________________i . _______ _____________. . .  ,cn ^ym« 4further, since it appears thal part of the pocket is 'attractive' to•• • ■ w o m iiii or t>iti)nfiwt
groups. Thu  part appears to accommodate K,.. part o l the rcaion why ,hc v |. » Г  
ylalion o l frun»-itilbme is so high

This chapter, more than most, deals with topics under active investigation Nrw 
methods art appearing all the time and к  u  quite certain that the decade I* * * .fol methods are appearing all the 

important advances in asymmetric synthesis.

•  Summary of methods for asymmetric synthesis

Method Advantage*
resolution both enantiomers available

chiral pool 1001

chiral auxiliary often excellent ees; can 
recrystaittM to purify to

chiral reagent often excellent ees; can 
recrystaih re to purtfy to

Maadvantaga»
mawnum 504 )4e*d
often only 1 «nantlomer 
avaflahie

extr a step* to introduce

* r’T4 v » 0# ig |^ |

chiral catalyst economcal: only smaM only a few reactons arc 
amounts of recyclable really successful.

d recrystaltzation can improve
only already highers dihy^r

Problems ________
1. Explain how thu asymmetric synthesis of am ino acids, starting 2. This is a synthesis o l the racemic druji tj/.idnieocH the сам* 
w ith natural prolme. works. Explain Ih» stereoselectivity of each lio n n  u lthe drag arc lo  he evaluated for Ь кД ф Ы  acm *T.*r»

must be separated. A t which stage would you ad' 
the enantiomers, and kuw would you do «?

these compounds (either enantiome' i



selective. Offer some rationalization for thc creation of new 
stereogenic centres in thc first and second reactions.

NO,C

X ’

it  happening in ctcreochemical terms in thus sequence of 
** ■ it the other product from thr «.nrstalhration from

Е ^ ^ Б т Ь е  product is one enantiomer of a phosphine oxide If  
k0 ^ 0 rted A c other enantiomer. what would you do?

¥ HOjC

7. This reaction sequence can be used to make enantiomerically 
enriched am ino acids. W hich compound is the origin of the 
chirality and how is it made? Suggest why this particular 
enantiomer o f thc amino acid might he made. Suggest reagents for 
thc last stages of the process. W ould the enantiomerically enriched 
starting material be recovered?

Revision. This phosphine oxide u used in the synthcsu of 
DIPAMP, the chiral ligand for asymmetric catalytic hydro 
fcnati<Mii mentioned in the chapter. W hat are the various reagents 
doing in the conversion into D IPA M P?

У  RCHO

f  у  ---- _ f*

8. Submitting this racemic ester to hydrolysis by an enzyme 
found in pig pancreas leaves enantiomerically enriched ester with 
the absolute stereochemistry shown. W hat are the advantages and 
disadvantages of this method? W hy is the ее not 1004?

s  r V,
Я р  m m c n w  l o i i m i t M f

DIPAMP How could the same enantiomerically enriched compoi

All Acrnative to the Evans chiral auxiliary described in thc 
this oxaulidm onr. made from natural (S)-(-) 

*̂l4t kl,J,cl!V 14 U4rd ,,,r ,h|4 ' v,,lhfkU jnd v>,u J , f  
И И * * 11 ®nd mechanism of the reactions important?

lv«r, » c ^ ,( * ,ulljr> bon ,

't

Э00 g racemic ester 107 g 97% ее •

How could the same enantiomerically enriched compound be 
formed by chemical means? W hat are the advantages and dis
advantages o f this method?

9. The BINAP-catalysed hydrogenations described in the chapter 
can also be applied to the reduction of ketones— the same ketones 
indeed as can be reduced by baker's yeast. Compare these results 
and comment on the differences between them.

f г

• ■ и * . 
^ ....[ UL— t  r«»ction sequence, the chirality of mandelic 

to a new hydroxy-acid by a sequence of 
. ly controlled reactions. G ive mechanisms for the 

•fcte whether each is stereospecific or stereo-

У  baker's yeast J* 4
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4 Mm H , J ”

ffe iN W K jC I,
п - т м

с о д '  « « т д м о с Г ,

13. Thc unsaturated amine A, a useful

C O ,E t

s y n th ts il  o f  t h t  anmryiliAutM  (d a ffo d il)  a lk a l"  | i , -
fro m  t h t  t h r t t  lU r t i n *  m a l t r u U  sh o w n  b tlo w
. h t m iu r y  u  r rq u i r td  in  n i l  iast>  W h k h  u  ' * » 4  l i a j j

e y m m r t r K » y n t h t f » M ) U| l , „ t v . . u . l l , „ v  , " 4 « *  Z

1 0 . Describe the stereochemical happenings in these processes. 
You should use terms like diastercosdectivc and diastereotopic 
where needed. If  you wanted to make single cnantiomers of thc 
products by these routes, at what stage would you introduce the 
asymmetry? (You are not expected to say how you would induce 
asymmetry!)

11. Both o f these b icydic compounds readily undergo hydro
genation o f the alkene to give the syn product. Explain why 
asymmetric hydrogenation o f only one of the compounds would 
be of much ralue in synthesis.

IS .  Suggest a synthesis o f any stereoisomer (for < xample, R.Z) d
12. Explain the stereochemistry and mechanism in thc synthesis this compound, 
of the chiral auxiliary 8-phenylmenthol from (+ ) -pulegonc. After 
the reduction w ith Na in  i-РЮ Н . what is thc m inor (134 ) 
component o f thc m ixture?

IS .  Revision. G ive mechanisms for the steps in thc $yn*he*^| 
tazadolene in Problem 2.



Organo-main-group chemistry 1:

sulfur

Looking forward to:
• Main group chemistry II: B, S I, and Sn

cM 7
• Orgenometalllc chemistry ch48
• Biological chemistry ch49-chSl
• Polymerization ch 52

Sulfur: an element of contradictions
The first organosulfur compounds in thu book were the 
dnadful unci) of the skunk and the wonderful smell ol 
tbe truffle, which pig» can detect through a metre of soil 
and which u to  delightful that truffles cost more than 
their weight in gold.

More useful sulfur compounds have included the lep 
пир drug dapsone (Chapter 6 ), the arthritis drug Feldene 
<Cbip<ct 21). glutathione (Chapter 23). a scavenger ol 
«M inng agents that protects most living things against 
•dicysteine (Chapter 49), and. of course, the famous ant

<*e «туЩ эI  the H w «

oxidation and contains the natural amino 
lbtottd, the penicillins, mentioned in icv-

*  you look m the Oxford Cretan 
dictionary you «#1 «ее sulphur. 
Thiats a peculiarly Bntish 
spelling—neither the French nor 
the Americans for example have 
the ph . It has recently been 
decided that chemists the world 
over should use a uniform

Connections 

Bu ild in g  on:
:'t  .dd ltton c h lO *  ch23

MuHeophlllc substitution at saturated
• e .rb o n c h lT
I  con tro lling  stereochemistry c h l6 . 

® fh 3 3 .4 ch 3 4  
Ф  Oxidation ch24 
Ф Aldol reactions ch27 
Ф C ontrolling double bond geometry 

CH31
Ф  Rearrangem ent* ch36-ch37
•  Radicals and carbenes ch39-ch40

Arriving at:
• Sulfur compounds have many 

oxidation states
• SulTur Is nucleophilic and electrophilic
• Sulfur stabilizes anions and catlona
• Sulfur can bo removed by reduction or 

oxidation
• Sulfoxides can be chiral
о Thloacetals provide d1  reagents
• Allylic sulfides ere useful In synthesis
о Epoxides can be made from suNonhim

JfUdS
о Sulfur compounds are good at cationic 

and (2.3 J-sigmatropic rearrangements
• Selenium compounds resemble sulfur
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Im portant reactions have included sulfur as nucleophile and leaving group in the Sv? 
(illustrated here; see also Chapter 17), sulfonation of aromatic nngs (Chapter 22), foriI , , ,,С,Ц  
reduction o f thioacetals (Chapter 24), La wesson’s reagent for converting carbonyl gr«, ' ‘ 
bonyl group* (Chapter 44).

-fo
toluene tutfonale) e i*on*e uM M*

This chapter gathers together the principles behind these examples together with л J ,Hu,
what makes organ osulfur chemistry special and also introduces new reactions W e havc 7 |^ _  
explain! In  Chapter 31 we introduced you to thc Ju lia olefination, a reaction whose first я сг - 
deprotonalion of a sulfone. f

OT^OT^cJ^CT'
W hy is this proton easy to remove? This ability to stabilize an adjacent anion is a property th«t4 

by all o f thc most important sulfur-based functional groups. Thc anions (or better, luhit n J cnvj. 
lives) w ill react w ith a variety of declrophilcs and here is a selection: a sulfone reacting with 
a sulfoxide with a ketone, and a sulfide with a silyl chloride.

•uVones

V

н B u U

■

suMdes

^ 4 .  — -

“>cru
'  *  « М

v b l
You notice immediately the three main oxidation states o f su lfu r S(VT), S (IV ). anJ 

might have expected the S (V I) sulfone and perhaps the S (IV ) sulfoxide to stabilise an лЛ\л>.егвШ^к 
but the S<II) sulfide? W c w ill discuss this along with many other unusual features of sulli r 
Thc interesting aspects are what make sulfur different.

T h e b a sk  f i d s  about sulfur
Sulfur In the periodic table Sulfur is a p-bloc к dement in group V I (o r 16 if  you prefer) imm ediately below oxygen and
(electronegativity) phosphorus and chlorine. It is natural for us to compare sulfur w ith oxygen but we wffl* *®

compare it w ith carbon as w dl. -------------------"Л  ‘
Sulfur is much less electronegative than oxygen; in  bet. it ВопЛ **■ "**•• u  m°

(2.51 (3.0) (3.5) (4.01 has the same electronegativity as carbon, so it is no good try- Ж тС
Si P S  Q ing to use the polarization of the C-S bond to explain any- c-x 376 
( I 8) (2.1 ) (2 5) (3 01 thing! It forms reasonably strong bonds to carbon— strong 
  enough for thc compounds to be stable but weak enough for



Sulfur an element of contradictions

ve deavage 'n presence of the much stronger C-O bonds. It also forms strong bonds to /*^-s__
I  Elemental crystalline yellow sulfur consists of S* molecules eight-membered rings of sulfur

sulfur is in the second row of the periodic table it forms many type» of compounds not 
ЛдЫс to oxygen. Compounds with S-S and S-halogen bonds are quite stable and can be isolated.

\ lik e  the unstable and often explosive O-halogen and 0 - 0  compounds. Sulfur has d orbitals so it 
* l L v e  oxidation state» of 2, 4. tw 6 and coordination numbers from 0 to 7. Mere is a selection of 
<*" .
■ и

t d liW  •***• иш) KIV) »4VI|

miHMt о 1 2 3 4 4 • 7
RS* R ,S « 7S -0  S f4 Rj SO j ST. SFr

Sulfu г is a very versat ile element
As well as this variety of oxidation states, sulfur shows a sometimes surprising versatility in function 
Simple S ftI) compounds are good nucleophiles as you would expect from the high energy nonbond 
iig  lone pairs (3sp5 rather than the 2sp’ of oxygen). A mixture of a thiol (RSH , the sulfur equivalent 
of ait alcohol) and NaOH reacts with an alkyl halide to give the sulfide alone by nudcophilic attack of

Thiols (R SH ) are more acidic than alcohols so the first step is a rapid proton exchange between 
the thiol and hydroxide ion. The thiolate anion then carries out a very efficient S *2 displacement on 
the alkyl bromide to give the sulfide.

cr— — (X ^
Notice that the thiolate anion does not attack the carbonyl group. Small basic oxyanions have 

high charge density and low-energy filled orbitab— they are hard nudeophiles that prefer to attack 
РЮ опч and cafbonyt groups Urge, less basic thiolate anions have high energy filled orbitals and are 

H P  nudeophiles. They prefer to attack saturated carbon atoms. Thiols and thiolates are good soft 
•■deophiles.

•  Th io ls (R S H ) are more acidic than alcohols (R O H ) but sulfur compounds are
I nucleophiles than oxygen compounds towards saturated carbon atoms
I  <*n2 ).

^ ^ Р * У  are also good soft dcctrophilcs. Sulfenyl chlorides (R S d ) are easily made from 
(RS-SR ) and sulfuryl chlonde (SO j Q 2). Thu S (V I) chloride has electrophilic chlorine 

« ■ “ and is attacked by the nudeophilic disulfide to give two molecules oT RSQ  and gaseous S0 2.

C * .  «—  W t * *  * п« ак *«“ k *  “  — * * *

1251
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r  .v> *JL so, ,  cP

The intermediate contains a incoordinate sulfur cation or sulfonium wilt. The thl«, • 
attacks the other sulfur atom of this intermedi- l0*  1
■ la  <aul И мя —i i,l« in ,la«  л/  О С П  « м > Ь  G ^ |

- p r ' —

ate and two molecules of R5Q  result Each 
atom o f the original disulfide has formed 
S-O  bond. One sulfur atom was a nucleophile 
towards chlorine and the other an dectrophfle.

The product of this reaction, the sulfenyl chloride, is also a good soft electrophilr toward* 
atoms, particularly toward* alkenes. The reaction is very like brom ination with a three m 
cyclic sulfonium ion intermediate replacing the bromonium ion o f Chapter 20. The reaction 
specific and an ti

см*-Зя--оС
Sulfur at the S (II) oxidation state is both a good nucleophile and a good electrophilr Th»eaks 

true at higher oxidation states though the compounds become harder electrophilrs ал th рано* I  
charge on sulfur increases. W e have already mentioned tosyi (toluene-peru-sultoinl Jil..n 4 e e  
elect rophile for alkoxide ions in this chapter and in earlier chapters.

At this higher oxidation state it might seem unlikely that sulfur could also be a good n i, I
but consider the result of reacting TsO  with rinc metal. Zinc provides two electron* and turm tW 
compound into an anion. This anion can also be drawn in  two ways.

'=yx
Surprisingly, this anion is also a good soft nudeophile and attack.* saturated carlrtfl ч а т  

through the sulfur atom. In  this case attack occurs at the less substituted end of an allyl' ^omide »  
give an allylic sulfone, which we w ill use later on.

jy ^ g r . jQT4' I
#  Su lfu r com pounds are good nucleophiles and good d ectro p h ilev

n ic ck ** iAs this chapter develops you w ill see other examples o f the versatility of sulfur. You * 1 ^  ft 
takes part readily in rearrangements from the simple cationic to the sigmatiopu Vou * *  ^  >c* 
can be removed from organic compounds in either an oxidative or a reductive fa»hu»n 
that it can stabilise anions or cations on adjacent carbon atoms, and the stab iliza tion  «>• ■*nlT |  

first main section of the chapter.



Sulfur stabilized anions 1-253

hJ-r gkesdynw* a number of KlUr-contgnlHglUnctwnd group» and bo y a M  to H ltheni tor reference

functional (roups

J  I  MMflandteatear

MR *|J*  *wpo»t*«»wiB*tt

X

•л6'
RSOJOH

« 0,0

t -stabilized anions
h  th» chapter wc shall discus* some o f the rich and varied chemistry o f these, and other, organosul- 
far compounds The stabiliration o f anions by sulfur is where we begin, and this theme runs nght 
i*ough the chapter. W e w ill start with sulfides, sulfoxides, and sulfones. Sulfur has six electrons in 
it! outer shell. As a sulfide, therefore, the sulfur atom carries two lone pairs. In a sulfoxide, one of 
■hoc lone pairs is used in a bond to an oxygen atom— sulfoxides can be represented by at least two 
*knce bond structures. The sulfur atom in a sulfone uses both of its lone pairs in bonding to oxy- 
ftn. and u usually represented with two S=Q double bonds.

IX X-X X
* * * * * *  auMds m e t* phan* autfoaoe methyl ph<

Treatment of any of these compounds with strong base produces an anion lor a lithium  derivative 
is used) on what was the methyl group How does the sulfur stabilize the anion» This question 

?*^een »be subject of many debates and we have not got space to go into the details of all of them 
9 * 1  «re at least two factors involved, and the first is evident from this chart of pКл values for pio 

*o sulfone. sulfoxide and sulfide functional groups

►
Sulfoxides h ** the potential lor 
chkohty—the letrehedral suWur 
atom is surrounded by four 
different groups (here Ph. Me, 0. 
and the lone pair) and tuntfce. 
say. the tetrahedral retroean 
atom of an amide) haa a stable 
tetrahedral conifjraOon. We «М 
revisit cheaPty n sutfosdes later 
m the chapter
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uaad lo proto Vw structure Ы  surf anyl 
n« м « Г  Воск. The organic

If). ~  [f. . If].
n / N » ,  «П-0. 1.2) VX I?

CM«
le s i. . .

a PhS (roup addttes adjacent 
protons by CJL 17 p l^  units

If fr> n *  «nm  \ * o + *  to  а  О о  о
I  |  «<l»em п < л н и th e ас«И> ^

W r ^ C H ,  * 4  1 * . ^  »«| r ^ C H J p* - s гм
• ■ ^ 4e*................... " *  ,

у b y e *  19 pK. unit.

Clearly, thc oxygen atoms arc important— thc best anion-stabilucr u  thc sulfonc. f o l k ^ L  
sulfoxide and then the sulfide. You could compare deproton.ition of a sulfonc with dc; ***
a ketone to give an enolate (Chapter 21). Enolates have a planar carbon atom and thc
ly on the oxygen atom. Sulfone-ftahilized carhanions have two oxygen atoms and t h e .........-

is probably planar, with the negative charge in a p orbital midway between them Carhamor M* 1*  
sulfones are planar, while anions next to sulfoxides and sulfides are be lieved to  be г

1У■■■■'■ -_C
plans» enolate suHonestab«</e<] an*jr

Yet thc attached oxygen atoms cannot be the sole reason for the stability o f an io n * next to su lfa  
because the sulfide functional group also acidifies an adjacent proton quite signifk jn t ly . I V t  щ 
some controversy over exactly why this should be. but thc usual explanation is that у ч ш й т Ы  
the sulfur's 3s and 3p electrons (which are more diffuse, and therefore more p o la r iz jb k  thaa the 2s 
and 2p electrons o f oxygen) contributes to the stabilization.

theoretical «ofk to too iM t 20 years or so u q m U  this

It that tho C-S bond m - c h , sh «  kj 
CHjSH. The converse would bo true if data 
the sutoir's dorMalswere important Odt

would shorten tho bond Ьесаияе it would h e ru r t id  
double bond character More M»etv as ao *Jdit>« 
|«<МосаМ*аЬоп totothee* orfcrtal оМ»* С-St* 
other aid* of tho « u*n  alom -Ote oqujton* P« 
drtNanc («00 p. ООО for mocc on dithiane im o rta d c

ri«M . «М tha oquar oral «то п к и
etlsd rtoce fcm l into the OSNmd •»

■ afKW

Г  
t « d i  |

M e
,  m  ^

HS— cW? -- -----* •  G H *— CH, М м  И Hhs— o f?  *

Sulfone-stabilized anions in synthesisM iiio n c s ia o ii i/c G  a n io n s  in  syntnesis

The terpene sesquifenchene is a constituent o f Indian valerian root oil. When it w i ' fir*1 
in 1963, it  was assumed to have structure A. related to bergamotene. a constituent of oil
(thc fragrance o f Earl Grey tea).

S structures of the natural product seequHenctone



Suiturstabilized anions

Г^Св*»Роип<| A vniS *yn*hes»zed in 1969, but was found not to be identical with sesquifenchene. A 
ftrweture was proposed, B. which was synthesized in 1971 but this compound too had differ 

properties from those of natural sesquifenchene! A third structure was proposed. С  and it was 
^ ( r o m . b ic y d w  wlfonc.

R r ~ ^ r
ТЬкЬйусЬс part o f thc structure was available in a few steps from norbornadiene DepTOtonatior 
the sulfone made a nucleophile that could be alkylated with prenyl bromide— a convenient way of 

jgwing o* the extra five carbon atoms needed in the target structure. Next, the sulfone group had to 
fce got rid d —there are a number o f ways of doing thu, and these chemists chose a Birch reduction 
with E lN llj instead o f liquid ammonia. They might equally have tried hydrogenation with Raney 

(see p. 000) or a sodium-amalgam-type reduction as is used in the lu lu  ole ft nation (p. 000; 
you will see aluminium amalgam used in this way oo p. 000).

II. I

The cxocydic double bond was made by W ittig reaction on the deprntectcd ketone (aqueous 
acetic acid removed the dioxolane protecting group). Thu product had all the characteristics of nat 
aolaaquifenc henp. confirming its true structure.

ilizrd anion in a synthesis
AtolfoKide Ayriation formed the key step of a synthesis of the important vitamin biotin. Biotin con 
Jin» a ive-membered heterocyclic sulfide fused to a second five-membered nng. and the bicydic 
■detor. was easy to make from a simple symmetrical ester. The vital step is a double 4 ’2 reaction on
Primary carbon

K:
C 0,*e  MtO---- '

.Л * *  nnrt McT **s  to introduce the alkyl chain— this was best done by first oxidizing the sulfide to
■ niJfoxide —1------ ** . . . .  - .........................fusing sodium periodate. The sulfoxide was then deprotonated with rr-BuLi and alkylated 
faewU1 containing a carboxylic acid protected as its r-butyl ester Reduction of the sul

hydrolysis back to thc free acid gave Notin.

I 1

1 2 5 5

■— ш—штшшвшяшятшшшшт

►
О» course. «4th today's 
spectroscopic techniques it rs 
rarely necessary to synthesis a 
compound to confcra Its 
structure, but misinterpretation 
still takes place and It la only 
«then the compound is 
synthesuad that th* error comas 
toltftt.
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Thu synthesis involves u n i t  stereochemistry. llio lin  cam e  the alkyl chain next to suli _J 
more hindered endo face o f Ihe molecule, and any successful synthesis has to address thi ^  
problem. Here, the chemists decided to use the bet that alkybtiont o f cyclic sulfoxides r ea 'i ■ 
stereochemistry between the new alkyl group and the sulfoxide oxygen atom. As expected" * *  
o f the sulfide proceeded (aster from the exp fece, giving an 8:1 ratio o f eXKrndo sulfoxides ДП 
M m  to the txo oxygen gave the desired (erufo) product.

In О к л ы  33 we асххЛ tbe »щ%
The synthesis is diastereoselective—but not enantioeelective since there is no way of distl 

ing the left and nght sides o f the symmetrical sulfoxide.

T h i o a c e t a l s

Although sulfide deprotonations are possible, the protons adjacent to two sulfide sulfur лолн arc 
rather more acidic and alkylation of thioacetals is straightforward.

In  general thioacetals can be made in a similar way to ‘normal* (oxygen-based) a 
ment o f an aldehyde or a ketone with a thiol and an acid catalyst—though a Lewis acid sucheBF, a 
usually needed rather than a protic acid. The most easily made, most stable toward h v d r r ^ lH ^  
most reactive towards alkylation are cyclic thioacetals derived from 1 J-propancdithn l, Laowa *

84% m

Dithianes are extremely important compounds in organic synthesis because gwig 
thuHuetaJ inverts the polanty at the fumttonaltzeJ tarbon atom. Aldehydes, as you are wc 11 a **» *  ^  

dectrophiles at the C^O  carbon atom, but dithioacetals, through deprotonation to *n 
nucleophilic at this same atom.

X Qu
This is a case o f umpolung, the concept you met in Chapter 30, and dithianes are among 

important o f the umpolung reagents. An example: chemists wanted to make t l '1» t0 ‘

rttiophane ) because they wanted to study the independent rotation of the two benzene rings. 
P J v J j ̂  hindered in such a small nng An ideal way would he to кнп electrophilic benzytk bromides 

carbonyl groups, i f  that were possible.

Sulfur stabilized anions 1 2 5 7

”' T T ' =*  ^ c r *
The dibromidc and dialdehyde were both available—what they really wanted was a nudcophilic 

equivalent of the dialdehyde to react with the dibromide. So they made the dithioacetal

dxrb—
After the dithianes have been alkylated, they can be hydrolysed to give back the carbonyl groups, 

r, hydrogenation using Raney nickd replaces the thioacctal with a CH2 group and gives 
Ited cyclop hane

НвСЦ. HjSOa

H,o

Both o f these transformations deserve comment. Dithianes arc rather more stable than acetals, ■ 
and a mercury reagent has to be used to assist their hydrolysis. Mercury(I!) and sulfides form strong TNote«too Nnc 
•ordination complexes, and the mercury catalyses the reaction by actuig as a sulfur selective Lewis 5 5 5 2 2 2 ?

arc two reasons why the normal acid catalysed hydrolysis of acetab usually fails with 
H P M d k  Sulfur it  less basic than oxygen, so the protonated species u lower in concentration at а 

and th , sulfur jp  |on< лте |№  aj,le to form a «table я bond to carbon than are the 
2p lone pairs.

^e lfu r compounds are less basic than oxygen compounds and C=S compounds 
b *  stable than C = 0  compounds.
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The most obvious solution to this problem is to provide a better elcctrophile than h
sulfur. Mercury. 1 Ig (II). is one solution. Another is oxidation o f qpe sulfur to the sulf л P,ot0n Ц  I 
that would be impossible with the oxygen atoms of an ordinary V e t jI  Protonation ^  * pr°t^  
on the more basic oxygen atom of thc sulfoxide and th* concentration o f the viu) ,n ^  
increased.

*M>

A third solution is methylation since sulfur is a better nudeophile for saturated , ^  M  
oxygen. The sulfomum salt can decompose in the same way lo  give the free aldehvdr 1Ъегс ш а Я ' 
more methods for hydrolysing dithioacetals and their multiplicity should make v,*j 
none is very good. The best is probably thc Hg(TI) method but not everyone likes to use 
ric toxic mercury!

Hydrogenation o f C-S bonds in  both sulfides and thioacetals is often achieved w ith  kaney mckcL 
This is a finely divided form o f nickel made by dissolving away the aluminium Iron-, a powdered 
nickel-aluminium alloy using alkali. It can be used either as a catalyst f o r  h y d r o g e n a t e  «йк 
gaseous hydrogen or as a reagent since it often contains sufficient adsorbed hydrogen i from tbr reac
tion of aluminium with alkali) to effect reductions alone. Thioacetalization fo llo w e d  by Kaney tucM 
reduction is a useful way o f replacing a O O  group with CH2.

•  Dithianes are d1 reagents (acyl anion equivalents)

A  sequence in  w h ich  a carbonyl group has been masked 
as a su lfu r derivative, alkylated w ith  an dectroph ile , and 
then revealed again is a nudeophilic acyUtion. These 
nudeoph ilic  equivalents o f carbonyl compounds are 
know n as acyl anion equivalents. In the retrosynthetic 
term s o f Chapter 30 they arc d 1 reagents corresponding 
to  the acyl anion synthon.

J.

Ally! sulfides
Apart from thioacetals, allyl sulfides are among the easiest sulfides to deprotonatc 
because o f the conjugating ability o f the ally! group. However, the very delocahration that 
anion formation means that the anions often react unregioselectivdy: lithiated phenvl *1 
for instance, reacts with hexyi iodide to give a 3:1 ratio o f regioisomers
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■  I j j J  a||y| sulfide, on the other hand, gives only one rrpoisomcT in its alkylation 
v T u  here to show the 'ally! anion’ as a compound with a G-Li bond

| «p|с same is true for a number of other allylic sulfur compounds in which the sulfur carries a lithi- 
OUntinr*;**tT heteroatom. Г-oordination encourages reaction next to sulfur (you might say it 
в the lith ium more at home there) and means that allyl sulfide alkylations can be made quite 

ptivc. The importance o f this is probably not evident to you. but on p. 000 you w ill meet a 
I o f the natural product nuciferal in which this principle is used—the key step w ill be the 

~0 ybtton o f this allylic sulfide to give an 86% yield o f the product with the alkyl group next to sulfur.

The sulfUr stabilized altyt anion* 
•n the previous reaction is 
probably a mixture of 
organolithium compounds m 
unknown proportions and t*e

| f f  the sulfur-based anion-stabilizing group is at a higher oxidation level, it is not usually necessary 
to provide chelating groups to ensure reaction next to sulfur. The allylic sulfone we made earlier in 
the chapter (p. 000) reacts in this way with an unsaturated ester to give a cyclopropane. Notice how 
nuch weaker a base (MeO‘ ) is needed here, as the anion (and it is an anion if  the countenon is Na* 
or К *) is stabilized by sulfone and alkene.

Tbe first step is conjugate addition of the highly stabilized anion. The intermediate enolate then ■ 
cWses the three-membered nng by favourable nudeophilic attack on the allylic carbon. The leaving me* 
*®up is the sulfinate anion and the stereochemistry comes from the most favourable arrangement in 
th* transition state for this ring closure. The product is the methyl ester of the important chrysan ikrtytof* 
Aemic acid found in the natural pyrethrum insect id  des.

I toluene par#
Г  | | stffmate

shall see more reactions o f this sort in which sulfur has a dual role as anion stabdmng and 
* * "n g  group in the next section.

Suif<

OiacHsrs 10 v t f2 3 e e e i

onium salts
are nudeophiles even when not deprotonated— the sulfur atom will attack alkyl halides to

salts. This may look strange in comparison with ethers, but it is, o f course, a familiar 
reactivity for amines, and you have seen phosphomum salts formed in a similar way 
H a n d 31).

■
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Thi* reaction is an equilibrium and it may be necessary in making sulfonium S j|t 
live sulfides (sterically hindered ones for example) to use more powerful a lkyL tir/ * 
nucleophilic CowHripM , ft>r example. Me3Q ‘ BF^, trimethyloxonium Я и о тч К ^ .^ Т х ^ ^
Meerweins salt). The sulfur atom captures a methyl group Ггощр*. but the rcv f r s , . *
and the BFj anion is not a nucleophile.

A ** ~* Л 1 *'• • t-
Not only is dimethyl ether a poor nucleophile, it i t  also a gas and is lost from the read 

The same principle is used to make sulfides from other
sulfides. W ith that due, and the position o f this reac- M*,s
tion in the sulfonium salt' section, you should be able 
to work out the mechanism and say why the reaction

s aiso a gas and is

: * v t  :  u>

»

1п* " п

The most important chemistry o f sulfonium salts is based on one or both o f two attrib j

1. Sulfonium salts are dectrophilcs: nudcophilic substitution displaces a neutral sulfide lu .— 
group

2. Sulfonium salts can be deprotonated to give sulfonium ylids 

Sulfonium salts as dectrophilcs
During the First World War. mustard gas was developed as a chemical weapon—it v auses the skm u  
blister and is an intense irritant o f the respiratory tract. Its reactivity towards hum an  tissut is related 

to the following observation and is gruesome testimony to the powerful dectrophilic properties of 
sulfonium ions.

4  »M> ^  / v j

. . th i* ump(« Sh2 reaction

In both cases, intramolecular displacement o f the chloride leaving group by the su lfu r лот—or, 
as we should call it. participation by sulfur (see Chapter 37)— gives a three-mem bered .vdkwlfo*»' 
um ion intermediate (an episulfonium or thiiranium ion). Nucleophilic attack on this elcctroph* 
sulfonium ion, either by water or by the structural proteins o f the skin, is very fast. С >f 
tard gas can react twice in this way. You w ill see several more examples o f reactions in  which* 
mum ion intermediate acts as an dectrophile in the next section.

A rrryJntk* Vi y«a a ipe tie i •
Sulfon ium  ylids
The positive charge carried by the sulfur atom means that the protons next to the su ^ ̂  j*pro- 
sulfonium salt are significantly more acidic than those in a sulfide, and s u l f o n iu m  w i t * сДП J"9 ш 
tonated to give sulfonium ylids.
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JL'
Ch*pt« >1 wc (UscttMcd thc W ittig reaction of phosphonium yiid* with carbonyl compounds. 

'  ylids react with carbonyl compounds too, but in quite a different way—compare these

И » . " 111” '

H I  w *m m  ft* *о

- щ р »  * * * * *
p h o sphon ium  y lid s  give alkenes while sulfomum ylids give epoxides Why should this be thc case? 

T V  driving force in the W ittig reaction is formation o f the strong P~0 bond— that force is much 
lo t in the sulfur analogues (the P О bond energy in PhjPO is 529 И  moT1; in PhjSO the S-O bond 
cnergv i* 367 kl m oT1). The first step is the same in both reactions: thc carhanion of thc yiid attacks 
Д е  ca rbonyl group in a nudeophilic addition reaction. The intermediate in Ihe W ittig reaction 
CfdiKS to give a four-membercd ring but this does not happen with thc sulfur ylids. Instead, the 
toKrmcdule decomposes by intramolecular nudeophilic substitution of Me2S by thc oxyanion.

p could compare sulfonium ylids with the carbenoids we discussed in Chapter 40— both are 
___ i l k  carbon atoms carrying a leaving group, and both form three-membered rings by inser

tion into к bonds. Sulfonium ylids are therefore useful for making epoxides from aldehydes or 
ketones; other ways you have met of making epoxides (Chapters 20 and 45) started with alkenes that 
might be nude with phocphorus ylids.

The simplest route to certain potential (t-blocker drugs is from an epoxide, and thc chemists 
**k *n g  on their synthesis decided that, since 4-cydopropyiben/aldehydc w*s more readily available 

И *  4-cydopropyl styrene, they would use the aldehyde as the starting material and make the cpox 
one step using •  sulfonium yiid.
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You w ill recall from Chapter 31 that we divided phosphorus ylids into two cateito 
«about Sykdt о»p  and ’unstabilized’, in order to explain the stereochemistry o f their alkene-forminp rr ' T

there is a similarity with sulfonium ylids; the same sort o f division is needed—this time t V ^ * 4 . 
different regioselectivities displayed by different sulfonium ylids. Firstly, an example

Daraana reaction you me» an p. 000.

? >

-3SS1
91% (MM. 
Ы <fta*tere< V 7**  yMd

‘Stabilized* sulfonium ylids
Changing from the simple sulfonium ylid to one bearing an anion-s ta b iliz in g  substituent 
the regi«selectivity o f the reaction. ’Unstabilized’ sulfonium ylids give epoxide<> fro m  u  u ^ 4П®11 
ed carbonyl compounds while ‘stabilized’ ylids give cyclopropane*. In  the absence of 

bond, both types o f ylid give epoxides— the ester-stabilized ylid. for exam ple, rea,Js w ith  Ь»в1 
give an epoxide but with methyl vinyl ketone (but-3-en-2-one) to give a cyclopropane

•7%y*eW
С0Д»

Why does the stabilized ylid prefer to react with the double bond' In  o rd e r to  mdrrstaad tka, 
let’s consider first the reaction o f a simple, unstabilized ylid with an u n s a tu r jtc d  ketone The enoae 
has two electrophilic sites, but from Chapters 10 and 23, in which we discussed th r  "  ь > ><-lectMtydl 
attack o f nucleophiles on Michael acceptors like this, you would expect tha t d irec t I .иtack or the 
ketone is the faster reaction. This step is irreversible, and subsequent disp lacem ent ot the sulfidt 
tearing group by the alkoxide produces an epoxide. It's unimportant w he the r a c v joprope tp rod* 
uct would have been more stable: the epoxide forms faster and is therefore the  k in c tu  p ro d u c t I

%>A-
W ith a stabilized ylid, direct addition to the carbonyl group is, in fact, prohablv stJ 

reaction. But, in this case, the starting materials are sufficiently stable that the reg io n  i s f P ^ ^ H  
and the sulfonium ylid is re-expelled before the epoxide has a chance to form M e a n " h i le , * * ^ ^ B  
adds to the ketone in a 1,4 (Michael or conjugate) fashion. 1,4-Addition, although dower.*** 
it  ally more favourable because the new C-C  bond is gained at the expense o f a (reU ■'11 ^  ̂
*  bond rather than a (relatively) strong O O  Я bond, and is therefore i r re v e rs ib le .  Eventually. ^  
ylid ends up adding in a 1,4-fashion, generating an enolate as it does so, which i.yi.lizes ^ 
cyclopropane, which is the thermodynamic product. This is another classic exam ple <>r ^ n f ^  д о  
thermodynamic control, and you can add it to the mental list o f examples you started Ш  
read Chapter 13.

C A T . (WCt «МИк-п
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'■onj'if** *И*к*г

-Д .. — - -

S u l f o x o n n m .  ylids
^ E j ^ U a n o l h c r .  very  im p o r ta n t class o f  s tab ilized  s u lfu r  y lid s  th a t ow e th e ir s ta b ility  n o t to  an add i- 

a Bon-stabilmng su bs tituen t b u t to  a m ore  a n io n -s la b i) i7 m ^  s u lfu r g ro u p  I h r v  a rc the 

j b . . . » »  yiid*. made fro m  d im e th y ls u lfo s id e  by  SN J s u b s titu tio n  w ith  an a lky l ha lide  N o te  tbat 

,bt ju lfur atom IS th t n u c le o p h ile  ta th e r than  the oxygen a tom  in  sp ite  o f  the  charge d is tr ib u t io n  
П и  In fH -c n trg Y  sulfur lo n t  p a ir  is b t t t t r  at Sn 2 s u b s titu t io n  at saturated ca rbon— a r ta c t io n  tha t 
jc p e n d ' rrry  litt lr  on charge a ttra c tio n  (C h a p te r 17).

X
' (OMSO) au*o»or-um * »

SuW oxonium ylids react w ith  unsa tu ra ted  ca rbony l co m pounds  in  the same way as thc s tab ilized 
ylids that you have m et a lready d o — they  fo rm  cyc lopropane* ra ther than  epoxides. T he  exam ple 
bdow shows one c o n s e q u e n t o f  th is  re a c tiv ity  p a tte rn — by chang ing  fro m  a s u lfo n iu m  to  a su lfox 

вш ит yiid, high y ie lds o f  c ith e r epox ide  o r  cyc lop ropane  can be fo rm e d  fro m  an unsa tura ted  car
bonyl compound ( th is  on e  is  the  te rpene  carvonc).

I  J  « М о ти ту М  T

89% yiekJ

т / Г и .  — *
Me

SuHoionium юл sulfbr-stiM irtd
” ~ а ч  —  •*<]

•  table onp 000irtroduccd the idea 
tftoVw 

a earned b y te

-stabilized cations
JWe have mentioned ca tio n s  in  th is  chap te r several tim es  and no w  we w il l  gather the va rious  ideas 
~ together. Cations are stab le o n  the  s u lfu r  a to m  itse lf, as yo u  have jus t seen in  s u lfo n iu m  and su lfo xo  

**um salts. They are stable o n  ad jacent ca rbon  atom s since the su lfu r a tom  co n tr ib u te s  a lone  pa ir to  

x b o n d , and th r y  are stable on  th c  next ca rb o n  a to m  a long  th c  cha in  since s u lfu r  con 
^■Wes a lone pair to  fo rm  a G -S *  0  b o n d  in  a th re e -m em bered  ring .

jg ^  ° *  may pro test th a t these last tw o  species are n o t с«irbo-cations at a ll b u t ra the r s u lfo n iu m  ions, 

- h l I k lL w o u ld  ы  r ig h t l , o w o c ' ihc> can be used in  place o f  ca rboca tions as they  are e le c tro p h ilic  
* °  *! “  U4ch il  to  th in k  o f them  as m o d ifie d  ca irboca tiom  as w e ll as s u lfo n iu m  io iu  S u lfu r 

« Ь е гГ *^  e "C ,, ' ° nS * ГС Cd4'* y m j ^ c r̂o m  n  ^h lo ro su lfid cs  and arc usefu l in  a lk y ia tio n  o f  s ily l enol

Л  ' . X  J X
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- I

What is the point o f thi*? Silyl enol e thm  can be alkylated only by compounds that 
tions in the presence o f Lewi» acid*. The mechanism for the alkylation therefore invoK^ '  ̂ . 1  
tion o f a *ulfur-*tabilized cation. Ke*0r,«»a.

о» ^  ZnClj

l j r ~  _________________

The sulfide (SR) can be removed from the product with Rapey nickel to give a simp|c 
ketone ha* apparently been made by the alkylation of a silyl *noJ ether with a prim., : *?' ^  
(КЧ Э Д ). This would be impossible without stabilization of the cation by the su lfu r  atom *ro,‘*

- X  - J U .
The Pummerer rearrangement
Though the stabilization o f the cation by a sulfide is not as good as the stabilization by »n rther (tW I  
O S *  bond u  weaker than the C -O * bond), it is still good enough to make the reaction H0rk«nd.«# 
course. C -O  bonds cannot be reduced by any simple reagent. One thing remains h o t m ^  
thlorosulfide made in the first place? Remarkably, it is made from the alkyl halide (R < Н Д О ш Я  
would use for the (impossible) direct alkylation without sulfur.

J СЦ 

«N C S X .
NCS » McN womi

The first step is just the S^2 displacement o f CT by RS~ that you have already seen The ttcont 
step actually involves chlorination at sulfur (you have also seen that sulfides are good soft nuJe- 

ophiles for halogen*) to form a sulfonium salt. Now a remarkable thing happens The с Muriat t fM  
is transferred from the sulfur atom to the adjacent carbon atom by the Pum merer г - ■ jnjemeat

—  Д -
An ylid is first formed by loss o f a proton—again, you have seen this— and then c h lo n d e b w j 

form the same cation that we used in the alkylation reaction. In this step there is no nu 
available except chloride ion so that adds to the carbon atom.

'I
There are many variations on the Hum merer rearrangement but they all in vo lve  the ^

leaving group is lost from the sulfur atom o f a sulfonium ylid to create a c a tio n ic  intern» 
captures a nucleophile at the a  carbon atom. Often the starting material is  a s u lfo x id e



Sulfur-stabilized cations

o f a sulfoxide, particularly one with an anion stabilizing substituent to help ylid for- 
p e a c e s  cations reactive enough to combine with nucleophiles of all sorts, even aromatic 

i ^ l -rhg product is the result of electrophilic aromatic substitution (Chapter 22) and. after the sul 
been removed with Raney nickel, is revealed as a ketone that could not be made without sul 

th c  cation required would Ik  too unstable.

ОlL
д  Lewis add (SnCl*) is used to remove the oxygen from the sulfoxide and the ketone assists ytid 

L o t io n .  The sulfur atom stabilizes the cation enough lo counteract the destabilization by the 
kctnne. The Lewi» acid is necessary to make sure that no nucleophile competes with benzene

Most commonly o f all. a sulfoxide is treated with acetic anhydride and the cation is captured by 
an internal nucleophile to form a new ring. Here the nitrogen atom of an amide is the nucleophile
ТЪе mechanism is very like that o f the last example.

rrW'o,
71% ywidISulfur-Hibilizcd ^-carbocations (three-membered rings)

lW e e -m e m b e re d  . v J k  sulfonium ions, representing (1 carbocation*. are often encountered in par
ticipation reactions. We have seen this already in the way mustard gas works, but almost any 
ifrangement of a sulfide with a leaving group on |he P carbon atom leads to participation and thc 
■filiation of a three-membered ring. The product is formed by migration o f the PhS group from 
* * *  « Л о т  atom lo  another (Chapter 37).

this сак. elimination of a proton from one of the methyl groups leads to an aUyht sulfide--you 
• * «  earlier in the chapter how these compounds, and the sulfoxides derived from them, can be 
** synthesis If we make a small change in the structure Ы the starting material iu«t K»ming up the 
Wlethyl groups into a cyclopropane—things change quite a bit. It becomes possible to make the 

material by a Irthution reaction because cydopropyUithiums are significantly stabilized by the 
••■bered ring (Chapter 8) and the rearrangement goes with carbon rather than sulfur migration
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In the rearrangement, the alcohol is protonated as before but no sulfur par. *
Instead, a ring expansion, also assisted by sulfur, produces a four-member,t| ring anj | ' <ч*»ц( 
the a  cation (an intermediate you have seen several times) gives a cydobutanone 
between participation through space and O S *  bond format u>o i*#ot that great.

t . o h  _ У * *  О l

Thiocarbonyl compounds
Simple thioaldehydes and thioketones are too unstable to exist and attempts at their prrpJr^ ^ ^ |  
to appalling smells (Chapter I). The problem is the poor overlap between the 2sp? orbital ,,n(J j  
and the 3sp2 orbital on sulfur as well as the more or less equal electronegativities of the two 
Stable thiocarbonyl compounds include dithioesters and thioamides where the extra u  
the oxygen or nitrogen atom helps to stabilize the weak O S  bond.

thkwrxle ®

R cL*Me Л
Dithioesters can be nude by a method that would seem odd i f  y o u  th o u g h t o n ly  Ы ordinary 

esters. Organolithium or Grignard reagenU combine well with carbon d isu lfid e  (CS. the vulfw 
analogue o f CO^) to give the anion o f a dithioacid. This is a much more n u c le o p h ilic  sprites tiun an 
ordinary carboxylate anion and combines with alkyl halides to give dithioesters

Г - -  X
The reaction o f dithioesters with Grignard reagents is even more remarkable. Because sulfur and 

carbon have about the same dectronegativity, the Grignard reagent may add lo either end Ы the « 
bond. I f  it adds to sulfur, the resulting anion is stabilized by two sulfur atoms, ra ther like  the dithuat 
anions we have seen earlier in this chapter, and can be used as a d 1 reagent

У & -Ы * x

--- J T  d1 гч я *« * Гог

Thioamides are usually made by reaction o f ordinary amides with 1*2% or I-eWCVSOn вЯ1^ И  
Since O S  is so much less stable than O O , 
there is a dear case to call in phosphorus to 
remove the oxygen. The situation is rather 
like that in the W ittig reaction: О С  is less 
stable than O O ,  so phosphorus is called 
in lo  remove the oxygen because o f the 
even greater stability o f the P=0 bond.
I a wesson's reagent has P=S bonds and a Leweeeon't reagent, о». rf you jA
slightly surprising structure.
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Sulfoxides

Гw  can lea rn  T̂Om c o m p o u n d  th a t s u lfu r  has m u ch  less o b je c tio n  to  fo u r-m e m b e re d  rings 
| oxygen o r  ca rbon . W e  have seen fro m  the  s tru c tu re  o f  s u lfu r  itse lf (S *) th a t i t  likes e igh t- 

^ ^ \ t r e d  rin g s  to o . R ings o f  a lm os t any size are acceptable to  s u lfu r  as b o n d  angles m a tte r less to  
|. re w  e lem ents lh a t a rc  n o t genera lly 

____,7Cd  U w c s s o n  s reagent conve rts  ff  и м * м Ш  «acent

— ^  -  Г % I
g f 44 ) h o w  these are used to  m ake *

dbiatoles

Sulfoxides
The fo rm a tio n  and  reactions o f  su lfo x o n iu m  y lid s  dem onstra te  ho w  su lfox ides  occupy  a usefu l and 

fc itrresting p a rt o f  the m id d le  g ro u n d  between su lfides and sulfones— they are w eakly  n u d e o p h ilic , 
like  sulfides (a n d  can be a lky la ted  w ith  m e th y l io d id e  to  give su lfo x o n iu m  salts as we have jus t seen). 

bu t at the same t im e  they  s tab ilize  an ions  a lm ost is  w e ll as sulfones. H ow ever, su lfox ides are perhaps 

the m o rt versa tile  o f  the  th ree  deriva tives  because o f  a good deal o f  ch e m is try  th a t ls u n iq u e  to  them . 

There are two reasons w h y  th is  s h o u ld  be so.

X. Sulfoxides have the potential to be chiral at sulfur

2. Sulfoxides undergo some interesting pcricydic reactions 

We shall deal w ith  each o f these in turn.

Representing S=0 compounds

Sulfondes are sometimes drawn as S»0 and sometimes The double bonds are between 2p orbitals of О о» С and
as S*-C . The second reoresentation might remind you of 3d orbitals of S v  P. But when we drew the structure of
the phosphorus yttds used In the Wtttie reaction (Chapters TsCI we always drew two S-O double bonds. You mitfit
14 and SI), which can be drawn with а Р-Снг double th ir*  that an alternative structure with two S-0 sintfe
bendoraaP*-CH» AM of these representation* are bonds snot so food and almost nobody draws TsClthM
•enact—it  is a matter of personal choice which you prefer way. Mofical but not unreasonable

Sulfoxides are chiral
Providing the two groups attached to  su lfu r are d iffe re n t, a su lfox ide  is ch ira l at thc  su lfu r a to m  There 
• re  tw o  important ways o f  m a k in g  su lfoxides as s ingle cnantiom ers, b o th  asym m etric versions o f  rcac 

tioni otherwise used to  make raccm ic su lfoxides: o x id a tio n  and n u d e o p h ilic  s u b s titu tio n  at su lfu r 

|  Sulfides arc easy to  ox id ize  and. depend ing  on  thc type and q u a n tify  o f o x id iz in g  agent used, they 

**0 be cleanly o x id ize d  e ith e r to  su lfox ides  o r sulfones.

or 1 aqufcaiect mCPBA further M jO * AcOH % j P

ИГХ ’^ Ч»1в or mCPBA. heat

J
or m e n A. heat 

KMnO«, H jO . acetone, or excess mCPBA

_  The oxidation o f su lfides to  su lfox ides  can be m ade asym m etric  b y  u s ing  one o f  the im p o rta n t 
* * t t io n s  we in tro d u c e d  in  the  last ch a p te r— the  Sharpies* asymmetric epoxidation T he  French 
Ĉ n , ‘* t  H e n r i Kagan d iscovered  in  1984 th a t, b y  tre a tin g  a su lfide  w ith  th c  o x id a n t ( b u ty l h yd ro p e r

hi the presence o f  S h a rp le u  s ch ira l cata lyst ( T i ( O T r ) ,  p lus one en a n tio m e r o f  d ie th y l Ur a 
P *e ), the oxygen a to m  co u ld  be d ire c te d  to  one o f  the  s u lfid e ’s tw o  cn a n tio to p ic  lone  pa irs  to  give a tor* л 

°xidc in q u ite  reasonable en a n tio m e ric  excess (ее).

1267

n of enaneomertc 
Chapter 45.
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Here is  an example where 
drawtn( •  *H foede as S * -0  la

ТЦЮ1Ч)4
{Л.»ц*НИу1 tartrate

f-BuOOH. M,0 X -
As yet, this asymmetric oxidation is successful only switb simple aryl alkyl sulfoxides lik . 1  

and the nudeophilic displacement method is much more widely used sincc it is morr < ° 
gives products «if essentially 100% ее. о ^

Sulfoxides can ahernatively be made by displace- +' У *Bf
ment o f RO" from a sulfinate ester with
reagent V v#n«en»»<

Sulfinate esters, like sulfoxides, arc chiral at sulfur and, i f  the ester is formed from u chiral 
(menthol is best), they can be separated in io two diastereoisomers by crystallization thiS „ З Я  
resolution of the type you first met in Chapter 16. Attack by the Grignard reagent takes p!ac 
inversion of configuration at sulfur, giving a single enantiomer o f the sulfoxide.

Chiral sulfoxides in synthc
How can the chirality o f sulfoxides be made useful? This area o f research has received a lot of atten
tion in ihe last 10-15 years, with many attempts to design reactions in which thc chirality ,ii sulfur is 
transferred to chirality at carbon.
Unfortunately, one o f thc simplest 
reactions o f sulfoxides, the addi
tion o f their anions to aldehydes, 
usually proceeds with no useful 
stereoselectivity at all.

o4-
Some more successful uses o f sulfoxides to control new chiral centres at carbon have been

gym
1:1 iwxturs ot <*

, directedin Strasbourg by Guy Soiladi4, and they involve stereoselective reduction o f carbonyl 
by the sulfoxide's oxygen atom. For example, the synthesis below shows how ^.hiraluy .u ' “ lfur ^  
transferred to chirality at carbon by using a reduction directed by the S-O bond. If  this 
ed with the bulky reducing agent D1BAL (i-BujA lH ). one akohol is formed, with less than ^  ̂
diastereoisomer. Remarkably, i f  ZnQ j is added to the mixture, the opposite dia 
obtained' Reduction o f the products with aluminium amalgam removes the sulfoxide 
this process earlier in the chapter) leaving behind enantiomerically enriched samples о» ih*
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50|H lf explained these results by suggesting that, in the absence of ZnCI2. sulfoxide 
^jfHS the conformation that places the two electronegative oxygen atoms as far apart as pos 

pIBAL then attacks the less hindered face of the ketone, syn to the sulfoxide lone pair. With 
jp Q 2, on the other hand, the sulfoxide's conformation is fixed by chelation to rinc: attack <»n 
the less hindered face of the ketone now gives the other diastereoisomer. Both compounds can 
be reduced with Al/IIg . which removes the sulfur group, to give opposite enantiomers o f a chiral 
^cohol

tiomerically pure sulfoxide is about 5000 

9 II P(0Mt )j-V —/
A lly lic  su lfox ides  arc not configurational! у stable
Most sulfoxides will retain their configuration at sulfur up to temperatures o f about 200 “C— indeed, 
it t f  estimated that the half-life for racemization o f an enantiomerically pure sulfoxide is about $000 
years at room temperature. However, sulfoxides carrying 
allyl groups are much less stable—they racemize rapidly at 
about 50-70 “C. A due to why thu should be is provided by 
the reaction o f an allylic sulfoxide with trimethyl phos
phite. P(OMe)3.

The product obtained is an allylic alcohol with the hydroxyl group at the other end o f the allyl sys
tem from where the sulfur started— a rearrangement has taken place. We have observed the 
rearrangement ш this case because the P(OMe)j has trapped the rearrangement product but. even 
without this reagent, allylic sulfoxides are continually and reversibly rearranging in to sulfenate esters 
by the mechanism shown below.

я я га л  nwrifypicnt of allylic mlfoildn -

f e  —

► The rearrangement p ro d u c t, w h ic h  is less stable th a n  the su lfox ide  and is there fo re  never 
•hserved directly, is a sulfenate ester I t  has n o  c h ira lity  at s u lfu r so, w hen it  rearranges b a ,k  to  the 

talfoxide, it has no ’m e m o ry ’ o f  the  c o n fig u ra tio n  o f  the s ta rtin g  su lfox ide , and the su lfox ide  
becomes racemized.

Щ  Having rrad Chapter 36, you should be abler to iLsMty the pericydic rearrangement reaction it is 
•U.3]-sigmatropic rearrangement (make sure you can sec why before you read further) and as such
■ the fir*t o f the pericydic rearrangements o f sulfoxides that we shall talk about.

I f  our proposal that a lly lic  su lfox ides rearrange reve rs ib ly  to  su lfenate ester* i4 co rrec t, then , i t  wc 

f^^e  the sulfenate ester by ano the r rou te , it to o  shou ld  ira r ra n j- r  to  an a lly iu  su lfo x id e  and indeed 
P * ® * * .  The sulfenate ester a riv in g  fro m  reac tion  o f  a lly lic  ale uhoU w ith  PhSCl (p h e n yU u lfe n v i vhl«>

'  be iso la ted  instead, the a lly iu  su lfox ide  is o b ta ined , usually in very good v ie ld  and th is
^ B * 0 d  is often used to  m ake a lly lic  su lfoxides.

^  f t )  |2.3Ь*.втМп»рс
PtiSCI rb I чав» Y\

You shouMnl at this state try to 
learn all the names for every type 
о1 organosulfur со»прои»к>—«rtia* 
matter* is the structures. нere 
the names are an very similar and 
easily confused so, just for 
reference, here are the structures 
of a sulfonate esteMsuch as а Г 
tosytate or mesylate), a suiftnate | 
ester, and a sulfenate ester

■ X -
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Ш

Uses for [ 2,3 ] -sigmatropic rearrangements o f sulfoxides
Allylic sulfoxides exist in equilibrium with allyl sulfcnate esters. The two interconven bv f 
matropic rearrangement, and the equilibrium lies over to the side o f the sulfoxide. AIM ^  
esters are therefore impossible to isolate, but they can be trapped by adding a compound к uP  
thiophile— Р(ОМе)э was the example you just saw, but secondary amines like F.t>NH «bJ 
which attacks thc sulfur atom to give an allylic alcohol. This can be a very useful w jy  Qf m j. 
alcohols, particularly as the starting sulfoxides can be constructed by asing sulfur’s anion 
ability. What is more, the starting allylic sulfoxides can themscbte be made from allyl,  ̂
using FbSCI— overall then we can use allylic sulfaride to alkylate allylic alcohols' i ь 
r f w ld « * r a M * d M r t r .  4 *  _____  _____  ___* t 1*

I
р м а  2 . ^  P* Y  p < o » u ) i .  » u o h  ц

|2 .3H i#M tW  па»«рк  тшгшп0п*т
re m sn g e m e rt щ » * a  ш И ш м  м м * , trapped with

We can illustrate the synthesis o f allylic akohols from allylic sulfoxides with th it synthesis 
natural product nucifcral. We mentioned this route on p. 000 because it makes use of., h rqmjL. 
ally! sulfide to introduce an alkyl substituent regioselectively. The allyl sulfide is oxidised to the sul
foxide. which is converted to the rearranged allylic alcohol with diethylaminc as thc ЬюрЫе. 
Nucifcral is obtained by oxidizing the allylic alcohol to an aldehyde with manganese d io x id e T j^ ^ ^

ВЬХуШб

The next example makes more involved use o f these (2,31-sigmatropic allylu sulfa 
alcohol rearrangements. It comes from the work o f Evans (he o f the chiral auxiliary who. u» * • /  
early 1970s, first demonstrated thc synthetic utility  o f allylic sulfoxides. Here he is uwng d w c b ^J  
«try to make precursors o f thc prostaglandins, a family o f compounds that modulate Ь » г # « Я  
ily  within thc body.

lWbSpro«a#.NPn .bem fr**
Prostaglandins are trisubstiluted cydopen tan ones, and the aim was to syntl ' ^  g

available cydopentcnediol using allylic sulfoxide chemistry to introduce the long * ' ^  ф *  
group. Treating syn-cydopentcnediol with PhSQ gave the allylic sulfoxide (either hyJ' °  gM
but the product is the same). The sulfoxide was deprotonated and reacted with *■ 
then rearranged back to an allylic alcohol using P(OMc)j as the thiophile.
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^*\ zor
H | W  

• tr y  o f «u lfo x lde  reactions

« | Ш «5» г»M

____ •rfM«Hor.cort*»MnHr»4«mfH«.odw™wy ThtM Ь м м | » | М М | п а т | 4 М | И Ч « М .< » М 1 | | « я 1
М О » *  Ч« CTdoHiK— Hol lo Ih t « M t  ш « М * .  к  Г > »  М  « я »  №•■»<>««*«« г * *  f e u ,  t o *  t o ,»

I  » «  »«” » »  *  1дас*d|2.3h 1 г > ц | р » Г ^ . М < « » | > « № < п ш < | 1 с 1 н п 1 | м 1 | | } . ] )
jjw mr-p r  ^■гтагу - г п и  I v m m i l i i O n n t M i i i m i l t  » f i« ln p c  I» » '» » » » '». "Н И — « » « ■ > " ■ B M ^M g ^o a g ra .r»  1 11 tie

I  т я * а * 1 * * О Щ Ш Ж 1 . 1 п » я г я * » т > . » . К т н в » 1 Н м х т 1 м и  W ^ M M I I b l l a M n i ^ i l H M p W
M l f M I I »  1 *  I» « — Ц  « U r tM  — dhn . n r  . i « .»in i» 4h  и » .

Sulfojide elim ination— oxidation toenones
Sulfoxides next to an electron-withdrawing or conjugating group are also unstable on heating, not 
because they racemue but because they decompose by an elimination process.Tt. ^ £

- Jk  The rather unstable phenykulfenic add fPhS-OH) is eliminated and the reaction occurs partly 
because Ы the creation of conniption and partly because PhSOH devoraposcj lo volatile products. The 
elimination is a pericyclic 
reaction—it may not immedi- (? I
ately be obvious what sort, but -----
a is, in &ct. a reverse cydoad- /  \»-v j  “*

81% Held

6S_ ^ e s B r  e cydoad- Г  W  /  
dawn. This is dearest i f  we С 
draw the mechanism o f the -----
revrrse reaction. faction « tw» «fraction would be а |Э*2| q

This reaction provides a useful way of introducing a double bond next to a carbonyl group Here 
it is in a synthesis by Barry Trost o f Ihe Queen Bee Substance (the compound fed by the workers to 
<fe*e bee larvae destined to become queen*) The compound is also a pheromone of thc termite and
•  used to tra p  these destructive pests Trost started with the monoester of a duarboxyhc add. which 

Bjeww crted (o j  methyl ketone by reacting the acyl chloride with a cuprate. The ketone was then 
Pj*tected as a dioxolane derivative to prevent it enolmng. and the sulfur was introduced by reacting 

^ H ^ b t e  o f  th e  ester with the sulfur dectrophOe MeSSMe.
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1  M,Oa

Sulfur and selenium heve many

sulfur chemistry Is mirrored fay 
selenium chemistry, in general, 
organoselenium compounds tend 
to be less stable and more 
reactive thsr ortanoauNOr ones 
because the C-Se bond is even 
weaker than a C-Sbond. They 
•Iso h * «  even fouler odours.

'  1
Presumably, ihe methyl sulfoxide was chosen here because it worked better—,t „ 

use a phenyl sulfoxide, and PhS groups can be introduced in the same way (b y  r t j . i ,  Ц
PhSSPh or PhSCI). The cycloheplanone derivative used in our tw t  elimination 
from cydohepunone in  this way. '  w<l made

6 е- I
•7%yteW 1004 yield

Thi* elimination takes place more easily « ill when sulfur is replaced by a lelenium 
can be introduced by (he same method, and oxidized lo  «elenondes with m-Ci'BA at 
per.1t ure. The tdenoxides are rarely isolated, because the elimination take* plate rapidly *  
temperature.

X  ■
I I  2. WiSeSePh - 7 i  К  I  I 4. tw in  *  20 X  I J

O ther oxidations w ith  su lfu r and selenium
Selenium dioxide and allylic oxidation
Having introduced selenium, we should at this point mention an important reaction  th a t» peculur 
to selenium but that is closely related lo  these pericydic reactions. Selenium d io x id e  w ill react wall 
alkenes in a [4 I  2] cydoaddition reminiscent o f the ene reaction.

-4 '-- -  'Xf
Чу»с seOnmic а с *

^  The in itial product is an allylic sdeninic acid— and just like an allylic sulfoxide (UM murr *
in every tow «pedal m ss the because the C-Se bond is even weaker) it undergoes allyhc rearrangement lo give an u n r fa b k t f j  
selenmc acid eitermedle'e hes pound that rapidly decomposes to an allylic alcohol. In some cases, particu larly  this mod 
been isolated. dation of methyl groups, the oxidation continues to give an aldehyde or ketone.

Overall, C H j has been replaced by C H jO H  or CH=G in an allylic position, a Ira n s f< *m a r fj jjj 
ilar to the NBS allylic bromination reaction that you met in Chapter 39, but with * 
mechanism. The by-product o f the oxidation is a sdenium(II) compound, and it tan beinor 
cal to carry out the reaction with only a catalytic amount o f SeC2, with a fu r t h e r  «»*•
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tiydropcroxide, to rcoxidizc the Se< I I ) after each cycle of Ihe reaction. This eliminates the need 
t  n d  o f  Urge amounts of selenium containing product», which are toxic and usually smelly 

В  Is C h a r te r  40 we left the synthesis o f sirenin at a tantalizing stage. A carbene insertion into a dou 
Me bo n d  had formed a three membered ring and the final stage was the oxidation o f a terminal 
^ h y l  group. Thi* is how it was done.

A  .«A
There is some interesting selectivity in this sequence Only one of the three groups next to the 

alkene is endued and only one (B-) isomer of the erul is formed. No position next to the unsaturat
ed ester is oxidized. All these decisions are taken in the initial cydoaddition step The most nude 
gphilic double hond use* it» more nudeophilic end to attack SeO: at >clcmum The cydoaddition 
д о  the HOMO (it) o f the alkene to attack the I UMO (я* o f Sc O). Meanwhile the HOMO (a) of 
Je-O attacks thc LUMO (C -H  O*) o f thc allylic system.

Thcttereoseleitivity also appears to be determined in this step and it is reasonable to assume that 
the methyl group trans to the main chain w ill react rather than the ttfher for simple stenc reasons 
Tbough this is true, the stereochemistry actually disappears in the intermediate and is finally fixed 
aalyintbc f2,3]-sigmatropic rearrangement step. Both [2,3|- and [3.3]-sigmatropic rearrangements 
ai» usually E-sdective for reasons discussed in Chapter 36.

Г2.Ц
went is C4eiective

product la fenal

TWSwem oxidation
^Chapter 24 we mentioned the Swem oxidation briefly as an excellent method of converting 

aldehydes We said there that we would discuss this interesting reaction later and now is 
The mcchamsni is related to the reactions that we hase been discussing and it is relevant 

^ ■ fe S w e rn  oxidation is particularly effective at forming enals from allylic alcohols.

— *■  R — CHO ♦ M * ,S  ♦ CO ♦ C O , ♦ MCI 

DMSO о м *  cNonoe

•bould** ****'’ reacts with oxalyl chloride to give an dcctrophilic sulfur compound You
tli* ,  * *  •“ Totted that it is the charged oxygen atom that attacks the carbonyl group rather

I  ie^  atom Chloride is released in this acylation and it attacks the positively charge
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•ulfur atom expelling a remarkable leaving group, which fragments in to three pieces 
chloride ion. Entropy favours this reaction.

-OV ~r ♦ CO,

1Ъе alcohol has been a spectator o f these events so far but the chlorosulfomuni IOn 
react with it  to give a new sulfonium salt. This is the sole purpose o f all the r< , f° rn‘N  

r sulfonium salt is stable enough to survive and to  be deprotonated by the has* | p , v.?” * ** ***• 
recognize the final step both as the redox step and as a dose relative to events in iu ' ° U

Ir r P »ete^

и

•A • U
To conclude: the sulfur chemistry of onions and garlic
Traditional medicine suggests that onions and garlic are good for you’ and m odem  > em«jy h* 
revealed some o f the reasons. These bulbs o f the genus Allium exhibit some remarkable ulfur chaa- 
istry and we w ill end this chapter with a few examples. Both onions and garlic  are a lm o «  odouHca 
when whole but develop powerful smells and. in the case o f onions, tear gas properties when they «  
cut. These all result from the action o f alliinase enzymes released by cell dam age on  un iturated sul
foxides in the bulb.

In garlic, a simple sulfoxide elimination creates an unstable sulfenic acid. When we looked at nl> 
foxide eliminations before, we ignored thc fate o f the unstable sulfenic acid, but here it is important. 
It dimerizes with the formation o f an S-S bond and the breaking of a weaker S-< > bond

Another simple elimination reaction on the thiosulfinate ester makes another molecukof** 
sulfenic add and a highly unstable unsaturatrd thioaldchydc, which promptly Г * *
thioacetal found in garlic as a potent platelet aggregation inhibitor.

tHeIn onions, things start much the same way but the initial amino acid is n o t qu ite  u  . ^  
skeleton is the same as that o f the garlic compound but the double bond is c o n ju g a te d  

foxide. Elimination and dimerization o f the sulfenic add produce an isomeric th io s u lf t "

I

■Ilytic M tfomto m raw garlic



Problems 1275

Otid* o f  the thiosulfinate ester up to the sulfonate level gives the compound responsible for the
(, while a hydrogen shift on the conjugated sulfenic add (not possible with the garlic

________ j )  pves a sulfinc, the sulfur analogue o f a ketene. The compound has the Z configuration
^ o c n  the mechanism and is the lachrymator thal makes you cry when you cut into a taw onion.

j ]  erf ra w  o m o n v  v
►
The»e is still one tone pair on the 
sulhir atom or a s i* in *  »o the 
sulfur is trigonal end not linear.

anM« Ы • *»  0

Even more remarkable is the formation o f the zwiebelanes', other compounds with potential as 
for heart disease. They arc formed in onions from the conjugated thiosulfinate ester by a [3,31 - 

^ M tro p k  rearrangement that gives a compound containing a uilfinr and a thmaldehydc Wc said 
2JJ7ulfin«  arc sulfur equivalents of ketenes, so you might expect them to do [2 4 2] cycloaddi- 

(C h a p te r  3 5 )  but you might not expect the thioaldehydc to be the other partner. It is, and the 
|. j , a compound with one sulfide and one sulfoxide joined in a four-membered ring.

Look at onions with respect! They are not only the cornerstone of tasty cooking but are able to do 
Muang pcriryclie reactions as coon as you cut them open. You can read more about the A lh m n  family in 
Elk Block’s review in AngewanJtc Oiewne (IntematMmal Edition in English), 1992, Volume 31, p. 1135.

Though you have only seen a couple o f examples of the Utter, it is dear that organosulfur and 
tfjpaotdenium chemistry are closely related. In the next chapter we w ill look at the quite different 
type of chemistry exhibited by organic compounds containing three other heteroatoms—silicon, tin, 
aAd boron.

Problems
1. Suggest structures fo r  in te rm ed ia tes  A  and В and m echanism s 
for the reactions

3. The product X o f the following reaction has 6ц 1.28 p.p.m. 
(611, s), 1.63 pjpjn. (ЭН. d, /4 .5  H i), 2.45 p p.m. (611. s), 4.22 
p.p.m. ( IH ,s ), 5.41 p .p jn . ( IH , d, / 15 Hz),and 5.63 p.p.m. ( IH, 
dq, / 15,45 Hz). Suggest a structure for X and a mechanism for its 
formation.

a mechanism fo r  th is  reac tion , c o m m e n tin g  on  the 
•Activity and the stereochemistry

С Л Л

4. The thermal elimination of sulfoxides (example below) 
is a first-order reaction with almost no rate dependence on 
substituent at sulfur (Ar) and a modest negative entropy of 
activation. It is accderated i f  R is a carbonyl group (that is, R *  
CORO. The reaction is (slightly) faster in less polar solvents. 
Explain.

— -
Explain the stereochemistry o f the first reaction in the follow
ing scheme and the position of the double bond in the final 
product.
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4 2 -C j^ ~
5. Revision contcnt. Explain the reactions and thc stereo
chemistry in these first steps in a synthesis o f the В vitamin biotin.

O i= X > i

6. Explain the regio- and stereoselectivity o f this reaction.

•k J L

X i - 8— EtO,C

8. Give mechanisms for these 
sulfur.

• .  Suggest a mechanism for this formation o f a nine m< 
ring. Warning! The weak hindered base is not strong en 
form an enolate from thc lactonc.

'oTA
10. Comment on the role o f sulfur in thc step* in this synthi 
thc turmeric flavour compound Ar-turmerone

7. Draw mechanisms for these reactions o f a sulfonium ylid and 
the rearrangement «if the first product. Why is BF* chosen as thc 
counterion?

The intermediate may alternatively be reacted with a selenium 
compound in this sequence o f reactions. Fxplain what is 
happening, commenting on the regioselectivity. Why is the 
intermediate in square brackets not usually isolated?

U .  Explain how the p r o m t  o f thc «dh ir-conm "'"»  W *  
allows this cydization to occur regio and » te re o *e le c iiV f  1>У-

explaining thc role of
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P ro b le m  9  in  O ia p te r  32 asked you  to  in te rp re t the

,p « c t r u i

NMR
of •  cyclopropane (A). This compound was formed

gring a SuMur yiid What is the mechanism o f the reaction?

~ b \
to repeat this synthesis on the bromo compound 

different product. What is different this time?

14. In a process resembling the Mitsunobu reaction (Chapter 17), 
alcohols and acids can be coupled to give esters, even macrocydic 
lactones as shown below. In contrast to the Mitsunobu reaction, 
the reaction leads to retention o f stereochemistry at the alcohol. 
Propose a mechanism that explains the stereochemistry. Why is 
sulfur necessary here?

c!->‘a x>̂
I t -  Epoxides may be transformed into allylic alcohols by the 
icquence shown here. Give mechanisms for the reactions and 
explain why the elimination o f the selenium gives an allylic alcohol 
rather than an enol.

1Б. Suggest mechanisms for these reactions, explaining any 
selectivity.
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Organo-main-group chemistry 2: 
boron, silicon and tin
Connections

B u i ld in g  o n : A r r iv in g  a t :

• C o n ju g a te  addition chlO  4  ch23 e Main group elements In organic

•  NucleophlUc substitu tion  a t saturated chem istry
carbon ch l7 •  Boron Is electrophlllc because of a

•  Controlling stereochem istry chl6, vacant orbital

ch33. & ch34 •  H yd robofatlon adds boron selectively
•  Oxidation, reduction, and protection •  Oxidation removes boron selectively

eh24 e  Boron chemistry uses
• Aldol reactions ch27 rearrangements

•  A llyl B. SI. and I n  compounds are
ch31 useful in synthesis

•  Rearrangements ch36-ch37 о Organo-B, -SI, and Sm compounds can
e Radicals chS9 be used In asymmetric synthesis

e Asymmetric synthesis cti45 •  SMcon Is more electrophfllc than

•  Sulfur chemistry ch46 carbon
e Silicon stabilizes 0 carbocation*
•  Organo-tln compounds are Шю SI 

compounds but more reactive 
e  Tin Is easily exchanged for lithium

Looking forward to
1 0*ea«em*tallk chwnlitry c 

Polymerization rti52 Г

Organic chemists make extensive use o f the 
periodic table
Although typical organic molecule*, such at those o f which all living things are composed, are con
structed from only a few elements (usually С. I I .  O. N, S. and P and. on occasion, <3, Br. 1. and a Irw 
more), there are very many other dements that can he used as thc basis for reagents, catalysts, and as 
components o f synthetic intermediates. The metals w ill be discussed in thc next chapter (48) but 
many main group (p block) elements are also important. These nonmetals bond covalently to car
bon and some o f their compounds arc important in their own right.

More commonly, elements such as Si, P. and S arc used in reagents to carry out some transforma
tion but are not required in  the final molecule and so must be removed at a later stage in the synthe
sis. The bet that organic chemists are prepared to  tolerate this additional step demonstrates thc 
importance o f these reactions. Thc lu lia olefination is an obvious example. Thc difficult conversion 
o f aldehydes and ketones in to alkenes is important enough to make it worthwhile adding a sulfur 
atom to the starting material and then removing it  at thc end o f thc reaction. So many elements are 
used like this that the list o f  nonmetals that are not used frequently in organic synthesis would be 
much shorter than thc list o f thtae that are useful.

In thc previous chapter we described the special chemistry o f sulfur, and you have previously met 
that o f phosphorus. These two dements may be thought o f as analogues o f oxygen and nitrogen but 
many reactions arc possible w ith S and P that are quite impossible with О and N. This chapter w ill 
concentrate on thc organic chemistry o f three other main group dements: boron, which is unusual 
in this context bccause it is a first row dement, and silicon and tin, which are in the sa
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carbon in Ihe periodic table but in the second and fourth row». Here they are surrounded by other
familiar elements. _________________________________________

U B e f t C N O F N e  

N a M g M M F S  О A#

Ge S«

Boron

You have already met boron in use- ( 
fill reagents such as sodium borohy- 
dridc N«BH. and horin t BH, ьо>м
(more correctly. B2H*). Both display the crucial feature o f boron chemistry, which results directly 
from its position in group IIIB or 13 of the periodic table. Boron has only three electrons in the 2p 
shell and so typically forms three conventional two-centre two-electron bonds with other atoms in a 
planar structure leaving a vacant 2p orbital. Borane exists as a mixture o f B jHe—a dimer with hydro
gen bridges— and the monomer BH3. Since most reactions occur with BH3 and the equilibrium is fast 
we w ill not refer to this again.

The vacant orbital is able to accept a lone pair of electrons from a Lewis base to give a neutral 
species or can combine with a nucleophile to form a negatively charged tetrahedral anion. The 
reducing agent borane-dimethyl sulfide is an example o f the I-ewu acid behaviour while the borohy- 
dride anion would be the result o f the imaginary reaction o f borane with a nucleophile hydride. The 
vacant orbital makes borane a target for nucleophiles.

'k '
planar tetrahedral Me plan»

Hydroboration— the addition of boron hydrides to alkenes and alkynes
One o f the simplest classes o f nucleophiles that attacks borane is that of alkenes. The result, described 
as hydroboration. is an overall addition o f borane across the double bond. Unlike moat electrophilic 
additions to alkenes that occur in a stepwise manner via charged intermediates (Chapter 20), this 
addition is concerted so that both new bonds are formed more or leu at the same time. The result is 
a new borane in which one o f the hydrogen atoms has been replaced by an alkane. This monoalkyl 
borane (RBH2) is now аЫе to undergo addition with another molecule o f the alkene to produce a 
dialkyl borane (RjBH) which in turn undergoes further reaction to produce a trialkyl borane (КэВ). 
All these boranes have a vacant p orbital and are flat so that repeated attack to produce the tnalkyi 
borane is easy and normal i f  an excess o f alkene is present.
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I f  wc have a mixed trialkyl borane. you may be concerned about which of (he alkyl groups 
migrates—the usual answer is that they all do! Oxidation proceeds until the borane is fully oxidized 
to the corresponding borate, which then breaks down to give the alcohob.
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Bulky substituents improve the selectivity o f hydroboration
Borane can react one, two, or even three times and this is a disadvantage in many situations so a 
range o f hydroborating reagents has been designed to hydroborate once or twice. Dialkyl boranes 
RjBH can hydroborate once only and alkyl boranes RBHj twice. In each case the ‘dummy’ group R 
must be designed either to migrate badly in the oxidation step or to provide an alcohol that is easily 
separated from other alcohols. The regioselectivity o f hydroboration. good though it is w ith ample 
borane, is also improved by very bulky boranes, which explains the choice o f dummy groups. Thexyl 
borane, so-called because thc alkyl group is a ‘tertiary beryl’ group (r-hcxyl). is used ««hen two 
hydroborations are required and it is easily made by hydroboration with borane since the second 
hydroboration with the tetrasubstituted alkene is very slow.

'V—V- —
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Two dialkyl boranes are in common им. Thc bicydic 9-borabicydo(3J.l ]nonane (9-BBN), intro
duced in Chapter 34 as a reagent for diastercoarlective aldol reactions, is a stable crystalline solid. This is 
very unusual for an alkyl borane and makes it a popular reagent. It is made by hydroboration o f cydo- 
octa-1,5-diene. Thc second hydroboration is fast because it i t  intramolecular but the third would be 
very slow. The regioselectivity o f the second hydroboration is under thermodynamic control.

O
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Disiamylborane (an abbreviation for di-*-isoamyl borane— not a name we should use now, but 
the abbreviation has stuck) is also easily made by hydroboration o f a simple trialkyl alkene with 
borane. Two hydroborations occur easily, in contrast to the tetrasubstituted alkene above, but thc 
third is very slow. Disiamytttorane is exceptionally regioselective because o f iu  very hindered struc
ture. The structures o f these reagents arc cumbersome to draw in full and they are often abbreviated.

Osiamytborane <* Sia2BH

•  Hydroboration

•  H yd robora tion  is a syn add ition  o f  a borane to  an alkene

•  Regioselectivity is high: the boron adds to  the carbon less able to  support a 
positive charge
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•  H ydrobora tion— contd

• Oxidation occurs with retention of stereochemistry
• The net result of hydroboration-oxidation is addition of water across the 

double bond

These bulkier boranes enhance the regiosdectivity o f hydroboration o f  tnsuhstituted alkenes in 
particular and may also lead to high diasterroaelectivity when there is a stereogenk centre next to thc 
alkene. In this next example, an allylic alcohol is hydroborated with thexyl borane. Oxidation reveal* 
complete regiosdectivity and a 9:1 stereoselectivity in favour of hydroboration on the same side as 
the OH group.

L I I  I L
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The reactive conformation of the alkene is probably thc ‘Houk’ conformation (Chapter 54) with 
the hydrogen atom on the stereogenic centre eclipsing the alkene. Attack occurs syn to the OH group 
and M i l l  to thc larger butyl group.
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I lydruboration is not restricted to alkenes: alkynes also react well to give vinyl boranes. These may 
be used directly in synthesis or oxidi/ed to the corresponding enol, which immediately tautomcrizes to 
the aldehyde. An example of this transformation is the conversion o f 1 -octyne into octanal by hydro
boration with disiamytborane and oxidation with sodium perborate under very mild conditions.

N a S 0 ,-4 H ,0

f  *ri)4 borane
79* *4etd

Carbon-boron bonds can be transformed stereospeeifically into C-O , C-N, or 
C -C  bonds
Although oxidation to the akohol is the most common reaction of organoborancs in organic synthe
sis. the reaction with 'O -O H  is just one example o f a general reaction with a nucleophile o f the type 
” X-Y where the nudeophilic atom X can be O, N. or even C, and Y is a leaving group. We w ill illus
trate thc formation o f carbon-nitrogen and carbon-carbon bonds by the reaction. The underlying 
principle is to use the vacant orbital on boron to attack the nucleophile and then rdy on the loss of 
thc leaving group to initiate a rearrangement o f R groups from В to X similar to that observed from В 
to О in the hydrogen peroxide oxidation. The overall result is insertion o f X into the carbon-boron 
bond with retention.

ш Р т
H*0

I f  X is nitrogen then a direct method o f  amination results. The required reagent is a chloraminc or 
the rather safer O-hydraxytaminesulfonk acid: the leaving group is chloride or sulfonate. The overall
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process o f hydroboration-amination corresponds to a regioselective syn addition o f ammonia across 
the alkene. In the case o f pinene the two bees o f the alkene are very different—one is shielded by the 
bridge with the geminal dimethyl group. Addition takes place exclusively from the less hindered side 
to give one diastereoisomer o f one regioisomer o f the amine.

“  kr-
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Carbon-carbon bonds can also be made with alkyl borane*. The requirement for a carbon 
nucleophile that bears a suitable leaving group is met by a-halo carbonyl compounds. The halogen 
makes enolization o f the carbonyl compound easier and then departs in the rearrangement step. The 
product is a boron enolate w ith the boron bound to carbon. Under the basic conditions o f the reac
tion, hydrolysis to the corresponding carbonyl compound is rapid.

• - a .  ^
*

In this example it is important which group migrates from boron to carbon as that is the group 
that forms the new C -C  bond in  the product. We previously compared the oxidation o f alkyl 
boranes with the Baeyer-Villiger reaction (Chapter 37) but the order o f migrating groups is the 
opposite in the two reactions. In the Baeyer-Villiger reaction (migration from carbon to oxygen) the 
more highly substituted carbon atom migrates best so the order is I-alkyl > s-alkyl > rt alkyl > 
methyl In organoborane rearrangements it is the reverse order n-alkyl > s-alkyl > /-alkyl. Methyl 
does not feature as you cannot make a В-M e bond by hydroboration.

Why the difference between the Baeyer-Villiger rearrangement and boron 
chemistry?
The transition state for the Baeyer-Villiger rearrangement has a positive charge in the important 
area. Anything that can help stabilize the positive charge, such as a tertiary migrating group (R1), 
stabilizes the transition state and makes the reaction go better.
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In thc boron rearrangement*, by contrast, the whole transition state has a negative charge. Alkyl 
groups destabilize rather than stabilize negative charges, but primary alkyl group* destabilize them 
less than secondary one* do. and so on. Thu is another reason for choosing tertiary alkyl ‘dummy’ 
groups such as f-hexyt—they are less likely to migrate.

But what about the case we were considering? The migrating group is secondary and the groups 
that are left behind on Ihe 9-BBN framework are also secondary. What is the distinction? Again we 
can use thc Baeyer-Vilhger reaction to help us. Thc treatment o f bridged ЫсусЬс ketones with per- 
oxy-acids often leads to more migration o f the primary alkyl group than of the secondary one.

Bridgehead atoms are bad migrating groups. When the green spot carbon migrates, it drags the 
whole cape structure with it and distorts the molecule a great deal. When the black spot carbon 
migrates, it simply slides along thc 0 - 0  bond and disturbs thc cafe much less. It is the same with 9- 
BBN. Migration of thc bicydic group is also unfavourable.

•  Migration preferences

• For the Baeyer-Villiger reaction, cat ion-stabilizing groups migrate best: 
f-alkyl > s-alkyl > л alkyl > methyl

• For boron rearrangements, cation-stabilizing groups migrate worst:
*-alky1 > s-alkyl > I  alkyl

• For both, bridgehead groups migrate badly

Ally! and crotyl boranes react using the double bond
AUytic boron compounds react with aldehydes in a slightly different way. The first step is, as always, 
coordination of thc basic carbonyl oxygen to thc I-ewis acid boron. This has two important effects: 
fust, the carbonyl is made more elcctrophibc and, second, the carbon-boron bond in thc allyik frag 
raent is weakened *o that migration i* easier. Thc difference is that thc reaction that follows is not the 
now familiar 1,2-rearrangcmcnt but one involving thc allylic double bond as wdl. rather like a (3,3)- 
sigmatropic rearrangement (Chapter 36). Thc negatively charged boron increases Ihe nudeophilicity 
o f the double bond so lhat it  attacks the carbonyl carbon. Thc result is a six membered transition 
elate in which transfer of boron from carbon to oxygen occurs with simultaneous carbon-carbon 
bond formation. Hydrolytic cleavage of the horon-oxygcn bond is often accelerated by hydrogen
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peroxide as in hydroboration. The precise nature o f the ligands on boron is not important as this 
process is successful both for boranes (L -  R) and boronates (L -  OR).
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Enantiosdective allylation is possible with optically pure ligands on boron
You may not th ink that allylating an aldehyde is much o f an achievement—after all, allyl Grignard 
reagents would do just the same job. The interest in allyl boranes arises because enantiomerically 
pure ligands derived from naturally occurring chiral terpenes can easily be incorporated into the allyl 
borane. H.C. Brown, has investigated a range of terpenes as chiral ligands. The reagent below, B- 
allylbis( 2-isocaranyl) borane, has two ligands resulting from hydroboration o f carene and delivers 
the allyl group under such exquisite control that the resulting homoallylic alcohol is virtually a single 
enantiomer. This reaction is one o f the fastest in organic chemistry even at the very low temperature 
of-IOO*C and the product is a useful building block. This makes the process more practical as the 
cooling is required for only a short time.
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Allyl and crotyl boranes react stereospecifically
The six-membered transition state for the reaction o f an allylic borane or boronate is very reminis
cent o f the cyclic transition state for the aldol reaction you met in Chapter 34. In this case the only 
change is to replace the oxygen o f the enolate with a carbon to make tbe allyl nucleophile. The transi
tion state for the aldol reaction was a chair and the reaction was stereospecific so that the geometry o f 
the enolate determined the stereochemistry o f the product aldol. The same is true in these reactions. 
E-Crotyl boranes (or boronates) give anti homoallylic alcohols and Z-crotyl boranes (or boronates)
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give tyn alcohols via chair transition states in which the aldehyde R group adopts a pseudoequatorial 
position to minimize stenc repulsion. As with the aldol reaction the short bonds to boron create a 
very tight transition state, which converts thc two-dimensional stereochemistry o f thc reagent into 
the three-dimensional structure o f the product.

Гor-
F c fo ty  bo fjna te
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The low temperature is a testament to thc reactivity o f thc crotyl boronates and also helps m ini
mize any isomerization of thc reagents while maximizing the effect o f the energy differences between 
the favoured and disfavoured transition states.

The dramatic diastereosekctivity o f this process is noteworthy but. o f course, the products are 
racemic—two anti isomers from the E-crotyf reagent and two tyn isomers from the Z counterpart. 
This is inevitable as both starting materials are achiral and there is no external source o f chirality 
You may be wondering i f  the use o f a chiral ligand on boron would allow the production o f a single 
enantiomer o f a single diastereoisomer. The simple answer is that it does, very nicety. In bet. there 
are a number of solutions to this problem using boranes and boronates but the one illustrated uses 
the same ligand as that used earlier for altytation derived from carenc.
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Silicon and carbon compared

Though boron and aluminium form similar reducing agents, such as NaBH« and LiAIH*, the 
reactions described so Car in  this chapter do not occur with aluminium compounds, and compounds 
with G -A l bonds, other than DIBAL and M cjA l. are hardly used in organic chemistry. We move on 
to the other two elements in this chapter. Si and Sn, both members o f group IVB (or 14 i f  you pre
fer)—the same group as carbon.

•  Special features of organoboron chemistry

• Boron is dcctrophilic because of its empty p orbital
• Boron forms strong B-O bonds and weak B-C bonds
• Migration of alky) groups from boron to O, N, or С is stereospecific

Average bond energies, kJ m o T 1

X H-X c -x O-X F-X cs-x Bf-X t-X Ы - *

С 416 366 336 465 327 285 213 290

St 323 290 368 582 391 310 234 230

ratio 1 .29 1.23 0.91 0.83 0.84 0.92 0.91 1.26

Silicon and carbon compared
Silicon is immediately below carbon in thc periodic table and the most obvious similarity is that both 
dements normally have a valency o f four and both form tetrahedral compounds. There are im por
tant differences in the chemistry o f carbon and silicon—silicon is leu important and many books are 
devoted solely to carbon chemistry but relatively few to silicon chemistry. Carbon forms many stable 
trigonal and linear compounds containing к bonds; silicon forms few. The most important d if
ference is the strength o f the silicon-oxygen в  bond (368 k j m oT1) and the relative weakness o f the 
silicon-silicon (230 k lm o T 1) bond. Together these values account for the absence, in  thc oxygen- 
rich atmosphere o f earth, o f  silicon analogues o f  the plethora o f structures possible w ith a carbon 
skeleton.

Several o f the values in  thc 
table are worthy o f comment as 
they give insight into the reactivity 
differences between carbon and 
silicon. Bonds to electronegative 
elements are generally stronger 
with silicon than with carbon; in 
particular, the silicoiv-fluorine bond is one o f the strongest single bonds known, while bonds to elec
tropositive elements are weaker. Silicon-hydrogen bonds arc much weaker than their carbon coun
terparts and can be cleaved easily. This section o f Chapter 47 is about organic silicon chemistry. We 
w ill mostly discuss compounds with four Si-C bonds. Three o f these bonds w ill usually be thc same 
so we w ill often have a M e jS i- group attached to an organic molecule. Wc shall discuss reactions in 
which something interesting happens to thc organic molecule as one o f the Si-C bonds reacts to give 
a new Si—F or Si-O bond. We shall also discuss organosilicon compounds as reagents, such as tri- 
ethylsilane (E ljS iH l, which is a reducing agent whereas E tjC -H  is not. Here arc a few organosilicon 
compounds.

" V T

•  useful electropMe a protected atooftol an rilyl id ene e bewene
The carhon-silicon bond is strong enough fiw the trialkyl silyl group to survive synthetic trans

formations on the rest o f the molecule but weak enough for it to be cleaved specifically when we 
want. In particular, fluoride ion is a poor nudeophile for carbon compounds but attacks silicon very 
readily. Another important factor is the length o f the С-Si bond (1J9  A)— it is significantly longer 
than a typical C-C  bond (134 A). Silicon has a lower dectronegativity (1.8) than carbon (23) and 
therefore С-Si bonds are polarized towards the carbon. This makes the silicon susceptible to attack 
by nucleophiles.
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Silicon has an affinity for electronegative atoms
The most effective nudeophiles for silicon are the electronegative ones that will form strong bonds to 
silicon, such as those based on oxygen or halide tons with fluoride being pre-eminent. You saw this 
in the choice of reagent for the selective deavage o f silyl ethers in Chapter 24. TetrabutyUmmonium 
fluoride is often used as this is an organic soluble ionic fluoride and forms a silyl fluoride as the by
product. Thc mechanism is not a simple S^2 process and has no direct analogue in carbon chem
istry. It looks like a substitution at a hindered tertiary centre, which ought to be virtually impossible. 
Two characteristics of silicon facilitate thc process: first, thc long silicon-carbon bonds rdievc thc 
steric interactions and. second, thc d orbitals o f silicon provide a target for the nucleophile that does 
not have the same geometric constraints as a C-O  C* orbital. Attack o f the fluoride on the d orbital 
leads to a negatively charged pentacoordinate intermediate that breaks down with loss of the alkox- 
idc. There is a discrete intermediate in contrast to thc pentacoordinate transition state o f a carbon- 
based Sм2 reaction.

VV.se. VV. — V*
This process is sometimes abbreviated lo Sn 2 at silicon to save space. The intermediate is a 

trigonal hipyramid with negatively charged pcntacovalent silicon. It is often omined in drawings 
because it is formed slowly and decomposes quickly. This mechanism is similar to nudeophilic 
substitution at boron except that the intermediate is pcntacovalent (Si) rather than tetrahedral (B). 
The hydrolysis o f a boron ester at the end o f a hydroboration-oxidation sequence would be an 
example.

*a
hiKkoborBtk'n ewdation h*»olyv» tetrahedral В n*«1ioljr«l*

Tb# allicon Ba«yer-Villi£er r

Evidence that the S "2 ' reaction at silicon does Indeed go with the same reagent (alkaline hydrogen peroode) a/ 
tv o u tfi a pentacovaisntlntefmedlate comes from the pves alkyl m iration from St to 0 with retention of

a . ^ {«acovalent

J •  Silicon forms strong bonds with oxygen and very strong bonds with fluonnc. 

Nudeophilic substitution at silicon
You may wonder why trimethylsityl chloride does not use the Sn I mechanism familiar from the 
analogous carbon compound r-butyl chloride. There is, in fact, nothing wrong with the MejSi*
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cation— it is often observed in mass spectra, for example. The reason is that the ‘S^2’ reaction at 
silicon is too good.

We should compare the ‘Sn 2‘ reaction at silicon with the Sn2 reaction at carbon. There are some 
important differences. Alkyl halides are soft dectrophiles but silyl halides are hard electrophiles. 
Alkyl halides react only very slowly with fluoride ion but silyl halides react more rapidly with fluoride 
than with any other nucleophile. The best nucleophiles for saturated carbon are neutral and/or based 
on elements down the periodic table (S, Se, 1). The best nucleophiles for silicon are charged and 
based on highly electronegative atoms (chiefly F, Q , and O). A familiar example is the reaction o f 
enolates at carbon with alkyl halides but at oxygen with silyl chlorides (Chapter 21).

When a MejSi group is removed from an organic molecule with hydroxide ion, the product is not 
the silanot as you might expect but the silyl ether ‘hexamethyldisiloxane*. Di-/-butyl ether could not 
be formed under these conditions nor by this mechanism, but only by the 5ц1 mechanism in acid 
solution.

ЖP ”" —►«!<,»----OH M .,»!'''-0' ' * » * . ,

The other side o f thc coin is that the S^2 reaction at carbon is not much affected by partial positive 
charge (&+) on the carbon atom. Thc ‘Sn2‘ reaction at silicon is affected by the charge on silicon. The 
most electrophilic silicon compounds are thc silyl triflates and it is estimated that they react some 
10я- 10* times faster w ith oxygen nuJeophiles than do silyl chlorides. Trimcthylsilyl triflatc is, in 
Яки an excellent Lewis acid and can be used to form acetals or silyl enol ethers from carbonyl com
pounds, and to react these two together in aldol-style reactions. In all three reactions the triflatc 
attacks an oxygen atom.

In the acetal formation, silyiation occurs twice at the carbonyl oxygen atom and the final leaving 
group is hexamethyldisiloxane. You should compare this with the normal acid-catalysed mechanism 
described in Chapter 14 where the carbonyl group is twice protonated and the leaving group is water.

H " 9 * *  OM«
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Silyl enol ether formation again results from silyiation o f carbonyl oxygen but this time no 
alcohol is added and a weak base, usually a tertiary amine, helps to remove thc proton after 
silyiation.



47 • Organo main group chemistry 2: boron, silicon and tin

[  с Г - > ш m
96% 1Ш

When the acetal and the elyi enol ether are mixed with the same I*wis acid catalyst, Noyon found 
that an efficient aldol style condensation takes place with the acetal providing the etectrophile. Ihe  reac
tion is successful at low temperatures and only a catalytic amount of the Lewis acid is needed Under 
these conditions, with no acid or base, few sidc-rcat*ions occur. Notice that the final desilylation is tar
ried out by the triflate anion to regenerate the Lewis acid Me^Si-OTf. Triflate would be a very poor 
nudeophile for saturated carbon but is reasonable for silicon because oxygen is the nudeoptulic atom.

- - J Q
89% yield

Silyl ethers are versatile protecting groups for alcohols
Silicon-based protecting groups for alcohols are the best because they are the most versatile. They are 
removed by nudcophilic displacement with fluoride or oxygen nutlcophiles and the rate o f removal 
depends mostly on the steric bulk o f the silyl group. The simplest is trimethylsilyl (MejSi or often just 
TMS) which is also the most easily removed as it is the least hindered Infect, it is removed so easily by 
water with a trace o f base or add that special handling is required to keep this labile group in place.

“ic
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Replacement of the one o f the methyl groups with a much more sterically demanding tertiary 
butyl group gives the r-butyldimethytsilyl (TBDMS) group, which is stable to normal handling and 
survives aqueous work up or column chromatography on silica gel. The stability to these isolation 
and purification conditions has made TBDMS (sometimes over-abbreviated to TBS) a very popular 
choice for organic synthesis. TBDMS is introduced by a substitution reaction on the tor respond mg 
silyl chloride with imidazole in DMF. Yields are usually virtually quantitative and the conditions are 
mild. Primary alcohols are protected in the presence o f secondary alcohols. Removal relies on the 
strong affinity o f fluoride for silicon and is usually very efficient and selective.

However, a protecting group is useful only i f  it can be introduced and removed in high yield w ith
out affecting the rest o f the molecule and i f  it can survive a wide range o f conditions in the course of 
the synthesis. The extreme steric bulk o f the rbutyldipheaytsilyt (TBDPS) group makes it useful for 
selective protection o f unhindered primary akohols in the presence o f secondary alcohols.
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The most Habit common salyl protecting group (triisopropylsilyl or TIPS) has three branched 
alkyl substituents to protect the central silicon from attack by nudeophiles which would lead to 
dcavagc. АП three hindcrrd silyl groups (TBDMS, TBDPS. and TIPS) have cxcdlcnt stability but can 
still be removed with fluoride.

Alkynyl silanes are used for protection and activation
Terminal alkynes have an acidic proton (pAfe a t  25) that can be removed by very strong bases such as 
organometallic reagents (Gngnards. RLi. etc). While this is often what is intended, in other drcun\^ 
stances it may be an unwanted side-reaction that would consume an organometallic reagent or inter* 
fere with the chosen reaction. Exchange o f the terminal proton o f an alkyne for a tnmethyisilyl group 
exploits the relative acidity o f the proton and provides a neat solution to these problems. The SiMcj 
group protects the terminus o f the alkyne during thc reaction but can then be removed w ith fluoride 
or sodium hydroxide. A classic case is the removal of a proton next door to a terminal alkyne.
orrteew n BuLi or

Additionally, acetylene itself is a useful two-carbon building block but is not very convenient to 
handle as it is an explosive gas. Trimethylsilylacetylene is a distillable liquid that is a convenient sub
stitute for acetylene in  reactions involving thc lith ium derivative as it has only one acidic proton. The 
synthesis o f this alkynyl ketone is an example. Dcprotonation with butyl lith ium  provides the alkynyl 
lith ium  that reacted with the alkyl chloride in  the presence o f iodide as nudcophilic catalyst (sec 
Chapter 17). Removal o f the trimethylsilyl group with potassium carbonate in methanol allowed 
further reaction on thc other end o f thc alkyne.

O ’ u — Г\ . ц « . ,  ГЛ
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Silicon stabilizes a positive charge on the fi carbon
In common with ordinary alkynes, silylatcd alkynes arc nudeophilic towards elcctrophOcs. The 
presence o f the silicon has a dramatic effect on the regiosdectivity o f this reaction: attack occurs 
only at the atom directly bonded to thc silicon. This must be because thc intermediate cation is 
stabilized.

„ - A  *  J Z * _____ „ _ _  t
J e  *  4

The familiar hierarchy o f carbocation stability— tertiary > secondary > primary— is due to thc 
stabilization of thc positive charge by donation o f electron density from adjacent C -H  or C-C  bonds 
(their filled О orbitals to  be precise) that arc aligned correctly with the vacant orbital (Chapter 17).
Thc electropositive nature o f silicon makes С-Si bonds even more effective donors so that a f)-silyt
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group stabilizes a positive charge so effectively (hat the course of a reaction involving cationic inter
mediate» is often completely controlled. Thu is stabilization by о donation
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The stabilization of the cation weakens the С-Si bond by the detocahzation of electron density so 
that the bond is more easily broken. Attack of a nucleophile, particularly a halogen or oxygen nucle
ophile. on silicon removes it from the organic fragment and the net result is electrophilic substitu
tion in which the silicon has been replaced by the electrophfle.

♦ M i,HF

This is useful for the synthesis o f alkynyl ketones, which are difficult to make directly with con
ventional organometallic reagents such as alkynyl-Li or -MgBr because they add to the ketone prod
uct. Alkynyl silancs react with acid chlorides in the presence o f Lewis acids, such as aluminium 
chloride, to give the ketones.Л

A lC lj

Aryl silancs undergo ipso substitution with dcctrophilcs
Exactly the same sort of mechanism accounts for the reactions o f aryl silancs with electrophilcs 
under Friedd-Oafts conditions. Instead of the usual rules governing ortho, mcto, and para substitu
tion using the directing effects of the substituents, there is just one ru le  the silyl group is replaced by 
thc electrophilc at thc same atom on thc nng—this u  known as ipto substitution. Actually, this selec
tivity comes from the same principles as those used for ordinary aromatic substitution (Chapter 22): 
the elcctrophilc reacts to produce the most stable cation— in this case j) to silicon. Cleavage o f the 
weakened С-S» bond by any nucleophile leads directly to the ipso product.

stflbAied by pdScon ofbrtd perfectly skfned

There is an alternative site of attack that would lead to a cation 0 to silicon, that is, mcta to silicon. 
This cation is not particularly stable because thc vacant p orbital is orthogonal to thc C~Si bond and 
so cannot interact with it. This illustrates that it is more important to understand the origin o f thc 
effect based on molecular orbitals rather than simply to remember the result

G-

o r
to  empty p «Mel
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This reactivity of aryl si lanes is used to convert the stable phenyl dimethyisilyf group into 
a more reactive form for conversion in to an alcohol by the ’silyl Baeyer-Villiger’ reaction 
described above. Overall this makes the phenyl dimethylsilyi group a bulky masked equivalent 
for a hydroxyl group. This is useful because the silane w ill survive reaction conditions that the 
alcohol might not and the stenc bulk allows stereoselective reactions. Ian Fleming at Cambridge * 
has made extensive use o f this group and the conversion in to an alcohol by several reagents 
ad o f which depend on the ipso substitution o f the phenyl silane. The reaction with bromine is 
typical. Bromobenzene is produced together with a silyl bromide that is activated towards subse-^ 
quent oxidation.

The mechanism o f electrophilic desilylation is the same as that for electrophilic ardmatic substi
tution except that the proton is replaced by trimethylsilyt The important difference is that the silicon 
stabilizes the intermediate cation, and hence the transition state leading to it, to a dramatic extent so 
that the rate is much faster. This is the first step with bromine.

v  * v * V

-SIPbM.j

The rest o f the reaction sequence involves displacement o f B r- by HO O -, addition o f hydroxide, 
rearrangement, and hydrolysis. All these steps involve the silicon atom and the details are given a few 
pages back.

NaOM. HjOa
« \  M. NaOH

iB r ,
H

NaOH

•  Trimethyi&ilyl and other silyl groups stabilize a positive charge on a 0  carbon and 
are lost very easily. They can be thought of as very reactive protons or ‘super 
protons’.

Vinyl silanes can be prepared stercospccifically
Controlled reduction o f alkynyl silanes produces the corresponding vinyl silanes and the method of 
reduction dictates the stereochemistry. Lindlar hydrogenation adds a molecule o f hydrogen across 
the alkyne in a ris  fashion to produce the Z-vinyl silane. Red Л1 reduction o f a propargyhc alcohol 
leads instead to the Е-isorocr.

1. Red A i*

2. И ,0 *

- м ч Х ,

The mechanism o f the second reaction is a trans hydroalumination helped by coordination o f the 
alane to the triple bond and external nucleophilic attack. The regiosdectivity o f the hydroalumina
tion is again determined by silicon: the dectrophilic alane attacks the alkyne on the carbon bearing 
the silyl group (the ipso carbon).

и « *
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hydro**»
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Instead of adding two hydrogen atoms to an alkynyl «lane we could add H and SiMcj to a simple 
alkyne by hydrosflylation (addition o f hydrogen and silicon). This is a cis addition process catalysed 
by transition metals and leads to a trans (£-) vinyl silane. One o f the best catalysts is chloropUtimc 
add (HjPtClft) at in this formation of the Б-vinyl silane from phenylacctylcnc. In this case photo
chemical isomerization to the Z-isomcT makes both available. Other than thc need for catalysis, this 
reaction should remind you o f the hydroboration reactions earlier in thc chapter. The silicon atom is 
thc electrophilic end of thc Si-H bond and is transferred to thc leu substituted end of thc alkyne

и д е .

Vinyl sdancs can also be prepared from vinyl halides by mctal-halogen exchange to form thc 
corresponding vinylic organometallic and coupling with a silyl chloride. Notice that both o f these 
reactions happen with retention of configuration. This route is successful for acychc and cydic com
pounds and even vinyl chloride», which arc much less reactive, can be used with thc lithium contain
ing some o f the more powerfully reducing sodium aa thc metal.

*  4 Me iSlCI

be prepared directly from ketones using the Shapiro reaction

e o m p o n d ry« ty

ТЬа T * аЛ я й
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Vinyl silanes offer a regio- and stereosdectivc route to alkenes
Vinyl silanes react with dectrophilcs in a highly regioselective process in which the silicon is replaced 
by the electrophile at the ipso carbon atom. The stereochemistry o f the vinyl silane is important 
because this exchange usually occurs with retention o f geometry as w d l. Consider the reaction o f the 
two vinyl silanes derived from phenyl acetylene with the simple dectrophile D*. Deuterons are 
chemically very similar to protons but arc, o f course, distinguishable by NMR.

r
In principle, the alkenes could be protonatcd at cither end but protonation next to silicon leads to 

the more stable cation (5 to silicon. In the vinyl silane the С-Si bond is orthogonal to the p orbitals o f 
the я bond, but as the electrophile (D * here) attacks the x bond, say from underneath, the MejSi 
group starts to move upwards. As it rotates, the angle between the С-S i bond and the remaining p 
orbital decreases from 90м. As the angle decreases, the interaction between the C~Si bond and the 
empty p orbital o f  the cation increases. There is every reason for the rotation to continue in the same 
direction and no reason for it to reverse. The diagram shows that, in  the resulting cation, the deuteri
um atom is in the position formerly occupied by the MejSi group, tram to Ph. Loss o f the MejSi 
group now gives retention o f stereochemistry.

шЛгог, солПпиел to vji* ,vi stAf is tft rot utwardt _

The intermediate cation has only a single bond and so rotation might be expected to lead to a 
mixture o f geometrical isomers o f the product but this is not observed. The bonding interaction 
between the С-S i bond and the empty p orbital means that rotation is restricted. This stabilization 
weakens the С-S i bond and the silyl group is quickly removed before any further rotation can occur. 
The stabilization is effective only if  the С-S i bond is correctly aligned with the vacant orbital, which 
means it must be in the same plane— rather like a X bond. Here is the result for both E- and 7-iso- 
mers o f the vinyl silane.

- A

Z+n+ Oorw

We can illustrate the two alternative rotations with an energy diagram: one rotation leads directly 
to a stable conformation with the С-Si bonding orbital paralld to the vacant p orbital, while the 
other passes through a very-high-energy conformation that has the two orbitals orthogonal and so 
derives no stabilization from the presence o f silicon. It is this energy barrier that effectively prevents 
rotation and leads to electrophilic substitution with retention o f double bond geometry. The 
favoured rotation simply continues the rotation from starting material to cation.
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It tt unusual for silicon to hr required in the final product o f a synthetic sequence and the sterco- 
specific removal o f silicon from vinyl silancs makes them useful reagents that can be regarded as 
rather stable vinylic organoroctallic reagents that will react with powerful electrophOes preserving 
the double bond location and geometry. Protodcsilyiation. as the process of replacing silicon with a 
proton is known, is one such important reaction. The halogens are also useful eiectrophiles while 
organic halides, particularly acid chlorides, in the presence o f Lewis adds, form vinyl halides and 
unsaturated ketones o f defined geometry.

2 + n fi tttanc б * * ! ! * *

- щ * г  « s r

CHjCIj ,

Allyl silancs arc readily available
I f  the silyl group is moved along thc carbon chain by just one atom, an allyl silanc results. Allyl silancs 
can be produced from allyl organometaOic reagents but there is often a problem over which regio 
isomer is produced and mixtures often result Better methods control the position o f thc double 
bond using one o f the methods introduced in Chapter 31. Two useful examples take advantage o f thc 
Wittig reaction and the Peterson olefination to construct the alkene linkage. The reagents arc pre
pared from trimethylsilyl halides cither by formation of the corresponding Grignard reagent or alky
iation with a methylene W ittig reagent and dcprotonation to form a new yiid. The Grignard reagent, 
with added cerium trichloride, adds twice to esters to give the corresponding tertiary alcohol which
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loses one o f its Me «Si groups in a Peterson elimination to reveal the remaining MejSi group as part 
o f an allyl silane.

I ш*м'г
j t

The W ittig reagent is made by alkylation o f the simplest ylid with the same silicon «$agent. Notice 
that the leaving group (iodide) is on the carbon next to silicon, not on the silicon itself. Anion forma
tion occurs next to phosphorus, because Ph3P' is much more anion-stabilizing than Me3Si. The ylid 
reacts with carbonyl compounds such as cydohexanone in the usual way to produce the allyl silane 
with no ambiguity over which end o f the allyl system is silylated.

----------------- -
<S*7) -or

Silicon « « U  a fturpHsiMfly «mall s to ic  affact

The Me3Si 0 oup is. of course, large. Bui the C-S« bond a  ne ittoa i 
lone and the Me jS i croup has a smaller steric effect then mfamoui 
the MejC(tbutyf) gr^up. For ewdwtce. look at this last very tf at all . The Me jS

of the incoming nucleophile.

The carbon-silicon bond has two important effects on the adjacent alkene. The presence 
o f a high-energy filled о  orbital o f the correct symmetry to interact with the я system produces an 
alkene that is more reactive with electrophiles, due to the higher-energy HOMO, and the same О 
orbital stabilizes the carbocation i f  аПаск occurs at the remote end o f the alkene. This lowers the 
transition date for electrophilic addition and makes ally! silanes much more reactive than isolated 
alkenes.

Allyl silanes arc more reactive than vinyl silanes but also react through ^-silyl 
cations
Vinyl silanes have С-S» bonds orthogonal to the p orbitals o f the alkene— the С-S i bond is in the 
nodal plane o f the я bond— so there can be no interaction between the С-S i bond and the я bond. 
Allyl silanes, by contrast, have С-Si bonds that can be, and normally are, parallel to the p orbitals o f 
the я bond so that interaction is possible.

• ***
a vinyl adane no interaction between an allyl sdane interaction between

orthogonal orbitals parallel orbrtals

The evidence that such interaction docs occur is that allyl silanes are more reactive than vinyl 
silanes as a result o f the increased energy o f the HOMO due to the interaction o f the я bond with the 
С-S i bond. Conversely, v inyl silanes are thermodynamically more stable than the allyl isomers by

л
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about 8 k l moT*. This is evident from the acetylation o f a compound having both vinyl silanc and 
allyl silanc functional groups. It reacts exclusively as an allyl silanc, shown in black, with double bond 
migration to produce two double bond isomers (as and trims cyclononcnes) o f the vinyl silanc 
product. The vinylic silicon is not involved as the С-Si bond is orthogonal to the к system 
throughout.

***•>  V .

Allyl silancs react with electrophiles with even greater regioselectivity than that o f vinyl silancs. 
The cation 0 to thc silyl group is again formed but there are two important differences. Most obvi
ously. the electrophile attacks at thc other end o f the allylic system and there is no rotation necessary 
as thc С-Si bond is already in a position to overlap efficiently with the intermediate cation. 
Electrophilic attack occurs on the face of the alkene anti to thc silyl group. The process is terminated 
by loss o f silicon in the usual way to regenerate an alkene.

Molecular orbitals demonstrate the smooth transition from the allyl silane. which has а я  bond 
and a С-Si a  bond, to the allylic product with a new я bond and a new о bond to the electrophile. 
Thc intermediate cation is mainly stabilized by о donation from thc С-Si bond into the vacant p 
orbital but it has other О-donating groups (C-H, C-C, and C-E) that also help. The overall process is 
dcctrophilic substitution with allylic rearrangement. Both thc site o f attachment o f the electrophile 
and the position o f thc new double bond are dictated by the silicon.

va-ып* -M b it* v w r f t  p CUttf; i l

Allyl silancs react with a wide variety o f dcctrophOes. rather like the ones that react with silyl enol 
ethers, provided they are activated, usually by a Lewis acid. Titanium tetrachloride is widely used but 
other successful Lewis acids include boron trifluoride, aluminium chloride, and trimcthylsilyi tri- 
flate. Electrophiles indude thc humble proton generated from acetic add. The regiocontrol is com
plete. No reaction is observed at thc other end o f thc allylic system. All our examples are on the allyl 
silanc we prepared earlier in the chapter.

Ol -  0 ^ “' = o ! -
The first reaction is thc general reaction with dectrophiles and the second shows that even reac

tion with a proton occurs at the other end o f the ally! system with movement of the double bond.
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Other dectrophile* include acylium ions produced from acid chlorides, carbocations from tertiary 
halides or secondary benzylsc halides, activated enones, and epoxides all in thc presence o f Lewis 
acid. In each ease thc new bond is highlighted in Ыаск.

О
ЛЭ-9в%*вН
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•  Heading

Vinyl and aryl «lanes react with dectrophile*at the *ame (ipsoor a) atom 
occupied by silicon. Allyl silanes react at the end of the alkene furthest from 
silicon (y). In both cases a P silyl cation is an intermediate.

In enantiomerically pure system* one enantiomer o f thc allyl silane gives one enantiomer of 
thc product Thc stereogenic centre next lo  silicon disappears and a new one appears at the other 
end o f the alkene. This is a consequence o f thc molecule reacting in a well defined conformation 
by a well defined mechanism. Thc conformation is controlled by allylic strain (Chapter 34) which 
compels the proton on thc sOyl-bcaring stereogenic centre to eclipse the alkene in thc reactive 
conformation and the dectrophile attacks anti to silicon for both stenc and stereodectronic reasons.
In these examples o f Iewi*-»cid-promoted alkylation with a f-butyl group, f> and 7-isomers 
both react highly stereoedecthrdy to give enantiomeric product*. The reactions are completely 
stcrcoapccific.

Lewis acids promote couplings via oxonium ions
Allyl silanes w ill also attack carbonyl compounds when they are activated by coordination o f thc car
bonyl oxygen atom to a Lewis acid. The Lewis acid, usually a metal halide such as T k J 4 or Z n U 2. 
activates the carbonyl compound by forming an oxonium ion with a metal-oxygen bond. Thc allyl 
silane attacks in thc usual way and thc fi-silyt cation is dcsilylatcd with thc halide ion. Hydrolysis o f 
the metal alkoxide give* a homoallytu alcohol

A , ^
o*or*jm  Ion h o m e * * *

A closely related reactive oxonium ion can be prepared by I rwis-aod-catalysed breakdown o f thc 
concsponding acetai. Alternatively, especially i f  thc acctal is at least partly a silyl acctal, the same 
oxonium ion can be produced in situ using yet more silicon in  the form o f TMSOTf as the Lewis add 
catalyst. АП these intermediate oxonium ions act as powerful dcctrophilcs towards allyl silanes pro
ducing homoaUytic alcohols or ether*.
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The regiocontrol that results from using an allyl silanc to direct the final elimination is illustrated 
by this example of an intramolecular reaction on to an acetal promoted by tin  tetrachloride. The 
same reaction can be run in thc absence o f silicon but the intermediate cation can then lose a range of 
protons to produce five different products!I' l i n i n u  UI |>l 1Д11Н1 l i l t

ш у ш &
t

Crotyi tilancs a n  powerful reagents in stereoselective synthesis
Crotyi silanc» offer the possibility o f dustercosclectivity in  reactions with aldehydes in the um c way 
as thc corresponding boranes. The mechanism is completely different because crotyi thalkrlsilanes 
react via an open transition state as the silicon is not Lewis acidic enough lo  bind the carbonyl oxy
gen o f the electrophile. Instead. Ihe aldehyde has to be activated by an additional Lewis add or by 
conversion in to a reactive oiomum ion by one of thc methods described above. The stereoeiectroruc 
demands of thc allylic silanc system contribute to thc succcss o f this transformation Addition takes 
place in an S[2' sense so that the electrophile is attached to the remote carbon on the opposite side of 
thc x system to that originally occupied by silicon and the newly formed double bond is tram to min
imise allylic strain.

f j :  -  JU
• r>

Radicals, anions, and SN2 transition states stabilized by ailicon
In Chapter 31 wc discussed thc Peterson reaction, which uses carbanions next to silicon, and thc 
reagent MejSiCHjCl was used to make a Grignard reagent for this reaction. In fact, the chloride can
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be made directly from Me4Si (tetramethylsilane used as a zero point in NMR spectra) by photo
chemical chlorination. A chlorine atom removes a hydrogen atom from one o f the methyl groups to 
leave a primary radical next to silicon, which reacts in turn with a chlorine molecule, and the radical 
chain continues.

We might suspect that silicon stabilizes the intermediate carbon-centred radical as pfipa ry radicals 
arc not usually stable, but we can prove nothing a* there is no alternative. This chloride is a very useful 
reagent. It readily reacts by the St*2 mechanism, in spite o f the large MejSi group, which makes us 
suspect that silicon encourages the Э Д  reaction at neighbouring carbon. It also readily forms 
orgjnometalhc reagents such as Grignard reagents and lithium derivatives and these «me used m the 
Peterson reaction. This makes us suspect that the Me>Si group stabilizes anions. Can d l this геЛу he 
true?

It is all true. Evidence that a silyl group stabilizes the Sj*2 transition state comes from the reactions 
o f the epoxides o f vinyl silanes. These compounds can be made stereospecifwaDy with one equivalent 
o f a buffered peroxy-acid such as m-CPBA. Epoxidation is as easy as the epoxidation o f simple 
alkenes. You w ill see in a moment why acid must be avoided.

These epoxides react stereoapecifically with nucleophiles to give single diastereoitomers of 
adducts. I f  a carbon nucleophile is used (cuprates are best), it  is obvious from the structure o f the 
products that nucleophilic attack has occurred at the end o f the epoxide next to silicon. This is obvi
ously an Э Д  reaction because it is stereospedhc: in any case an S^l reaction would have occurred at 
the other end o f the epoxide through the fl-silyl cation.

When we discussed the Peterson reaction in Chapter 31, we explained that each diastereoisomer 
o f a JJ-silyl alcohol can eliminate, depending on the reaction conditions, to give either geometncal 
isomer o f the alkene but we did not explain how these diastereoisomers could be made. This is how 
they are made. Elimination in base is a Wittig-style syn process hut an <mft elimination occurs in acid. 
Here are the reactions on one o f the diastereoisomers we have just made.

I*

I f  the nudeophile is water— as it might be in the work-up o f the original epoxidation in acid solu
tion— the product is a diol. which eliminates by the anti mechanism in  add solution to give initially 
an enol and then, under the same conditions, a carbonyl compound. All these steps are often earned
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out in thc one reaction to convert thc epoxide to the carbonyl compound in  one operation 
Stereochemistry does not matter in tha reaction.

Silicon-stabilized carbanions
We arc going to concentrate on the most important o f these properties: silyl groups stabilize carban 
ions. We can show that this is true rather easily. Here are two reactions o f carbanions with aldehydes

The first reagent has a choice: it can do either the W ittig  or the Peterwm reaction; it prefers 
the Peterson reaction. This merely tells us that nu Jeophilic attack at silicon is faster than nucleo- 
philk attack at phosphorus. The carbanion part of the ylid is next to silicon but it could be nowhere 
else.

~ --------------- —  _ _ _ _ _

There is, however, a choice m the second reaction. There are six methyl groups on the two MejSi 
groups and one C H j between them. That makes eighteen methyl hydrogens and only two on the 
CH2 group. Yet the base removes one o f the two. It is better to have an anion stabilized by two silicon 
atoms. Silicon docs stabilize a carbanion. There is, o f course, no choice in  the elimination step— 
СГ must attack one o f the MejSi groups and the Peterson reaction must occur.

Ме,Я-----ON

These reactions are also useful syntheses o f vinyl phosphine oxides and o f vinyl silanes. The stabi
lization o f anions is weak— weaker than from phosphorus or sulfur—but still useful. The W ittig 
reagent used to make allyl silanes earlier in this chapter illustrates this point.

I f  you want to make an anion' stabilized by one Me3Si group it is better to use an organolithium 
or organomagnesium compound made from a halide, thc most important being the simplest as we 
have seen. But given just a little extra help—even an alkene— anions can be made with bases. So an 
allyl silane can give a lithium derivative (using s-BuLi as the very strong base) that reacts with elec- 
trophiles in thc same position as do thc allyl silanes themselves— thc y-position relative to the MejSi 
group. In this example the dectrophile is a ketone and no Lewis add is needed

§а%уми

The product is a vinyl silane as the Me«Si group is retained in this reaction o f the anion. The reac
tion is stereosdective in favour of the F-alkene as might be expected. The alkene can be epoxidized
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and the epoxide opened in  the reaction we discussed earlier in  the chapter. I f  methanol is used as the 
nucleophile with BFj as the Lewis acid, cyclic acetals are formed.

« и .  « ц  ^
94% y<e«d TTkyM d

Nucleophilic attack occurs next to silicon and Peterson elimination fives an enol ether that *T 
cyclizes to the acetal under the acidic conditions. . V

ом. V * *

»*OH

The cydic acetal is a protected form o f the hydroxy-aldehyde and oxidation under acidk condi- Г Г  
tions (O O j in H 2S04) gives a food yield o f the spirocydic lactone. In the whole process from allyl 
silane to lactone, the allyl silane is behaving as ad3 synthon or homoenolate.

7 П |М

-Q q  >Q
Migration of silicon from caibon to oxygen
Much o f silicon chemistry is dominated by the strong Si-O bond and this leads to some surprising 
reactions. When compounds with an OH and a silyl group on the same carbon atom are treated with 
a catalytic amount o f base, the silyl group migrates from caibon to oxygen. That all sounds reason
able until you realize that it  must go through a three membered ring. It it, in effect, a nucleophilic 
substitution at silicon. The reaction is known as the Brook rearrangement.

Г

No such reaction could occur at a carbon centre ( it  would be impossible by Baldwin’s rules; see 
Chapter 42). and the difference is that nudcophilic substitution at silicon goes through a pentacova- 
lent intermediate so that a linear arrangement o f nucleophile and leaving group is not required. The 
product anion is less stable than the oxyanion formed at the start o f the reaction but removal o f a 
proton from another molecule o f starting material makes the product, with its Si-O bond, more lia 
ble than the starting material. The central reaction should really be shown as an equilibrium going to 
the right with catalytic base and to the left with a full equivalent o f base.

pnxtu u  «aw n к < т Ь ‘ОПЧйпс 
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By itself, the Brook rearrangement is not m y  useful but, if  the carbanion can do something else 
«her than rust get protonated, something useful may happen We have seen what happens to the 
epoxides of vinyl silanes. Dihydroxylation o f the same alkenes also gives interesting chemistry when 
the diols are treated with base.

Eta0 Mlylt

The overall reaction is the insertion o f an oxygen atom between the silicon and the alkene and the 
product is a useful silyl enol ether (Chapter 21). The Brook rearrangement takes place first but the 
carbanion has a leaving group (OH) on the neighbouring carbon atom so an ElcB reaction (Chapter 
19) occurs next.

It is remarkable that the other OH group does not lose a proton because a Peterson reaction 
could then follow. Perhaps the three-membered cydic intermediate is formed more easily than 
the four-membered ring  This would be the case i f  carbon were the electrophilic atom. 
Rearrangements from carbon to oxygen through four-membered rings do occur examples are the 
'sda-Pummcrer* rearrangement and the rather annoying tendency o f a-silyl carbonyl compounds to 
rearrange to silyl enol ethers. The ala-Pummerer rearrangement is like the normal Pummerer 
rearrangement (discussed in Chapter 46) except that a silyl group rather than a proton migrates to 
oxygen.

O— SIM*,

We could no doubt find uses for a-silyl carbonyl compounds i f  they did not rearrange with С to 
О silyl migration simply on heating The mechanism is similar to that o f the sila Pummerer 
rearrangement except that the nucleophile that attacks the silicon atom via a four-membered r i i *  
intermediate is carbonyl oxygen rather than sulfoxide oxygen. Thc intermediate might remind you 
o f the intermediate in the W ittig reaction: a С-Si or С-P  bond is sacrificed in both cases in favour of 
an Si-O or a P-О  bond

„X
«упах* Sn for tin warns us 

• « th e re  a rt two » l i  Ы name* 
compound* Stanranes 

Stannyt are often used hut so 
• * ' tin and. for example.
• ^ t m  hydride. You Will meet 

and there is no particular

Bu)SnH M c4Sn

These last examples show that there is some similarity between silicon and sulfur or phosphorus 
Now we shad see similarities with an element further down group IV—tin.

Organotin compounds
Tin is quite correctly regarded as a metal but m thc ♦ 4 oxidation state it forms perfectly stable organ
ic compounds, known as stannaries, many o f which are available commercially. The tin atom is 
rather large, which means that it  forms long covalent bonds that are easily polarized. The table of 
important bond lengths of the group IV (14) dements C, Si. and Sn shows that all bonds to carbon 
arc shorter than thc corresponding ones to silicon, which are in turn shorter and, as a result, stronger 
than those to t in



Organ otIn compounds

Bonds to carbon, silicon, and tin  comparod

m

X c-x M-X a -x M S-X Wv-X

С 0.1 S3 0.109 0.178 0.141 0 1 6 0 0  22

m 0.189 a  148 0.206 0.163 0.214

ая a  72 0.17 0.24 0 2 1 0.24 0ь28 .« 
--------— ‘

Organotin chemistry exploits the weak
ness o f C-Sn bonds to deliver whatever is 
attached to the tin to another reagent. You 
have already seen (Chapter 39) tributyltin 
hydride used as a radical reducing agent 
because o f thc ease w ith which the Sit-H 
bond can be broken. Carbon substituents 
can be transferred by a radical mechanism 
too but organ otins transfer the organic 
group intact by polar mechanisms as well. This reactivity is closest to that o f a 'conventional 
organomctallic reagent but the organotins arc stable distillable liquids that can be stored unlike 
Grignard reagents. You may be concerned about thc bet that there are four substituents on the cen
tral tin  atom and, in principle, all o f them could be transferred. In practice, alkyl groups transfer only 
very slowly indeed so that the tributylstannyf group (Bu.^Sn-), thc most popular tin-based function
al group, is generally transferred intact during reactions. Thc exception to this is tetramethyitin 
which has only methyl groups and therefore must transfer one o f them. Methyl ketones may be made 
from tetramethyitin and acid chlorides. Contrast this with the inert NMR reference tetramcthyl

►
Tin compounds are often *  
aMJaffuauaayto*,*,!

* * 4  effec ’ r\* m

X  jes. A.- JC.
Organotin compounds arc like reactive organosilicons
Organotin chemistry is useful because the familiar patterns o f organosilicon chemistry arc followed 
but thc reactions proceed more easily because thc bonds to tin arc weaker and tin is more electropos
itive than silicon. Thus vinyl, allyl, and aryl stannancs react with electrophiles in exactly thc same 
manner as their silicon counterparts but at a faster rate.

•  Organostannancs are more reactive than organosilanes and use the same 
mechanisms.

The preparation o f organostannancs is also similar to that o f organosilanes. Organomctallic 
reagents react w ith organotin electrophiles such as thc trialkyl halides or bis(tributyttin) oxide. Tibs 
is one method for thc preparation o f alkyl tributyltin using allyi Grignard and bis(tributyitin) oxide. 
Alternatively, thc polarity can be reversed and a stannyl lith ium , generated by dcprotonation o f the 
hydride or reductive cleavage o f McjSn-SnMej with lith ium  metal, w ill add to organic electrophiles 
such as alkyl halides and conjugate acceptors. The first reaction is Sj*2 at tin  (probably with a 5- 
valent tin  anion as intermediate) and the second is S^2 at carbon.

J C -

Direct hydrosUnnybtion o f an aikyne with a tin  hydride can be radical-initiated in thc way we 
saw in Chapter 39. The product o f kinctic control is thc Z-isomer but, if  there is excess tin  hydndc or 
enough radicals arc present, isomerization into thc more stable E- isomer occurs. The regiocontrol of 
this process is good with terminal alkynes.
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■ujSn— и

R SnBuj R И

Addition of a tributyltin radical lo  the aikyne fives the more substituted linear (sp) vinyl radical 
(see Chapter 39). Addition o f a hydrogen atom from another molecule o f Bu>SnII occurs preferen
tially from the lets hindered side (the BujSn group already in the molecule is in the plane of the p 
orbital containing the unpaired electron) to give the Z-vinyl stannane. I f  there is more BujSnll 
around, reversible addition of BujSn* radicals to either end o f the vinyl stannane equilibrates it to the 
more stable F-isomer.

Bu,So— N W  —

Tin-lithium exchange is rapid
Organotin compounds are usually simply not reactive enough to be useful nucleophiles. Conversion 
in to the corresponding organohthiums provides a much more reactive reagent. This is achieved in 
the same way as lithium-halogen exchange described in Chapter 9 and has essentially the same 
mechanism. The principle is simple. A very reactive nucleophile such as butyl lith ium reacts at the 
tin and expels an organolithium species. Thc process is thermodynamically controlled, so thc more 
stable the organolithium, the more likely it is to form. By having three of the groups on tin as butyl 
and adding another butyl from the organolithium, the choice is between the re-formation of butyl 
lith ium or creation o f an organolithium from thc fourth substituent I f  this is a v iny l allyl, aryl, or 
alkynyl group this emerges as thc most stable organolithium and is produced without any lithium 
halide present. The by-product is tetrabutyfcin which is nonpolar and unreactive and can usually be 
separated by chromatography from thc product o f thc reaction.

... 10

*b r

Ф ю м т <m of 0 fact corrugate

Such a rin-lith ium  exchange was thc key to the preparation o f a functional izrd vinyl organolithi
um that was couplcd to an enone in a synthesis of a natural product. Direct addition o f thc 
cyclobutenyllithium to thc leu hindered (ace o f thc carbonyl group gave one diastereoisomer o f the 
product.

Crotyi stannanes react with good stereochemical control
Crotyi stannanes are important reagents in organic synthesis because they can be prepared with con
trol over the double bond geometry and w ill tolerate thc presence of additional functional groups. 
This allows stereoselective synthesis o f functional ized acyclic molecules. The control arises from the 
well-defined transition states for the crotylation reaction. Tin is more electropositive than silicon 
and can accept a lone pair o f electrons in a purely thermal reaction with no added l-cwis add. The 
carbonyl group of thc aldehyde can coordinate to the tin  and lead, through a cyclic transition state, 
to give anti products from E-crotyl tin  reagents and syn products from the Z-crotyi isomer.
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Tin-lithium a cfu n g c  in action
Many organolithium compounds are useful reagents and no doubt many more would be i f  only they 
could be made. T in chemistry allow* us to make organolithium compounds that cannot be made by 
direct lithiation. An excellent example is a lithium derivative with an oxygen atom on the same car
bon. The hydrogen atom is not particularly acidic and cannot be removed by BuLi, while the bro
mide is unstable and w ill not survive treatment with BuLi.

•  Heading

• Tin/lithium exchange occurs rapidly and stcreospcdfically with BuLi
• Other dements that can be replaced by Li: RX ♦ BuLi give» RLi whe* 

X »  SnR*. Br. I, SeR

However, the problem should be easily solved with tin chemistry. The idea is to add a tributyltin 
lith ium  reagent to the aldehyde, mask the alkoxide formed, and then exchange the tributyl tin  group 
for lithium.

First, the Bu >So-1j  reagent has to be made. This can be done in two ways. Treatment o f any tin 
compound w ith BuLi results in nudcophilic attack at tin but LDA is much less nudcophilic and can 
be used to  remove a proton from tributyltin hydride. Otherwise, we can accept that Bui л w ill always 
attack tin and provide two tin atoms so that nudcophilic attack on one expels the other as the lith i
um derivative.

These THF solutions o f BujSn-I i are stable only at low temperatures so the aldehyde must be 
added immediatdy. The lith ium  alkoxide adduct can be neutralized and the alcohol isolated but it is 
also unstable and must be quenched immediately with an alkyl halide. The preferred one is
 ̂ ___ ____ i  ,  , __,  ■ _L i  f t -__ -_____i _______- - ft___ t _

U----SnOv, ♦ Buftln
a * j
---------  Bu.Sn— SnBu,
THF

These protected hydroxystannancs are stable compounds and can even be distilled. Treatment 
with BuLi and an dectrophilc such as an aldehyde or ketone gives the product from addition o f the
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organolithium derivative to the carbonyl group. T in-iithh im  exchange is rapid even at low tempera
ture and no product* from addition o f BuLi to thc carbonyl group are seen

m 0И

' Ю

The moat шгрrising thing about these reagents, invented and exploited by W. Clark Still at 
Columbia University, is that they can be prepared in stable enantiomerically pure forms and that the 
stereochemistry is preserved through exchange with lithium and reaction with elect rophiles. It is very 
unusual for organolithium compounds to be configurationally stable. Still first quenched the BujSnl j  

adducts with one enantiomer o f an add chloride and resolved by separating the diastereoisomers.

S. NM4CI

The ester was deaved by reduction with DIBAL (t-BujA lH) and an achiral version o f the normal 
protecting group put in place. It would obviously be silly to create unnecessary diastereomeric m ix
tures in these reactions. Then thc tin could be exchanged first with lith ium and then with an dcc- 
trnphile, even an alkyl halide, with retention of configuration and without loss of enantiomer* 
purity. Thc intermediate organolithium compound must have had a stable configuration.

0 х ' РЬ 0Ш1- Г â 0>'.
J'zC *'* *** «A-*-», *.«• «^ *1

The exchange of tin for bthium or other metals is probably the most valuable job it does. Reagents such 
as BuLi attack tin or boron directly rather than removing a proton Silicon is not usually attacked in this 
way and proton removal is more common. In the next chapter we shall sec how transition metals open up 
a treasure chest of more exotic reactions for which the reactions in this chapter are a preparation

1- The Hammett p value for the following reaction is -4.8. Fjrplain 
•bis in terms o f a mechanism. I f  the reaction were carried out in 

*d  solvent, would thc rate change and would there be any 
«П  incorporation into the product? What is the silicon- 

productf

3. The synthesis o f a compound used in a problem in Chapter 34 
(fragmentation) is given bdow. Give mechanisms for thc reactions 
explaining thc role o f silicon.

H aO . M eO N x> cC 2 B u .N F  S O jP h

^  Identify the interm ediates in  th is  reaction sequence and d u w  
_P * j*n u m s  f„r  the reactions. cxpU m .ng  ihe role o f the Me»S.

4. Give mechanisms for the foOowing reactions, drawing structures 
for all thc intermedi
ates including stere- . / Ч / ® 1*  *- BuU 
ochemistry. How 1 
would the reaction 
with BujSnll have to 
be done?



Problems

В. Explain thc following reactions. In particular, explain thc role 
try and discuss thc stereochemistry. 

l . I t , N  BujSnH

o f tm  and why it is necessary and discuss the stereochemistry. f  MojSl M*ci
c ^ N i  ^ t t o , c ^ ^ s

X • A
* « 0 ,c ' 'C 0CI 2 C0 *

I  -C O ,M . 1. Н Л 1 ,

< T f
1  о * • *

- > C = r ^ |EtOjC

10. R r ___
\  ], starting material for (hoc reaction*? Gave mcih4?
^ 4 CH0  various steps. Wh^ar с these sequences useful’ ‘  for U*

/ ^ Ф ^ С О ^ в  10- Revision o f Chapters 38 апЦ 46. How would vou
Uariin* m jic n il Cnr ik ~ ,  reaction*? Give m r.h ■ *

6. Explain thc stereochemistry and mechanism o f this 
hydroboration-carhonytation sequence.

OTHP 1 _ Э-BBN OTHP

-V iV
3 . U A IH (0 t-e u )3 J4.  H jO j ,  N aO H  ^ ^ ^ C H O

7. Give mechanisms for these reactions explaining: (a) the rcgio- 
and stereoselectivity o f thc hydroboration; (b) why such an odd 
method was used to dose thc lactone ring. How would you carry out the first step in this sr. lu e a e rfQ iJ

a mechanism for the second step and suggest an rxi-Unebeefe 
thc stereochemistry. You may find that л Newman protean* 
(Chapters 32 and 33) helps.

E tA IC Ij

8. Revision content. Give mechanisms for these reactions, 
commenting on the role o f silicon and the stereochemistry o f the 
cydization. Thc L iA ll l j  simply reduces the ketone to the 
corresponding alcohol. I f  you have trouble with thc Hg(II)- 
catalyscd step, there is hdp in  Chapter 36. 12. Revision o f Chapter 36. Give a mechanism for thu rc a c tie

and explain why it goes in this direction. ^

13. The Nazarov cydization (Chapter 36) normally 
pentenonc with the alkene in the more jubstitutci' I'04*1*0*  
can be altered by the following sequent c. G ivc a m r - han ie  
reaction and explain why the silicon makes all the d if tfrcafl*-

oVaJ
9. Give mechanisms for these reactions, explaining the role of 
silicon. W hy is this type o f lactone difficult to make by ordinary 1 SiM«j

i . u a m 4

*  / s :
ИЛ0АС),

С  «XVII 

a. (coai,
3. TICI.
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Xhii *  rather a long problem bur it gives you the chance to see 
p ifte  of chemistry involving sev eral elements P. Si. 

|ци в. Ni. Cr. Os, and Li—and it revues material from 
К ^ П  23, 33, and 45 at least. It starts with the tvnthesu. of this 

^^tbo rus  compound: what is the mechanism and selectivity'
I I " * 4 "

CO,Me

I
КД-с* Дч^ч^Х^со**,<
Hext. reac tion  w ith  a silicon-substituted Grignard reagent in the 
pctsence o f  N i(II) gnres an alM silane. What kind o f reaction is 
grit, what was th e  role o f phosphorus, and why was a metal other 
than sodium a dded7 (You know nothing specific about N i as yet 
but you sh o u ld  see the comparison with another metal. Consult 
Chapter 2 3 i f  y o u  need help.)

.И М *,

J * " * I

M tC I. E tjN

2. DBU

Reaction o f this ketone with a stannyl-lithium reagent gives one 
diastereoisomer o f a bridged lactone. Again, give a mechanism for 
this step and explain the stereochemistry. Make a good 
conformational drawing o f the lactone.

C<bM«-8l MajSnll

Treatment o f the tin  compound with MeU and a complex 
aldehyde represented as RCHO gave an adduct that was used in the 
synthesis of some compounds related to Taxol. What is the 
mechanism of the reaction, and why is tin necessary?

etric dihydroxylation (Chapter 45) is straightforward 
though you might like to comment on the chemoselectivity. The 
did is converted into the epoxide and you should explain the 
regio- and chemoselectivity o f this step The next step is perhaps 
the most interesting: what is the mechanism o f the cydization. 
what is the role o f silicon, and how is the stereochemistry 
controlled'
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Connections

Building on:
•  Conjugate addition c h lO  A  cb23
•  Nucleophilic substitu tion  a t saturated 

carbon c h i  7
•  Controlling stereochemistry c h l6, 

ch33. *  chS4
•  S»2 end S *2 'c h 2 3
•  Oxidation and reduction ch24
•  Cycloaddltlons ch3S
•  Rearrangements ch3S-ch3 7
•  Radicals and carbene a ch35-ch40
•  Aromatic hetarocyclos ct>43-ch44

•  Asymmetric synthesis c M  5
e Chemistry of B, Si, and Sn ch47

Arriving at: 
e Transition metals form organic

e There are o- and я-complexee given T \' 
numbers

e The bonding Is described w ith  the 
usual orbitals 

e M ost stable comple see have 18 
valency electrons 

e M etals ca ta lyse ‘Impossible 'reactions

Looking (onward te :
e The chemistry of life, especially 

w ic ldc adds ch49 
e  Steroids ch SI 
e Polymerization < i52

elim ination, and ligand migration from 
m etal to  carbon are key stepe

e Palladium Is the moat Important metal 
e C -C , C-O. and C-W bonds can be made 

w lth P d  catalysis 
e Crosa-ceupting of tw o  ligands Is

e A llyl cation complexes are uaeful 
electrophlles

Transition metals extend the range o f  organic reactions
Some at the mod o u t in g  reactwru m organic chemistry are based on tranuhon metals. How aboul 
Ih o t  two for example’  The firxt u  Ike Hctk reaction. which allow, nucleophile addition lo  an un- 
activated alkene Catalytic palladium (Pd) is needed to make the reaction go The aecond. the 
Paaaon-Khand reaction, is a ipecial method o f making five-membered ringi from three com
ponents: an alkene. an alkyne. and carbon monoxide (GO). It require, coball (Co). Neither of 
these reaction* is роаааЫе without the metaL

O"-oc. q-X
О • I
Reagents and complexes containing transition metals arc important in modern organic syn

thesis because they allow apparently impossible reactions to occur easily. This chemistry com-
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piemen ts traditional functional-group-based chemistry and significantly broadens the scope 
o f organic chemistry. Thu chapter introduces the concepts of metal ligand interaction, desenbes 
the most important reactions that can occur while ligands arc bound to the metal and demon 
strales the power o f organometallic chemistry in synthesis. Many industries now use transition-metal 
catalysed reactions routinely so it is important that you have a basic grounding in what they do.

There is a contradiction in what is required of a metal complex for useful synthetic behavi
our. Initially, it is useful to have a stable complex that w ill have a significant lifetime enabling 
study and. ideally, storage but, once in the reaction vessel, stability is actually a disadvantage 
as it implies slow reactivity. An ideal catalyst is a complex that is stable in the resting state, for 
storage, but quickly becomes activated in solution, perhaps by loss o f a ligand, allow ir* inter
action with the substrate. Fortunately, there is a simple guide to the stability o f transition metal 
complexes. I f  a complex satisfies the IS-electron rule for a stable metal complex it means that the 
metal at the centre o f the complex has the noble gas configuration o f 18 electrons in the valence 
shells. Thc total o f 18 is achieved by combining the electrons that the metal already possesses with 
those donated by the coordinating ligands. Thc requirement for 18 electrons comes from the need to 
fill one 's’ orbital, five'd* orbitals, and three *p‘ orbitals with two electrons in each. This table gives 
you the number o f valence electrons each metal starts with before it has acquired any ligands. Notice 
that the ‘new’ group numbers 1-18 give you the answer without any calculation. The most impor
tant are highlighted.

Ofou»
Numtoef of vslenco

IVS(4>

4

vt(«)

•

v » < i)

•

V I*  (T) 

T

VlllB <•. ». and 10) 

■ •  10

IA (ID 

U

3d TI V Cv Mn Fa Co Ml Cu

4d Zr Nb Mo Tc Rw Mi Pd 4

Sd Hf Та w to Oo lr Pt Ли

Metals to the left -hand side o f this list obviously need many more electrons to make up the magic 
18. Chromium, for example, forms stable complexes with a benzene ring, giving it six electrons, and 
three molecules o f carbon monoxide, giving it two each: 6 + 6 + 2 + 2 + 2=18. Palladium is happy 
with just four triphenylphosphines (PhjP:) giving it two each: 10 ♦ 2 + 2 i  2 ♦ 2 -  18.

:> < = :

You may already know from your inorganic studies that there are exceptions to the 18-electron 
rule including complexes o f Ti, Zr, Ni, Pd, and Pt. which all form stable 16 electron complexes. An 
important 16-electron Pd(II) complex «nth two chlorides and two acetomtnlcs (McCN) as ligands 
appears in the margin. The so-called platinum metals Ni, Pd. and Pt are extremely important in cat
alytic processes, as you w ill see later on. The stable 16-electron configuration results from a high- 
energy vacant orbital caused by the complex adopting a square planar geometry. The benefit o f this 
vacant orbital is that it  is a site for other ligands in catalytic reactions.

Ligands can be attached in many different ways
Transition metals can have a number of ligands attached to them and each ligand can be attached in 
more than one place. Thu affects the reactivity o f the ligand and the metal because each additional 
point o f attachment means the donation of more electrons. We usually show the number of atoms 
involved in bonding to the metal by the hapto number I). A simple Grignard reagent is q 1 (pro
nounced 'eta-one') as thc magnesium к  attached only to one carbon atom. A mctal-alkcnc complex 
is 1\2 because both carbon atoms o f the alkene are equally involved in bonding to the metal. In these 
cases thc П designation is not very useful as there are no alternatives and it is usually omitted.
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R *prtM nting bonds in transition metal complexes

t  to hnow riactly  How to  <fraw •**  bonding In lo r r  e bonds by

acceptable representations. There •• no «roblam «hen th* 
metal fo»ms а о  bond to atom» »uch u Q o t C u  th*

BH, * £ - S h,

You «Л  И П Й П Ч 1  see к  completes d re w  with simpler 
dotted bnes going to th* middl* of the *  sond. som*t«m*s 
wrth dotted я bonds, and sometbnes with bonds simple 
or dotted) a«ng to the ends of tha oM ■ bond. These are 
a« acceptable as the boncftng is complei as you мм see. 
We n ^ t  * n o s l say thal the атЫДОу Is heipful we 
often don'twww either the eiact nature of the bondine or 
the number ol other ligands m the complev In the

diadems In th»s section we have shewn the rnaln bond 
fro-r metal to hgand as a heavy Mne In tha simplest 
representation but we also oiler alternatives with simple 
and dotted bonds. Don "t worry about this—thmgs should

lo  draw the structure of a cor* pies tort you don t know the 
esact bond**, just draw a hne *om  metal to kgand.

H  H  H  < ]  <1 <1

The bonding in these two complexes is very different. In die first there is a simple О bond between the 
metal and thc alkyl group as in a Grignard reagent K-MgBr and this type o f complex is called а О coo» 
piex. In  thc alkene complex, bonding is to the p orbitals only. There are no О bonds to the metal, which 
sits in the middle o f the я bond in between the two p orbitals. This type o f complex is call ed а я  complex.

These labels are useful where there is a choice o f type ofbondingas with allylic ligands. Thc metal 
can cither form a О bond to a single carbon (hence V ), or form а Я complex with the p orbitals o f all 
three carbons o f the allyl system and 
this would be f)3. I f  the я complex is 
made from an allyl cation, the ligand 
has two electrons, but it has four i f  it  is П1
made from an allyl anion. 0 *•*

Similarly, cyclopentadienyl anion can act as a О lig
and ( V ) .  *n allyl ligand (I) '),  or, most usually, as a 
cyclopentadienyl ligand (Ц5). The distinction is very 
important for electron counting as these three d if
ferent situations contribute 2,4, or 6 electrons, respec
tively, to  the complex.

Neutral ligands can also bond in a variety o f ways. Cydooctatetraenc can act as an alkene (V)2). * 
diene ( V ) ,  ■ trienc (n*). or a tetraenc (Ц*). and the reactivity o f the ligand changes accordingly. 
These are all я  complexes with the metal above or below thc black portion o f thc ring and with the 
thick bond to the metal at right angles to thc alkene plane.

-О  -О  - 0
*1* n4 4* n*

To determine thc number o f electrons around the transition metal in a complex the valence elec
trons from the metal ion are added to those contributed by all the ligand*. Thc numbers o f electron* 
donated by various classes o f ligands are summarized in the table. Anions such as halides, cyanide, 
alkoxide, hydride, and alkyl donate two electrons, as do neutral ligands with a lone pair such as phos- 
phines, amines, ethers, sulfides, carbon monoxide, nitrilcs, and iaonitriles. Unsaturated ligands can 
contribute as many as eight electrons and can be neutral or negatively charged. I f  the overall total is 
eighteen, then the complex is likely to be stable.

%
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UC*ntf characteristic*

« ' V  .A j>  « " S *  | ! i

2 2

»*И /,0 ' Ч РРЬ*
2 2 

М Л :4 > 3 *. 1 0 * .  18е

M e ^ r h j P ) ^ '*  a stable 
campm and it  not a useful 
O fcfrtt urt* «1 least one of the 

III It lest

tow З кб е  - I8e

t*d (« ) com pte.

Hapto number Formal
Hnsetweted e  or «dower ggande

.1 -1
olefins Ч1 0
i-ellyl ceOon -a ♦1
s-ellyt anion -1
dtone conjugated .4 0
dienyis. cydopentadienyl s (anions) ч‘ -1
arenes. trtenes .t 0
tnenyls. cyoloheptatnenyls (antons) -7 -1
cydooctatetraene 4* 0
carbene. nitre ne. oxo -1 0

nb-* 1-1)

n‘ - e  (-1,

Electron counting hdps to explain the stability of raetal complexes
Counting dectrons in matt com pi ere* b simple if you use the table of ligand characteristics above and 
the table on p. 000. Tetrakistriphcnylphosphinc palladium(O) is an important catalyst as you will see 
later in thc chapter. Each neutral phosphinc donates two electron» making a total of eight and palladi
um still has its full complement of ten valence dectrons as it is in thc zero oxidation state. Overall, the 
complex has a total of eighteen electrons and is a stable complex. In the diagrams that follow, the for
mal charges arc highlighted in green and the numbers of dectrons contributed shown in black.

All of the different dasscs of ligands listed in thc table can be treated in this way. Thc cydo- 
pcntadicnyl ligands contribute six dectrons each and hare a formal negative charge, shown in green, 
which means that thc iron in ferrocene it in thc ♦!! oxidation state and will have six valence electrons 
left. Thc total for thc complex is again eighteen and ferrocene is an extremely stable complex.

Tha oxidation  s ta te  of m e ta ls  In com plexes

else  say that a metal is w the (O) csdabcr state unless it la se
I You car bonds to Meardtsucftea Cl. AcO, or Me fret town bonds

e*her sey that ferrocene Isa  complai of Fo<V). having two with shared electrons. You do not count neutrel Igands
«ewer electrons than the normal e«0*.with two such esPhsPV«at provide two of thew own electron*
cydopentadienyl anions contrtbubng и» electrons each. Grioterd reagents RM ^r Кем two (igands thet share
or you can sey that W ise complei of Peffl.h^angei^t electrons (RendBr)and a ngtrtoer of others. ргоЬеЫу two
electrons. wMh two cydopentaOenytlgands each ethers, that donate bo* die* electrons M afw slun Is In
eontiMm gSwi electrons The senpiest approach is to the »2otfda0on state.

The useful complex (M eCN ljPdO j has palladium in the ♦ 2 oxidation state because of its two 
chlorine atoms and the number of electrons is 8 for thc Pd (Il) oxidation state and another two each 
from the four ligands making 16 in all. This complex docs not fulfil the 18-electron rule and is 
reactive. You would have got the same answer if you had counted ten for thc palladium, two each for 
the nitriles, and one each for thc chlorines, but thit it not so realistic.
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Transition metal complexes exhibit special bonding
The majority of ligands have a lone pair of electrons in a filled sp”  type otbital that can overlap with a 
vacant metal dip' orbital, derived from the vacant d, p. and s orbitals of the metal, to form a conven
tional two-electron two-centre cr bond. Ligands of this type increase the electron density on the central 
metal atom. This is the sort of bond that used lo be called ‘dative covalent' and represented by an arrow. 
Nowadays it is more common to represent all bonding to metals of whatever kind by simple lines.

vacant *<кр* Qitoiel Ated lone par on Npnd a  com ptei

A bonding interaction is also possible between any filled d orbitals on the metal and vacant ligand 
orbitals of appropriate symmetry such as ft* orbitals. This leads to a reduction of electron density on the 
metal and b known as back-bonding. An example would be a complex with carbon monoxide. Many 
metals form these complexes and they are known as metal carbonyls. The ligand (CO) donates the lone 
pair on carbon into an empty orbital on the metal while the metal donates electrons into the low-energy 
ft* orbital of CO. Direct evidence for this back-bonding is an increase in the C-O bond length and a low
ering of the infrared stretching frequency from the population of the ft* orbital of the carbonyl.
C-dlPMftjn *w* 

to Hgmd

ligand to m ttal Med d ort*: -I empty «• on Mgand empt* d оЛЛЛ Mad sp on Hfand

When an unsaturated ligand such as an alkene approaches the metal sideways to form a ft com
plex. similar interactions lead to bonding. The filled ft orbitals of the ligand bond to empty d orbitals 
of Ihe metal, while filled d orbitals on the metal bond to the empty ft* orbitals of the ligand. The 
result is a ft complex with the metal-alkene bond perpendicular lo the plane of the alkene. The bond 
has both a  and ft character.

Mod otefln ■ oibrtal flUd '.«t* Л
acts a* e donor'*, \  /

-X
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Coordination to a metal by any of these bonding methods changes the reactivity of the ligands 
dramatically and this is exploited in the organometallic chemistry we will be discussing in the rest of 
the chapter. You do not need to understand all the bonding properties of metal complexes but you 
need to be able to count electrons, to recognize both О and ft complexes, and to realize that complex
es show a balance between electron donation and electron withdrawal by the metal

Oxidative addition inserts metal atoms into single bonds
Potential ligands that do not have a lone pair or filled ft type orbital are still able to interact with tran
sition metal complexes but only by breaking а О bond. This is the first step in a wide variety of 
processes and is described as oxidative addition because the formal oxidation state of the transition 
metal is raised by two, for example. M (0) to M (II), in the process. This is the result of having two 
extra ligands bearing a formal negative charge. You have seen this process in the formation of 
Grignard reagents (Chapter 9)
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The number of coordinated ligands also increases by two so the starting complex is usually in low 
oxidation state (0 or 1; the dugr^m shows 0) and coordmatnrdy unsaturated. (hat is, it has an empty 
site for a ligand and. say. only 16 electrons, like (M eCN^PdOj, whereas the product is usually coor- 
dinativdy saturated, that is, it cannot accept another ligand unless it loses one first.

J  O D M M iM t a n  \  J h— И  Я — и R ,S I--- И (попрЫел

м<0) * I  ----------- 1-Ч<  « - «  х - «
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Oxidative addition occurs for a number of useful neutral species including hydrogen, 
carhon-hydrogen bonds, and silanes as well as polarized bonds containing at least one electronega
tive atom. The resulting species with mctal-ligand bonds allow useful chemical transformations to 
occur. Important examples include the oxidative addition of Pd(0) to aryl iodides and the activation 
of Wilkinson's catalyst for hydrogenation in solution by oxidative addition to a hydrogen molecule.

* * 0) <bc ><r и,
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Reductive elimination removes metal atoms and forms new single bonds
If  we want to use organometallw chemistry to make organic compounds other than those containing 
metals, we must be able to remove the ligands from the coordination sphere of the metal at the end 
of the reaction. Neutral organic species such as alkenes, phosphines, and carbon monoxide can sim
ply dissociate m the presence of other suitable ligands but those that are bound to the metal with 
shared electrons require a more active process. Fortunately, most reactions that occur around a tran
sition metal are reversible and so the reverse of oxidative addition, known as reductive elimination, 
provides a simple route for the release of neutral organic products from a complex. Our general reac
tion shows M (ll) going lo M(0) releasing X-Y. These two ligands were separate in the complex but 
are bound together in the product. A new X-Y с  bond has been formed.

a organic bganda ft
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The ligands to be eliminated must be ct$ to one another for reductive elimination to occur. This is 
because the process is concerted. Two examples from palladium chemistry make this point clear. 
Wanning in DMSO causes ethane production from the first palladium complex because thc two 
methyl groups are ri* in the square planar complex. The more elaborate second bisphosphine forces 
the two methyl groups to be irons and reductive elimination does not occur under the same condi
tions. Reductive elimination is one of the most important methods for the removal of a transition
m H il from  a r m  tit in i r a u m t r  Ir jv in t  a neutral nnranit nrm iurt

In fact, no one wants to make ethane that way (if at all) but many other pairs of ligands can be 
coupled by reductive elimination. We will see many examples as the chapter develops but here is an 
indole synthesis that depends on a reductive elimination at palladium as a last step. In the starting 
material, palladium has two normal о bonds and is Pd (II). The two substituents bond together to 
form thc indole nng and a Pd(0) species is eliminated. Notice thc use o f L’ to mean an undefined lig
and of thc phosphine sort.

Migratory insertion builds ligand structure
Two ligands can also react together to produce a new complex that still has the composite ligand 
attached to thc metal ready for further modification. This process involves migration of one of thc 
ligands from the metal to the other ligand and insertion of one of the ligands into thc other 
metaMigand bond and is known as migratory insertion. Thc insertion process is reversible and, as 
the metal effectively loses a ligand in the process, the overall insertion may be driven by the addition 
of extra external ligands ( L) to produce a coordinatively saturated complex. As with reductive elimi
nation. a iti arrangement of the Hgands is required and thc migrating group (X ) retains its stereo- "  т г _  
chemistry (if any) during the migration. И С и» и* о *** Л

Migratory insertion is the principal way of building up the chain of a ligand before elimination. 
The group to be inserted must be unsaturated in order to accommodate the additional bonds and 
common examples include carbon monoxide, alkenes. and alkynes producing mctal-scyt, 
metal-alkyl, and metal-alkenyl complexes, respectively. In each case the insertion is driven by 
additional external ligands, which may be an increased pressure of carbon monoxide in the case of 
carbonylation or simply excess phosphine for alkene and aikyne insertions. In principle, the chain 
extension process can be repeated indefinitely to produce polymers by Ziegler-Natta polymeriza
tion, which is described in Chapter 52.
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A good example of thc carbonylation process is the reaction of the tetracarbonyl ferrate 
dianion [Fc(CO)3~] with alkyl halides. This reagent is made by dutotving metal reduction of thc 18 
electron Fe(0) compound Fe<CO)y Addition of two electrons would give an unstable 20-electron 
spccies but thc Iom of one of thc ligands with its two electrons restores the stable 18-dcctron struc-

F*CO)»
Na/Hg

20

*0 (РИООЦ10 
i f  •

This iron anion is a good «oft nucleophile for alkyl halides and on  be used twice over to produce 
first a monoanion with one alkyl group and then a neutral complex with two alkyl groups and four 
CO ligands. Each of these complexes hat 18 electrons as the dectrons represented by thc negative 
charge* are retained by the iron to form the new Fe-C bonds. If extra CO is added by increasing the 
pressure, CO inserts into one Fe-C bond to form an iron acyl complex. Finally, reductive elimina
tion couples the acyl group to the other alkyl group in a conceptually simple ketone synthesis. It does 
not matter which Fe-C bond accepts the CO molecule: the same unsymmetrical ketone is produced 
at thc end.

у е в ) ,
r V "1
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Any good two-electron ligand will cause the CO insertion: PhjP is often used instead of an 
increased CO pressure. The phoephine adds to the iron and pushes out the poorest ligand (one of the 
alkyl groups) on to a CO ligand in a process of ligand migration. In simple form it looks like this 
though the phosphine addition and alkyl migration may be conccrted to avoid thc formation of a 20- 
dectron complex as intermediate.

"bteS0 kb̂ 0 
20

Carbon monoxide incorporation extends the carbon chain
Carbonylation (the addition of carbon monoxide to organic molecules) is an important industrial 
proceu as carbon monoxide is a convenient one-carbon feedstock and the resulting mctal-acy! com
plexes can be converted into aldehydes, adds, and their derivatives. The OXO process is the hydre
form yiation of alkenes such as propene and uses two migratory insertions to make higher value 
aldehydes. Though a mixture is formed this is acceptable from very cheap starting materials.

■ X-
A catalytic cydc (going clockwise from the top) shows the various stages of alkene coordination, 

hydrometallation to produce an alkyl metal species, coordination of carbon monoxide followed by 
insertion, and finally reductive cleavage with hydrogen to produce the metal-hydride intermediate,
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which is then ready for another cycle. The step* leading to the other regioisomcric aldehyde and the 
ligands on the metal are omined for clarity.

ф т д т з н д

hydromotaiaUor

The mechanisms of the two key steps arc worth discussion. Hydrometallation ot curs by initial *- 
complex formation followed by addition of the metal to one end of the alkene and hydrogen to the 
other. Both of these regioisoracrs are formed. The carbonyl insertion reaction u another migration 
from the metal lo the carbon atom of a CO ligand.

As г
Insertion reactions are reversible
The reverse process, decarbonylation. is also fast but can be arrested by maintaining a pressure of 
carbon monoxide above the reaction mixture. The reverse of hydrometallation involves the elimina
tion of a hydride from the adjacent carbon of a metal alkyl to form an alkene complex. This process is 
known as fl-hydride elimination or simply 0 elimination. It requires a vacant site on the metal as the 
number of ligands increases in the process and so is favoured by a shortage of liguids as in 16-dec* 
tron complexes. The metal and the hydride must be syn to each other on the carbon chain for the 
dimination to be possible. The product is an alkene complex that can lose the neutral alkene simply 
by ligand exchange. So 0 elimination is an important final step in a number of transition-metal- 
catalysed processes but can be a nuisance because, say, Pd-F.t complexes cannot be used as (I dimina
tion is too fast.

л, 1ч
Palladium(O) is most widely used in homogeneous catalysis
These dementary steps form the basis for organo-transition mctal chemistry and arc the sj 
regardless of which metal is present and the detailed structure of the ligands. This is I 
and rapidly expanding fidd that could not be discussed here without doubling the size of the book! 
Instead, wc will concentrate on the chemistry of the most important transition metal, palladium.
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which is the most widdy used both in industrial and academic laboratories on both a minute and 
very large scale. The variety of reactions that can be catalysed together with the range of functional 
groups tolerated, and usually excellent chcmo- and rcgiosdcctivity. has meant that an ever increas
ing amount of research has gone into this area of chemistry Most syntheses of big organic molecules 
now involve palladium chemistry in one or more key steps.

Pd(PHiA)4. and Ws( Jbaru»Odana aoatonaidlpaMadlumtO). of this book but wotrtidf 
Pdjldba)*. or tt* chloroform compteB. Pd^dba)* CHO

tho<rpalledU««|0) counterparts. The ффкюбш **dCI3 
CMsts as a potymet and « rtlatively (naotuM m moat 
orgVMC solvents Номмг, (PhCNv^Waj  and 
(MeCKijPdClj (both easily im pend bvm Pdd3) are 
soluble forms a# PdQj. as the nrtnle Stands art read*y

I)
cNortdocomptosaa a o w  rtabla and roadrty p-parod 
fromPdClj PaSadKanis ol course »>e**>ors>ve met**— 
thas« cempieies coat rfm * £50-100 par доп—but very 
Mile is needed for a cetatytcreactton

We should review the basic chemistry of palladium, as you will be sedng many more examples 
of these steps in specialized situations. Palladium chemistry is dominated by two oxidation states. 
The lower. palladium(O), present in tetrakis< triphenytphosphine {palladium, for example, is nomi
nally dectron-rich, and will undergo oxidative addition with suitable substrates such as halides 
and triflate* (Tto  *  CFjSO jO "), resulting in a palladium(II) complex. Oxidative addition is 
thought to occur on the сoordinatively unsaturated 14-dectron species, formed by ligand dissocia-

The resulting О alkyl bond in such complexes is very reactive, especially towards carbon-carbon к 
bonds. Thus an alkene in the reacting system will lead to coordination followed by migratory inser
tion into the palladium-carbon о bond. This process is like hydrometallation and is called carbo 
palladation as carbon and palladium are attached to the ends of the alkene system. There is no 
change in oxidation state dunng this process, although the ligands (often phosphincs) must dissoci
ate to allow coordination of the alkene and associate to provide a stable final 16-electron product.

, rf , - l .  pH* ———{ . i .  ( \I ГГ ST
*ЦМ) P*M>

Theoretically, it is possible for the process of olefin coordination and insertion to continue as in 
Ziegler-Nana polymerization (Chapter 52) but with palladium the metal is expdlcd from the mole
cule by a P-hydride dimination reaction and the product is an alkene. For the whole process to be 
catalytic, a palladium! 0) complex must be regenerated from the palladium! Ilj product of f)-hydndc 
dimination. This occurs in the presence of base which removes IIX  from the palladium(II) species.
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This is another example of reductive elimination: one that forms a hydrogen halide rather than a car
bon-carbon or carbon- hydrogen bond as described earlier.

the fi position must be avoided. Thus, substrates for oxidative addition reactions in palladium ihera- 
istry are frequently vinylic, allylic, or aromatic and never ethyl or я-propyL

Thc Heck reaction couples together a halide or triflate and an alkene
All the individual step» outlined above combine to make up the catalytic pathway in thc Heck reac
tion. which couples an alkene with a halide or triflate to form a new alkene. The R 1 group in R*X can 
be aryl, vinyl, or any alkyl group without {) Hs on an sp* carbon atom. The group X can be halide (Br 
or I) or triflate (OSO j CFj ). Thc alkene can be mono- or disubstituted and can be electron-rich, 
-poor, or -neutral. The base need not be at all strong and can be EtjN , NaOAc. or aqueous N ijG O ). 
The reaction is very accommodating.

Thc palladium-catalysed addition of aryl, vinyl, or substituted vinyl groups to organic halides or 
Inflates, the Heck reaction, is one of the most synthetically useful palladium-catalysed reactions. Thc 
method is very efficient, and carries out a transformation that is difficult by more traditional tech
niques. The mechanism involves thc oxidative addition of the halide, insertion of thc olefin, and 
elimination of the product by a ^-hydride elimination process. A base then regenerates the palladi- 
um(0) catalyst. Thc whole process is a catalytic cydc.

The choice of substrates is limited to aryl, hcteroaryl, vinylic, and benzylic halides and triflates, as 
thc presence of an sp3 carbon in the f) position carrying a hydrogen rapidly results in ̂ -hydride elim
ination. Thc reaction tolerates a variety of functional groups, and works well with both electron- 
withdrawing and electron-donating groups on either substrate. Here is an example using a 
heterocyclic compound wc featured earlier reacting with another heterocyde.

fc-Td— L

The speed of the intramolecular ^-hydride elimination means that the 
oxidative addition reaction must be chosen with care— the presence of hyd _  „

W<H)
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Protected amino adds can be made without any raccmization and electron-withdrawing groups 
such as esters promote excellent regiosdectivity in favour of terminal attack. These three examples 
rdy on irt atu reduction of thc palladium(II) acetate by tri(cMolyl)pho*phine. a popular more steri- 
calty demanding aromatic phmphinc.

**• NH« «  KjCO*. DMF, Bu4NCI I
77% yield " и ск*
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EtjN. DMF

I n $ ! tu form ation  of paliadium (O) by reduction  o f Pd(ll)
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In contrast, electron-donating groups such as ethers lead to attack at thc end of the alkene substi
tuted by oxygen to produce in this case the 1,1 -disubstituted product. These reactions must he dom
inated by the interaction of the filled p orbital of the alkene with an empty d orbital on Pd. This ia an 
example of a Heck reaction working in the absence of a phosphinc ligand.

o -e s  o4 ~-Qf
In the ^-hydride elimination step, the palladium and hydride must be cnplanar for reaction 

to take place, as this is a iyn elimination process. For steric reasons, the R group will tend to eclipse 
thc smallest group on the adjacent carbon as elimination occurs, leading predominantly to a trans 
double bond in thc product.
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Where there is a choice as to which hydride can be lost to form the alkene, the «ability of the pos
sible product alkenes often governs the outcome as the (I-hydride elimination is reversible. The reac
tion of allylic alcohols is particularly important as the more stable of thc two alkenes is thc enol and a 
carbonyl compound is formed.

W<01

Hydropalladation-dehydropalladation can lead to alkene isomerizatioft-
As (J hydride elimination is reversible, hydropalladation with the opposite rcgiochcmistry provides a 
mechanism for forming rcgioisomm of thc alkene. This allows the most stable alkene that is accessi
ble by the hydropalladation-dchydropalladation sequence to dominate. Thc only restriction is that 
all of these processes are syn. The migration can be prevented by the addition of bases like silver car
bonate. which effectively remove» the hydrogen halide from thc palladium complex as soon a» it is 
formed. This synthesis of a complex nans dihydrofiiran involves the Heck reaction followed by 
alkene isomerization and then a Heck reaction without migration to preserve the stereochemistry.

IM  BU.NCI
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Oxidative addition of the aryl iodide (A r1 - 3.4-dimethoxyphenyl) to a palladium(O) complex, 
formed from Pd(OAc)2 by reduction (with the phosphine?) gives the active palladium(It) complex 
ArPdOAcI.j. Carbopalladation occurs as expected on an electron-rich alkene to give the product of 
aryi addition to the oxygen end of the alkene in a syn fashion. ^-Hydride elimination must occur 
away from thc aryl group to give a new alkene complex as there is no syn H on the other side. Thc 
alkene has moved one position round the ring. Hydropalladation in thc reverse sense gives a new о 
complex, which could eliminate either the black or the green hydrogens. Elimination of the green H 0T| и or om v*«hv 
gives the enol ether, which is the most stable alkene possible due to conjugation. anfi mUr>) H« or r-yt •*»

V-Ч / “Y* y>
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The second Hctk reaction involves a naphthyt iodide (Ar2 - 2-iuphlhyl) but Ihe initial met ha- 
num is much the same. I lowever. the enol ether has two diastereotopic faces: syn os anti to thc aro
matic substituent (A r1) introduced in the first step. Palladium is very sensitive to steric effects and 
generally forms less hindered complexes where possible. Thus coordination of the palladium(II) 
intermediate occurs on thc bee of the enol ether anti to Ar1. This in turn controls all the subsequent 
steps, which must be syn. leading to thc trans product. The requirement for syn fl-hydndc elimina
tion also explains the regiochemical preference of thc elimination. In this cydic structure there is 
only one hydrogen (green) that is syn, the one on thc carbon bearing thc naphthyl substituent is anti 
to thc palladium and cannot be eliminated. . ^

PtffOAc),. И*Ъ„ 
AgCOj. M.CN
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fSo
Heck reactions can beenantiosdective
With chiral ligand» thc Hcck reaction can be enantioselccthre. Thc amino-aciddenved phosphine 
ligand in thc margin control» the Heck reaction of phenyl triflatc with dihydrofuran The ligand 
•elect» one cnantiotopic lace of the alkene (sec Chapter 45 if you have forgotten thi» term) and the 
usual double bond migration and elimination complete the reaction.

rtba)a (3 тчЛ ). t*and (в  mol4!

THF. *Pr,MCt
§74 y*M . 97% м

The famous ligand BINAP controls ал intramolecular Hcck reaction to give dccalin derivatives 
»duccd m ount*as with good enantiomeric excess. BINAP is the optically pure phosphine built into the palladium cata

lyst. The presence of silver ions accelerates the reaction as well as preventing double bond isomeriza
tion in the original substrate. This time the chiral ligand selects which double bond is to take part in 
thc reaction. Thc vinyl palladium species is tethered to thc alkene and can reach only thc same face. 
The face* of the alkene» arc diaster eotopn but thc two alkene» arc cnantiotopic and you must know 
your right from your left to choocc one rather than the other.

•7%ytaM,aoftM

Cross-coupling of organometallics and halides
Other than ^-hydride elimination, another important pathway by which palladium!III intermedi
ate» can lead to neutral organic fragments is reductive elimination. This forms thc basis of thc mech
anism for croaa-coupling reaction» between an organometallic reagent and an organic halide or

P4 (0 )f

This is a reaction that seem» very attractive for synthesis but. in the absence of a transition metal 
catalyst, thc yields arc very low. Wc showed in thc last chapter how vinyl silancs can be made with 
control over stereochemistry and converted into lithium derivatives with retention. Neither of these 
vinyl metals couple with vinyl halide» alone. But in thc presence of a transition metal—C u(l) for Li 
and Pd(0) for Sn—coupling occurs stcreoepeciftcally and in good yield.

сын

**0 )

Thc mechanism involves oxidative addition of the halide or triflatc to the initial palladium(O) 
phosphine complex to form a palladium! I I ) species. The key slow step is a transmctallation. so called 
because the nucleophile (R 1) is transferred from thc metal in the organometallic reagent lo the palla 
dium and the counterion (X  = halide or triflatc) moves in thc opposite direction. Thc new palladi- 
um (II) complex with two organic ligands undergoes reductive elimination to give the coupled 
product and thc palladium(O) catalyst ready for another cycle.
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The difference in relative reactivity of aromatic iodides and inflates was exploited in this sequen
tial synthesis of substituted tcrphcnyls by repeated coupling with organozinc reagents. The more 
reactive iodide coupled at room temperature with palladium(O) and trio-furylphosphinc but warm
ing to 65 *C was required for the triflate to participate in the second coupling.

f " *  Pd(dba), T,o

72-08%  yield

In spite of thc wide range of organometallic reagents that can be used there are two classes 
that have proved particularly popular because they are stable intermediates in their own right and 
can be prepared separately before the coupling reaction. These cross-couplings are known by the 
names of the two chemists whose work made the reactions so valuable. The Stille coupling employs a 
stannane as the organometallic component (R*M ) while the Suzuki coupling rdies on a horonic

(SLOW)

The reaction is important because it allows the coupling of two different components (R 1 and 
R2). If  this is to happen, the substituents, M (metal) on R 1 and X (halide or Inflate) on R2. must he 
different electronically. Both components form О complexes with Pd but the halide partner (R 2X)« 
bonds first by oxidative addition and thc R2-Pd must survive while thc metal partnerfR'M ) bonds* 
to the Pd by tram metalla tion. Once the two components are joined to thc palladium atom, only thc 
cross-coupled product can be formed. Thc essential feature is that X and M are different so that R2X 
combines with Pd(0) and R1 M with Pd (II). There can then be no confusion.

7 R1** reacts w«hPd< II) |
It*— PdLa ----------------► M—X ♦ R*— PdLj

trarametaltation (SLOW)
"«(И)

The halide partner (R2X ) must be chosen with care, as (J-hydride elimination would decom
pose the first intermediate during the slow transmetallation step. The choice for R2 is restricted 
to substituents without (̂ -hydrogen atoms: vinyl, allyl, benzyl, and polyftuoroalkyl halides, 
triflates, and phosphates have all been coupled successfully. The organometallic reagent (R*M ) 
can be based on magnesium, zinc, copper, tin. silicon, zirconium, aluminium, or boron and 
thc organic fragment can have a wide variety of structures as coupling is faster than (S-hydride dimi-

***** •» • Р»оЫеш щ -i „ j  
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The Stille coupling uses stannanes as the organometallic component
Since thc first reported use in thc late 1970s, thc Stille coupling has been widely used for thc coupling 
of both aromatic and vinylic systems.
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The mechanism involves Ihe oxidative addition of the vinyl or aromatic triAate or halide to five a 
palladium intermediate. This then undergoes a transmetallation reaction with the organostannanc, 
giving an organopalladium intermediate in which both components are о bound. This complex 
then undergoes a reductive elimination step, releasing the product and thereby regenerating the pal
ladium^) catalyst.

« • A
* * ** ,)<  0T, •u,**r'X ’̂

W > M a

The reaction will also occur if the vinyl or aryl halide it used in place of the inflate. However, the 
Inflates have been more widely used ai they «re readily prepared from phenok or пкЯиаЫе aldehv 
dei or ketone. In these гсааю т. the proence of а юигсе of halide (typically LK3) is generally 
required. This may be became the Inflate k a counterion and и not bound to the metal at a ligand II 
transmetallation a  to occur tome other ligand ти п  be added to give the netesury square copianar 
geometry '‘V"'

The Stillc reaction, which represents о т  half of all current cross-coupling reactions, 
has been used in total synthesis with excellent results The reaction may also be carried out 
intramolccularty and with alkynyl stannanes instead of the more usual aryl or vinyl stannanes, 
even to form medium-sized rings. This example forms a ten-membered ring containing two 
alkynes.

Nicolaou's synthesis of rapamycin uses the reaction twice in the macrocyclization (cydization 
reaction to form a large ring) step. This illustrates an important feature of palladium-catalysed cross- 
couplings—the geometry of both double bonds involved in the coupling и preserved in the product. 
This seems a very complex example and the molecule и complex. But just inspect the black region 
and you «rill see two simple StiUe couplings. These reactions work with complex molecules having 
many functional groups, even if the yidd un't great (2641).
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rapvnyan precursor 26% y«eid

The S til If  coupling may be combined with carbonylation in two ways. Add chlorides may be used 
as substrates for the reaction with vinyl or aryl stannanes. However, an atmosphere of carbon 
monoxide is frequently required to prevent decarbonylation after the oxidative addition step.

More recently, it has been shown that performing thc normal St ilk  reaction in the presence of 
carbon monoxide may also lead to carbon yla ted product* These reactions can take place in a CO 
saturated solution, under one atmosphere of pressure. Using these conditions, excellent yields of the 
carbonylated product can be obtained, without any of the normal coupling product being present.

SOX retd not fomec

The mechanism is like that of a normal St ill e coupling except thal the carbon monoxide first 
exchanges for one of the phosphine ligands and then very rapidly inserts to produce an acyl palladi- 
um (ll) complex. This then undergoes transmetallation with the vinyl stannane in the usual way 
forming trimethyUtannyl iodide and thc palladium complex with two carbon ligands. Reductive 
dimination gives the masked diketone and regenerates thc palladium(O) catalyst. Transmetallation 
is the slow step in these coupling reactions so that there is time for the carbon monoxide insertion 
first. The final step— reductive elimination— releases the Pd(0) catalyst for the next cyde.

CX* s  o^p<
W t«) acyl complei
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The Suzuki coupling couples boronic acids to halides
Since first being published in 1979. the Suzuki coupling of a boronic add with a halide or triflate 
has developed into one of the most important cross-coupling reactions, totalling about a quarter 
of all current palladium-catalysed сто*»-coupling reaction* The original version consisted of 
hydroboration of an alkyne with catecholborane, followed by palladium(O)-catalysed coupling 
of the resulting vinyl boronate with an aromatic iodide or bromide. The hydroboration is gener
ally rcgMHdecthrc for the less hindered position and addition of boron and hydrogen occurs cb 
stereospecificalty.

4 0
As in the Stillc coupling, the geometry of both unsaturated components is preserved during 

the coupling so this is an excellent method for stereospecific diene synthesis. Hydroboration of 
octyne followed by hydrolysis of the boronate gave exclusively the E-vinyl boronic acid. Coupling 
with the Z-vinyl bromide in toluene with palladium(O) catalysis with potassium hydroxide as the 
base gave the £Z-diene in good yield. These dienes are very useful in the Did»-Alder reaction 
(Chapter J5).

■<0 -̂ Г T -
•0%*M

‘ •“ " Г -  -о
toluene

TMytaM

The mechanism is very similar to that of the Stillc coupling. Oxidative addition of the 
vinylic or aromatic halide to the paOadium(O) complex generate* a palladium(U) intermediate 
ТЫ* then undergoes a transmetallation with the alkenyl boronate. from which the product 
is expelled by reductive dimination. regenerating the palladium(O) catalyst. The important dif
ference is the transmetallation step, which explain* the need for an additional base, usually 
sodium or potassium cthoxidc or hydroxide, in the Suzuki coupling The base accdcratcs the 
transmetallation step leading to the borate directly presumably via a more nudcophilic 'ate* 
complex.
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R

Stcrically demanding substrates arc tolerated well and Suzuki coupling has been used in a wide 
range of aryt-aryl cross-coupling». This example has three ortho substituents around the newly 
formed bond (marked in black) and still goes in excellent yidd. It also shows that borate esters can be 
used instead of boronic adds.

Coupling of aromatic heterocydes goes well. The 2-position of a pyridine is very dcctrophilic and 
not at all nudeophilic (Chapter 43) but couplings at this position are fine with either the halide or 
the boronic acid in that position. Clearly, it is a mistake to sec either of these substituents as con
tributing a 'nudeophilic carbon’. It is better to see the reaction as a coupling of two equal partners 
and the two substituents (halide and boronic add) as a control element to ensure cross-coupling and 
prevent dimerization. In thc second example potassium rert-butoxide was crucial as weaker and less 
hindered bases gave poor yidds.

9 ^
56% Д О

Due to the excellent stereoselectivity of the Suzuki coupling, the reaction has been used in the syn
thesis of thc unsaturated units of a range of natural products including trisporol B. The key step is the 
stercocontrolled synthesis of an R>Z-diene. Thc geometry of both double bonds comes stereospecifi- 
cally with retention of configuration from single geometrical isomers of the starting materials.

S5«y4atd

83% y*td
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Thc Sonogashira coupling uses alkynes directly
The coupling of terminal alkynes with aryl or vinyl halides under palladium catalyse is known as the 
Sonogashira reaction. This catalytic process requires the use of a palladium(O) complex, is per
formed in the presence of base, and generally uses copper iodide as a co-catalyst. One partner, the 
aryl or vinyl halide, is the same as in the Stilie and Suzuki couplings hut the other has hydrogen 
instead of tin or boron as thc ‘metal* to be exchanged for palladium.

PtHO), Cut
------------------------- ^  A, — r  ♦ C tjN N .H X

EtjW M

room temperrfure. W  hour* coupled product

The mild conditions usually employed, frequently room temperature, mean that the reaction can 
be used with thermally sensitive substrates. The mechanism of the reaction is similar to that of the 
Stilie and Suzuki couplings. Oxidative addition of the organic halide gives a paUadium(!1) interme
diate that undergoes transmetallation with the alkynyl copper (generated from the terminal aikyne. 
base, and copper iodide). Reductive elimination with coupling of the two organic ligands gives the 
product and regenerates the palladium(O) catalyst.

Щ Ш

P<KO) ,rr„
II is often mart convenient, as in tht Heck reaction. to u it i  ш Ыг and soluble PddI) derivative 

such as bis(triphenylphosphine)palladium(ll) chloride instead of PdlOl This is rapidly reduced m 
mu to pvt a coordmaUvety unsaturated. catalytically active, palladium(O) sprats The fteometry of 
the alkene is generally preserved so that a t(Z ) and tram (£) dichloroethylene give the two different 
geometrical isomers of the enyne below in >994 stereochemical purity as well as eicdlm t yield.

room temper аил». Snows С05% yield

W (Wb)4/Cul

room temperature. 5 hour» 00% yield

* * * *  4«»>esued m one step from two motecjle» of a | _  
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bar с
Allylic electrophiles arc specifically activated by palladium(O)
Allylic compounds with good leaving groups, such as bromide and iodide, are excellent aDylating 
agents but they suffer from loss of regiochemistry due to competition between the direct S^2 and
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Sn2' reaction. This problem together with the associated stereochemical ambiguity was described in 
Chapter 23. In contrast, я -allyl cation complexes of palladium allow both the stereochemistry and 
regiochemistry of nudcophilu. displacement reactions to be vontrollcd.

* 4 0 )

e*d
m P

< ^ 2 H H 3 Z

CC. I
6/5 Я

In addition, leaving groups (X ) that are usually regarded as rather unreactive can be used, whiclf 
means that the electrophilic partner is more stable in the absence of palladium making handling eas 
ier. Acetate (X  - О Ac) is the moat commonly used leaving group, but a wide гапце of otWr fanction 
al groups (X  *  OCOjR. ОРО(ОЛ)2. (X  Br. OPh) will perform a similar role. The full catalytic cycle 
is shown with the intermediate я -allyl complex in equilibrium between the neutral version, which 
has the leaving group coordinated to palladium, and the cationic Я-allyl, in which one of the phot- 
phine ligands has displaced the anion.

'Ж
л cation com p»» n1complei

Soft nucleophiles (Nu) generally give the best results so. for carbon-carbon bond formation, sta
bilized enolates such as malonates arc best, but for C-X (X  = O, N. S) bond formation thc reaction is 
successful with alkoxidcs. amines, cyanide, and thioalkoxides. This example shows an amine attack
ing outside thc ring probably because the alkene prefers to be inside the ring.

The intramolecular reaction works well to give heterocyclic ring»—the regiosdectivity is usually 
determined by thc length of thc chain and how far it can reach. Here a 6/S fused product is preferred 
to a bridged product containing two seven-membered rings.

► Tha Pd г aiiyi c 
com pie*

You can rep ress the a 
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they are different *

The reaction usually proceeds with retention of configuration at thc reacting centre. As in S^2 
reactions going with retention (Chapter 37), this can mean only a double inversion. Coordination of 
Pd to thc double bond of thc allylic acetate occurs on thc lesa hindered face opposite the leaving 
group and thc nudcophilc adds to the face of the я-allyl Pd cation complex opposite thc Pd. Thc 
net result is displacement of the leaving group by the nucleophile with retention. Thereafter, thc
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nudeophile attacks from the less hindered bee of the resulting к-allyl complex (that is, away from 
the metal) leading to overall retention of configuration.

The rather vague arrows on the middle two diagrams are the best we can do to show how Pd(0) 
uses its electrons to get rid of the leaving group and how it accepts them back again when the nucle
ophile adds. They are not perfect but it is often difficult to draw precise arrows for organometallic 
mechanisms. The double inversion process is perhaps more apparent in a perspective view.

The reaction of this allylic acetate with the sodium salt of Mddrum’s add (structure in margin) 
demonstrates the retention of configuration in the pal ladium(O)-catalysed process. The tetraacetate 
*nd the intermediate ж-allyi complex are symmetrical, thus removing any ambiguity in the forma
tion or reaction of the x-allyl complex and hence in the regiochemistry of the overall reaction.

—  J E f
cnoute of Mewrum-i aod 73* ytaW

Vinyl epoxides provide their own alkoxide base
Vinyl epoxides and allylic carbonates are especially useful electrophiles because under the influence 
of palladium(O) they produce a catalytic amount of base since X " is an alkoxide anion. This is suffi- 
ciently basic to deprotonate most nucleophiles that partidpate in allylic alkyiations and thus no 
added base is required with these substrates. The overall reaction proceeds under almost neutral 
conditions, which is ideal for complex substrates. The relief of strain in the three-membered ring is 
responsible for the epoxide reacting with the palladium(O) to produce the zwitterionic intermediate. 
Attack of the negatively charged nucleophile at the less hindered end of the x-allyl palladium inter
mediate preferentially leads to overall 1,4-addition of the neutral nucleophile to vinyl epoxides.

— л>ц.
o O  н-Ci» он он

Retention of stereochemistry is demonstrated by the reaction of a substituted malonate with 
epoxy cydopentadiene. Palladium adds to the side opposite the epoxide so the nudeophile is forced to 
add from the same side as the OH group. This, no doubt, helps 1,4-rrgioselectivity. The required pal- 
ladium(O) phosphine complex was formed from a palladium (Hi complex as in the Heck reaction.

-«о *Mdb<b-CHCI,
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AUylk carbonates produce the required alkoxide by decarboxylation of the carbonate anion that 
is displaced in the formation of the x-allyl palladium intermediate. Deprotonation creates the active 
nucleophile, which rapidly traps thc Я-allyl palladium complex to give the allylated product and 
regenerates the palladium(O) catalyst.

* K 0 1

— ► с о , . й ^ Л * А , — —

Trost and his group have used both of these palladium-catalysed alleviations in a synthesis of 
aristeromycin from epoxyrydopentadienc. The cis stereochemistry of this carbocydic nucleotide 
analogue is of paramount importance and was completely controlled by retention of configuration 
in both substitutions.

The first reaction is between epoxycydopcntadicne and adenine, one of the heterocyclic building 
blocks of nucleic acids, and follows the course we have just described to give a cw-1,4-disubstituted 
cyclopentene. The alcohol is then activated by conversion into thc carbonate, which reacts with 
phenylsulfonylnitrovncthane, which could later be converted into an alcohol. Once again, retention 
of stereochemistry during thc palladium-catalysed substitution gives the os product.

^  • 06 “
- ■ V C —
In tram olecu lar a lteration s lead to  ring  synthesis
я-AUyl intermediates may also be used in cydization reactions induding the synthesis of small and 
medium-sized rings using an intramolecular nudeophilic displacement. Three-membered rings 
form surprisingly easily taking advantage of the fact that the leaving group can be remote from the 
nucleophile. The precursors can also he prepared by allyhc alkyiation. Thc sodium salts of malonate 
esters react with the monoacetate under palladium catalysis to give the allylic alcohol. Acetylation 
activates thc second alcohol to displacement so that the combination of sodium hydride as base and 
palladium(O) catalyst leads to cydization to the cyclopropane. The regioselectivity of the cydization 
is presumably governed by steric hindrance as is usual for allylic alkylations with palladium(O).

_>C£ rsc.
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Optically purr ligands on Pd in allylic alkylation can give good enantiomeric excess. You have 
already seen the first chiral amino-phosphinc as the ligand in a chiral Heck reaction and it also gives 
excellent results in this example. It has to be said, however, that thit is a very well behaved example 
and thc next one is more impressive.

1 mo* X  | P * C ,M t >CI|2

2.5 mot S  ctoral hpnd

M eO  , r  r n , M «

09% yield . 09% ее

Л Ci symmetric bis(amidophosphinc) ligand was used by Trort to prepare the natural nucleoside 
adenosine (see Chapter 49 for nucleosides) in similar fashion to the carhocycbc analogue described 
above. Thc key cnantiosclcctivc step was the first allylic alkylation that selected between two cnan- 
tiotopk benzoates in thc mno dihydrofuran derivative to give one enantiomer the expected as product.

г

97% учЛд adenosne

The second benzoate is displaced by a malonate anion, which allows the Q ljO II group to be 
added at the other side of the dihydrofuran. No enantioselectivity is needed in this step—it is enough 
to ensure tis addition in a 1.4-sense WM2

R<XC0]

Pd^dba)}. CaCO,

Palladium can catalyse cydoaddition reactions
The pretence of five-membered rings such as cydopcntanes. cydopentenes. and dihydrofurans in a 
wide range of target molecules has led to a variety of methods for their preparation. One of thc most 

ii" successful of these is thc use of trimethylencmethanc (3 ♦ 2] cydoaddition. catalysed by pal-
ladium(O) complexes. The tnmethyienemcthane unit in these reactions ia derived from 2- 
[(trimcthytsilyi)methyl] -2-propen-1 -yl acetate which is at the same time an allyl silane and an allylic 
acetate. This makes it a weak nucleophile and an electrophile in the presence of palladium(O). 
Formation of the palladium X-allyl complex is followed by removal of the trimethylsilyt group by 
nudeophilic attack of thc resulting acetate ion. thus producing a zwmcrionic palladium complex 
that can undergo cydoaddition reactions.
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The normal course of the reaction is to react with an alkene with electron-withdrawing sub
stituents present, which make the substrate prone to Michad-typc conjugate addition. The resulting 
cydization product ha* an exo methylene group. Cydopentenone» illustrate thi» overall 'cydoaddi 
tion’ nicety. The mechanism is thought to be stepwise with conjugate addition of the carbanion fol
lowed by attack of the resulting enolate on the я-allyl palladium unit to form a fore-membered 
ring—not a real cydoaddition at all.

Hetcroatom couplings produce aryl- or vinyl- N ,-S ,o r-P  bonds
While the major use for palladium catalysis is to make carbon-carbon bonds, which are dif
ficult to make using conventional reactions, the success of this approach has recently led to its 
application to forming carbon-heteroatom bonds as well. The overall result is a nucleophilic sub
stitution at a vinylic or aromatic centre, which would not normally be possible. A range of 
aromatic amines can be prepared directly from the corresponding bromides, iodides, or triflates 
and the required amine in the presence of palladium(O) and a strong alkoxide base. Similarly, lithi
um thiolates couple with vinylic triflates to give vinyl sulfides provided lithium chloride is 
present

The mechanisms and choice of catalyst, usually a palladium(O) phosphine complex, are the same 
as those of coupling reactions involving oxidative addition, transmetallation. and reductive elimina
tion. Phosphines do not require additional base for the coupling with aromatic triflates and the reac
tion has no difficulty in distinguishing the two phosphine» present.
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Alkenes are attacked by nucleophiles when coordinated to 
palladium(II)
The importance of transition-metal-catalysed reactions lies in (heir ability to facilitate reactions that 
would not occur under normal conditions. One such reaction is nudeophilic attack on an isolated 
double bond. While thc presence of a conjugating group promotes the attack of nucleophiles, in its 
absence no such reaction occurs. Coordination of an alkene to a transition metal ion such as pal- 
ladium (II) changes its reactivity dramatically as electron density is drawn towards thc metal and 
away from the X orbitals of the alkene. This leads to activation towards attack by nucleophiles just as 
for conjugate addition and umisual chemistry follows Unusual, that is, for the alkene; the palladium 
centre behaves exactly as expected.
" v  J *

*M II) ......... »  |  ♦ 2ИС1 ♦ *H 0)Y"
UgoselectMty is not the sam e 
м  In Vie Heefc reaction иЛе^е 
■Rach mostly occurs al the end of 
tht atone, internal nudeopmie* 
tonslerred from the palladium to 
tht afcene usually prefer the end 
of tw  afcene but eitem al 
■MlauMutes usually prefer tne

Many nudeophiles, such as water, alcohols, and carboxylates, are compatible with the Pd (II) 
complex and can attack the complexed alkene from the side opposite the palladium. The attack of 
thc nucleophile is regiosdcctive for thc more substituted position. This parallels attack on bromoni- 
um ions but is probably governed by thc need for thc bulky palladium to be in the less hindered posi
tion. The resulting Pd (Il) O-alkyl species decomposes by ^-hydride elimination to reveal the 
substituted alkene. Reductive elimination of a proton and the leaving group, usually chloride, leads 
to palladium(O). The weakness of this reaction is that the catalytic cyde is not complete: Pd (II) not 
Pd(0) is needed to complex the next alkene.

-a cm

Y" . -Qpi
Pd<m

A Pd (II) salt such as Pd(OAc)2 adds to an alkene to give, via the я complex, a product with Pd at 
one end of the alkene and OAc at the other. This is oxypalladation but this product is not usually iso
lated as it decomposes to the substituted alkene. This reaction is occasionally used with various 
nudeophiles but it needs a lot of palladium.
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Allylic r e a rra n g e m e n t by rev ers ib le  оку pall ad a t ion

There arc two solution* to this problem. W c could use stoichiometric Pd (ll) but this is acceptable 
only if thc product is very valuable or thc reaction is performed on a &mal scale. It is better to use an 
external oxidant to return the palladium to thc Pd (II) oxidation state so that the cyde can continue. Air 
alone does not react Cist enough (even though Pd(0) must be protected from air to avoid oxidation) but, 
in combination with Cu< П) chloride, oxygen completes thc catalytic cyde. The Cu( П) chloride oxidises 
Pd(0) to Pd (ll) and is itsdf oxidized back to Ct»(Il) by oxygen, ready to oxidize more palladium.

This combination of reagents has been used to oxidize terminal vinyl groups to methyl ketones and 
is known as the Wacfcer oxidation. The nucleophile is simply water, which attacks thc activated alkene 
at the more substituted end in an oxypalladation step. ^-Hydride elimination from the resulting O- 
alkyl palladium complex releases the enol which is rapidly converted into the more stable keto form. 
Overall, the reaction is a hydration of a terminal alkene that can tolerate a range of functional group».

A related reaction is the oxidation of silyl enol ethen to enone*. This requires stoichiometric pal* 
ladium (Il), though reoxidation of Pd(0) with benzoquinonc can cut that down to about half an 
equivalent, but docs ensure that thc alkene is on thc right side of thc ketone. Thc first step is again 
oxypalladation and 0 elimination puts thc alkene in conjugation with the ketone chicly because 
there are no (1 hydrogens on thc other side.

Alcohols and amines are excellent intramolecular nudeophiles
Cyclic ethers and amines can be formed if the nucleophile is an intramolecular alcohol or amine. 
Stoichiomctric palladium can be avoided by using benzoquinone as the stoichiometric oxidant with 
a catalytic amount of palladium. In this example intramolecular oxypalladation of a diene is followed 
by attack of an external nucleophile on a X-aDyi complex.

UO , JUOH/acatane

ca t M (O Ac)j

73%  y+to. M I  tynerm
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Palladium coordinates to one bee of the diene promoting intramolecular attack by the alcohol on 
the opposite bee. The resulting a-alkyl palladium can form a x-allyl complex with the palladium on 
the lower bee simply by sliding along to interact with the double bond. Nudcophdic attack of chlo
ride from the lithium salt then proceeds in the usual way on the face opposite palladium. The overall 
addition to the diene is therefore its.

-
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Nitrogen nudeophile* also artack alkenes activated by Pd (II) and benzoquinone can again act as a 
reoxidant allowing the use of catalytic quantities of palladium. The mechanism follows the same pat
tern as for oxygen nucleophiles including the final isomerization to produce the most stable regioieo- 
mer of product In this example the product is an aromatic indole (Chapter 43) so the double bond 
migrates into the five-membered ring.

o r c!X>-
j™  bwuoqu'nor* p фттШОог ^

(ft • H. Ac. T«) (f the substrate lacks a hydrogen suitable for f) dimination and there is another alkene present in 
the molecule, the в -alkyl palladium intermediate can follow a I leek pathway to form a bicydic struc
ture in a tandem reaction sequence. Once again, the final step is a palladium-hydride-mediated iso
merization to give the endocytlic alkene.

o o ^ o a - — oc£-A- —. Â  -asr /л
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Palladium catalysis in the total synthesis of a natural alkaloid
We end this chapter with a synthesis of N-acetyi davicipitic add methyl ester, an ergot alkaloid, by 
Hcgedus. The power of organo-lransition-mctal chemistry is illustrated in five steps of this seven- 
step process. Each of the organometallic steps catalysed hy Pd(0) or Pd(U) has been described in this 
chapter. The overall yield is 18%, a good result for a molecule of such complexity.

The first step is to make an indole hy Pd(II)-catalysed cydization in the presence ofbenzoquinone 
as reoxidant. The nucleophilic nature of the 3-position of the indole (Chapter 43) was exploited to 
introduce the required iodine functionality. Rather than direct iodination, a high yielding two-step 
procedure involving mercuration followed by iodination was employed. The more reactive iodide 
was then involved in a Heck coupling with an unsaturated side chain in the absence of phosphinc
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ligands. Thc remaining aromatic bromide then underwent a second Heck reaction with an allytic 
alcohol to introduce the second side chain. Cydization of the amide on to the allylic alcohol was 
achieved with palladium catalysis, not as might have been expected with paUadium(O) but instead 
with palladium! II), to produce the seven-membered ring. Finally, the conjugated double bond was 
reduced and the sulfonamide removed with sodium borohydridc with photolysis.

Other transition metals: cobalt
W c have concentrated on palladium because it is thc most important of thc transition metals but wc 
must not leave you with the idea that it is the only one. W c shall end with two reactions unique to 
cobalt—thc Pauson-Khand reaction that wc mentioned right at thc start of thc chapter and the 
Vollhardt co-trimcrization. You will sec at once that cobalt has a special affinity wilh alkynes and 
with carbon monoxide.

о
CO

m/at ion You will sec at once lhat cobalt has a special affinity wilh alkynes and
xide.

I с  M C O ), ^  ^  Tata* car* to бМ ПфиИ M

Sw rn iam  Itu n J Cow *C O m thesew acbi

CpCofCOfc

<K
The structure of thc cobalt reagents is 

worth a mention. Cobalt has nine dectrons so 
the second reagent u easy; nine from Co, five 
from the cydopcntadicnyt. and two each 
from the two COs giving 18 in all. But why is 
thc first reagent a dimer? Thc monomer 
Co(CO)4 would have 9 ♦ S *  17 dcctrona.

The Pauson-Khand reaction starts with thc replacement of two CO molecules, one from cadi 
Co atom, with the aikyne to form a double О complex with two C-Co О bonds, again one to each 
Co atom. One CO molecule is then replaced by the alkene and this *  complex in its turn gives a О 
complex with one C-Co О bond and one new C-C о bond, and a C-C# bond is sacrificed in a ligand 
coupling reaction. Then a carbonyl insertion follows and reductive dimination gives the product, 
initially as a cobalt complex.

V
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L o * " *
L.COr.0.

И tftr IT ddie few structures.
____  g th a«ta istep v weonwt
I c Onwt e c t f e s  e«cei* the one

К » * * '

This is an extraordinary reaction because so much seems to happen with no control except thc 
presence of the two cobalt atoms. Thc alkene reacts so that the more substituted end bonds to thc 
carbonyl group. This is because the ligand coupling occurs to thc less substituted end. as in other 
coupling reactions. Thc stereochemistry of the alkene is preserved because the coupling step putt the 
C-C and C-Co bonds in at thc umc time in a syn fashion and thc migration to the CO ligand is 
stereospecific with retention. This is one of the most complicated mechanisms you are likely to meet 
and few organic chemists can draw it out without looking it up.

The Vollhardt co-trimcrization is so-called because it uses cobalt to bring three alkynes into a ring 
and it is one of the rare ways of making a benzene ring in one step. First, the diaBcync complexes 
with the cobalt—each aikyne replaces one CO molecule. Then thc double X complex rearranges to a 
double о complex by a cydoaddition forming a new C-C О bond. This new five-membered ring cobalt 
heterocyde has only 16 electrons so it can accept thc remaining aikyne to give an 18-dectron complex.

CpCofCO),

There are now two possible routes to the final product. Reductive elimination would insert the 
new aikyne into one of the old C-Co bonds and form a seven-membered ring heterocyde. This 
could close in an dectrocydic reaction to give the new six-membered ring with the cobalt fused on 
one side and hence thc cobalt complex of thc new benzene.

Alternatively, the new aikyne could do a Diels-Alder reaction on the five-memhered cobalt 
heterocyde to give a bridged su-membered ring that could extrude cobalt to give the same benzene 
complex. The CpCo group can form a stable complex with only four of the benzene electrons and these 
can be profitably exchanged for two molecules of carbon monoxide to re-form the original catalyst.

fe C e O & O C »
* * * • 1  Cp ligand omnad tor danty

We have selected a few reactions of Co, Fc. and Cu with honourable mentions for Pt, Ir, and Cr. 
We could have focused on other elements—Ni. W . Ti. Zr, Mn. Ru. and Rh all have special reactions. 
Transition metal chemistry, particularly involving palladium catalysis, occupies a central role in 
modem organic synthesis because complex structures can be assembled in few steps with impressive 
regio- and stereochemical control. There are many books devoted entirely to thu subject if you wish 
to take it further.
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134,

S te ro id  lyn ttie ftls  by th e  V oilhardt с o-tri m e d ia t io n

TN* product lalnterM tinf lor two toflher reactions that 
revlae chemistry *om Chapter* Э6 and 47. И ihe ortfnal

авале attached to the«He-
prodxt haJthe skeleton of Tw* compound is not a steroid bccauoe steroids do not h e *  protodesJIytstton and this «  
the steroid* (Chapter 51). MejS* group», but the— can be rormaed (Chapter 47) by an important compound

eia a very abort

Problems
1. Suggest mechanisms for these reaction», 
palladium in thc fust step.

explaining the role of 4. Suggest a mechanism for thi« lactonc synthesis
CO. ftwjNpalladium in the first step. CO. Bu*N .9

V  ^3 ' ̂  “ZT‘ O' ‘ ■
о (Pb|P)*N  О К. Explain why enantiomerically pure lactone give* all щт bat

0 0 racemic product in thi» palladium-catalysed reaction

ax ^ o > -
a. Thi» Ileck style reaction does not lead to regeneration of thc 
alkene. Why not? What is thc purpose of the formic acid (H CO jH ) 
in the reaction mixture?

К  "*• cat. (Р ^ П ^ О А с ), I V / " »

HCOjH. RjNN. DMF

3. Cydization of this unsaturated amine with catalytic Pdf II) 
under an atmosphere of oxygen give» a cydic unsaturated amine in 
95% yidd. How doc» thc reaction work? W hy is the atmocphcre of 
oxygen necessary? Explain the stereo- and rcgiochemistry of the 
reaction. How would you remove the CO jBn group from the 
product?

^NHCOjBn е л  P4 1 1 )

M lO iC y^ C O iM *
____ e

COjMo 
a> щуп but race*"*

«. Revision of Chapter 47. The synthesis of л bnJged ,rK^  
amine shown below *urts with an enantiomerually p“ r* ^  
silane. Give mcchanum* for thc reaction*. rrpljm inf bow j  
stereochemistry u controlled in each step.

I  CHO
2*1
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sion of Chapter 44. Explain the reactions in this sequence 
nting on the regioeeiectiviry of the organometallic steps. 06

o5
ft. Give a mechanism for this carbonylation reaction. Comment 
on the ilereochemistry and explain why the yield is higher if the 
reaction is carried «»ut under a carbon monoxide atmosphere.

Hence explain this synthesis of part of the antifungal compound

U . Some revision content. Work out the structures of the com
pounds in this sequence and suggest mechanisms for the reactions, 
explaining any selectivity.

'^ е и о

^0N

CHO

**H). CuCI, o , К ON, 1ЦО. THF

' ' y , см ,Ph 

O SIP tl,**!

t . Explain the mechanism and stereochemistry of these reactions 
The first is revision and the second is rather easy?

В hasIR: 1730.1710 o n 1; 6,t 9 4 p.pjn. ( IR  в). 2Л p.pm. (2H. 
s), 2.0 p.pjn. (ЭН. s), and 1.0 p.pjn. (6H. s).
С has IR: 1710 cm 1; S,, 7 J p.p.m. ( II I .  d, /53 H i). 6.8 ppm . 
( IH , d. /5.5 H i), 2.1 p.pjn. (2H, s), and 1.15 p.p.m. (6H, s).

12. Revision of Chapter 36. What would be the starting materials 
for the synthesis of these cydopentenone* by the Nazarov reaction 
and by the Pauson-Khand reaction? Which do you prefer in each

f synthesis of an antifungal drug was completed by this 
^ —— "«■catalysed reaction. Give a mechanism and explain the 

*nd stereoselectivity.

13. A variation on the Vollhardt co-trimerization allows the 
synthesis of substituted pyridines. Draw the structures of the 
intermediates in this sequence. In the presence of an excess of the 
cyanoacetate a second product is formed. Account for this too.

#  W C^^CO alt 
^  С *Со< СО ),

oc/kcajr



Problems

14. The synthesis of the Bristol-Myers Squibb anti-migraine 
drug Avitriptan (a S-HTlD receptor ant ago nut) involves this 
palladium-catalysed indole synthesis. Suggest a mechanism and 
comment on the regiosdeitivity of the alkyne attachment.c/l
■tec Г

e a t. М ( О А с ) „  W » ,F .  I и <0 M *C N  
UCI. H»2CO, j ^  ^

“Ь сд сГО ^
I I .  A synthesis of the natural product y-lycorane starts with a 
palladium-catalysed reaction. What sort of a reaction is this, and 
how does it work?

The next two steps are a bit of revision: draw mechani 
and comment on the survival of the MejSi group. “ "И  f0r (i

Now the key step—and you should recognize this easily Wt*, •
happening here? Though the product is a mixture of is *
does not matter. Why not?

StMs,

PdCÎ MeCNJj
FSP.ftaH

C9CMC0U, THF

65* yield. 12 Co up . Co down

Finally, this mixture must be converted into y-lycorane: 
how this might be done.
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Building on:

• A cid ity and b asicity  ch8
• Carbonyl chem istry ch 12 &  с h 14
• Stereochem istry ch l6
• Conform ational analysis c h l8
• Enolate chem istry and synthesis 

j ch24-ch30
» M otoeocyclat r H42-ch44
• Asym m etric synthesis ch45
• Sulfur chem istry ch46

Arriving at:
» N ucleic acids store Inform ation for the 

synthesis of proteins 
1 M odified nucleosides can bo used as 

an tiviral drugs 
i Nucleotides have a  role In energy 

storage
1 Proteins ca ta lyse  reactions and

Looking forward to:
• M echanism s in b iological chem istry

ch50
• N atural products ch51 
e Polym ers ch52

1 O ther am ino acid  derivatives act as 
met hy la  ting and reducing agents 
Sugars store energy, enable 
recognition, and p ro tect sensitive 
functional groups
How to  m ake and m anipulate sugars
and th eir d erivatives
Lip ids form the basis of membrane

life runs on chemistry, and the chemical side of biology Is fascinating for that reason atom But from 
tha point of view of a textbook, biological chemistry's combination of structures, mechanisms, new

!mdions. and synthesis Is also an ideal revision aid. We shall treat this chemistry of living things In 
llw e chapters.

• Chapter 49 Introduces the basic molecules of life and explains their roles along with some of their 
chemistry

• Chapter 50 discusses the mechanisms of biological reactions
• Chapter SI develops the chemistry of compounds produced by life: natural products
We dan with the most fundamental malecules and reactiimi In Is i ailed primary metabolism

I  Primary metabolism
h b  humbling lo realize (hat the same molecules arc present in all living things from Ihe simplest sin 

4 creatures lo ourselves Nucleic ackls conialn the genetic Information of every organism, and
|b«y control llte synthesis of proteins. Proteins are partly structural—as in connective tissue—and 
jtotly functional—as in enzymes, the catalysts Ген biological reactions Sugars and lipids used lo be 
J*poor relations of the other two but we now realize that, as well as having a structural role In mem 

I  *“ осЫс<1 W*,*‘ Pro<e*m *,k1 *UVp a P*rt ,0 pUy in recognition and

^  The chart overleaf shows the molecules of primary metabolism and the connections between them, 
heeds some explanation ll slums a simplified relationship between the key strut lures (empha 

jjjjd ln  large black type) It sIkiws their orlgli»s—from CO? In the first instance—and picks out some 
I lntermediales. Glucose, pyruvic acid, citric acid, acetyl coenzyme A (Acetyl CoA). and
■ are players on tl»e centre stage of our metabolism and are built Into many important molecules



1346 i' 4 t  • The chemistry of life

-----►  сЬечмеа! iMctton In th* usual и л и  tfw iU rtin ( rruaenal n  mean***'.** "

......... ^  compound needed lee the 4 K tlw  but M t вЫ *п  tneeroonut into t* _________

t ' ^  compound mvolved m cot'otorg • гмсиол not mcoT»'*te<J into the prodc:u

We 1юре t)ut tills chart will allow you to keep track uf the relationships between 
metabolism as you develop a more detailed understanding of them We will now look 
type of molecule.



Life begins with nucleic acids

4Jfe begins with nucleic acids
u ,tl( K kb are unquestionably lop level 

because Ч*У ° “ r 8 'nMlc l,lfur 
Ш П .  They are polymer* wtrase building 

(monomers) are the nudeotido. them 
of three parts—a heterocyclic base.

W f L , l.  and • pbusplute ester A nudeosMe 
L b  tl« phoephate In the exam|<le alongside.
T _|||n- 1,  Ihe base (black), adenorine Is the 

(base and sugar), and (lie nucleotide 
% lhf whole molecule (base ♦ sugar * phos
L n ) .

ТЫ» nucleotide Is called AMP Adenosine 
||onoPhosphate Phosphates ire key com
Minds In nature because they fumi useful stable 
fcikagrs between molecules and can also be built 
ф  Into reactive molecules by simply multiplying 
rig number of pliosphate residues. Tlie most important of tliese nucleotides is also one of the most 
Impoctant molecules in nature— Adenosine Triphosphate or ATP.

ATP Is a highly reactive molecule because phosphates are stable anions and good leaMng groups 
U can be attacked by hard nudeophiles at a phospliate group (usually the end one) or by soft nude 
•phties at the C H j group on the sugar. We shall see examples of both reactions soon When a new 
(•action Is Initiated In nature, very often the first step is a reaction wKh ATP to make the compound 
Mire reactive This b rather like our use of TsCI to nuke alcohols more reactive or converting acids 
I* add chlorides to make them more reactive.

Tbcrc are five heterocyclic bases In DNA and RNA
l« nucleic adds there are only five bases, two sugars, and one phosphate group possible The bases 
m  Monocyclic pyrimidines or blcycttc purines and are all aromatic.
• There arc only two purine bases found • Tlie tliree pyrimidine bases are the simpler and 

In nucleic adds, adenine (A), which we they are uracil (U). thymine (T). and cytosine (C) 
have already met. and guanine (G) Cytosine Is found In DNA and RNA. uracil In RNA

only, and thymine in DNA only

1347
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You awl pyrtmnim— on p. 000 and
loomed how to make tho* on p 000.
but tho purine Hng«уяЮТ тщ/bo now 
lo you. * tent вЫщт oooy to *n* tl»

stim ulants in  tea and coffee are m ethylated nudeic add  purines
J^ P °r t a n t  natural product for most of us b a fully methylated purine present In lea and c«..« 

|И**-*П*оЬгот1пе. the partly methylated version, b present In chotolate. and both caffeine ami 
У <То||>1|и‘ « t as stimulants Caffeine b a crystaline substance easily exUa< ted from coffee or tea 

organic solvents. It Is extracted Industrially with liquid CO j (or If you prefer Nature s natural 
^ T ^ 'n c e )  to make decaffeinated tea and coffee.

as chemists. were lo add those methyl groups we should use aomethlr* like Mel. but Nature 
V  * much more complicated reagent There b a great deal of methylatlng going on in living

сапёоМ*. Voumoynooeto* 
a*oc«*jo<
r.onaa

M .  J  stimulant

«W f/  au

IdA
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tilings—and the methyl groups are usually added by 5-adenosyl m etliionii* (or SAM) r 
reaction of methionine with ATP. ' by

ferent carbon atoms. Two are primary centres 
—good for Sn * reactions—but the third Is the 
methyl group, which Is even better. Many nucleo- 
plilles attack SAM In this way.

In the coffee plant, theobromine Is converted 
Into caffeine with a molecule of SAM. The methy- 
latlon occurs on nitrogen partly because this pre
serves both the aromatic ring and the amide 
functionality and also because the enzyme 
Involved brings the two molecules together in the 
right orientation for N  methyUtion

o lta a  "•

Al this point WT should Just point out something Out it's easy lo forget: theft is only cnr < 'iM IJ-  
There b no magic In biological chemistry, and Nature uses the same chemical principles л  wed** 
the chemical Ыкча(игу All tlie mecliaiiisms that you have studied so far will lielp you lu ill»» ™K*’" 
anlsnu for biological reactions and most reactions that you have met have their countirp**** 
nature. The difference is thal Nature Is very very good at chemistry, and all of us are only 
Ing. We still do much more sophisticated reactions Imldc our bodies without lliinkiiiR jboul j 
than we can do outside our bodies with all the most powerful ideas available to us at the Ь г& тЩ  
the twenty-first century

Nucleic acids exist In a double helix
One of the moat Important discoveries of modem science was the elucidation of tlie itrm tu"* 
DNA and RNA as tlie famous double M il by Watson and Crick in 19S3. They realized that t l * 2 |  
structure of base—sugar—phosphate was ideal for a three-dimensional coll. Tlie structure of>^ B  
part of DNA Isshown opposite ^

Notice that the Г  (pronounced two prime') position on the ribose ring Is vacant There ls l''1’ ̂  
group there and that Is why It Is called Deoayrlbn-Miclelc Acid (DNA). The nucleotide' link 1
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|tmaininK OH groups on (Ik  ribas* ring and these are called the S'* and S'-positions. This piece of 
pNA has three nucleotides (adenine, adenine, and thymine) and so would be called -АЛТ- for
shoM V

I  n
Each polymer к strand of DNA coils up into a helix and is bunded to another strand by hydrugen 

bonds between the bases. Each base pairs up specifically with another base —adenine with thymine 
(A T) and guanine with cytosine (G C )—like this

There te quite a lot to notice about these structures Each purine (A or G) Is bonded specifically to 
<** pyrimidine (T or C) by two or by three hydrogen bonds The hydrogen bonds are of two kinds 
one links an amine to a carbony l group (black In the diagram) and one hnks an amine to an Imine 
<T*en In the diagram). In this way. each nucleotide reliably recognizes another and reliably pairs 
with Its partner. Tlie short strand of DNA abuve (-ATT-) would pair reliably with -TTA-

How the genetic information In DNA is passed to proteins 
Hie nurinal structure uf DNA each strand U paked with anuther strand called the complementary 

■frwd because It has each base paired with Its complementary bast. When DNA replicates, the 
•frands separate and a new strand with complementary structure grows alongside each In tlih way 
*be original double helix now becomes two Identical double helices and so on.

1349
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V * V

•dd th# arntno acid cy»trtn*

Thb Is a crude simplification of a beautiful process and you should turn lo a bloclieniUtry tot- 
book foe more details. The actual building up of a strand of DNA obviously Involves a complex setae 
of chemical reactions. The DNA b then used to build up a complementary strand of RNA. which 
does have the T  hydroxyl group, and the RNA then instructs the cdl on protein synthesis using tkree- 
nudeotide codes to indicate different amino acids. Again, the details of this process nr Ылояё the 
scope of tills book, but the code b  not.

Each set of three nucleotides (called a triplet or codon) In a DNA molecule tells the r e lit  do 
something Some triplets tell It lo start wort or stop wort but most represent a specific amino Bid. 
The code U G U  in RNA telb the cell ‘add a molecule of cysteine to the protein you are building'. The 
code UCA tells the cell stop the protein at this point'. So a bit of RNA reading UGUUCA uld pro
duce a protein with a niulccule of cysteine at the end

-АСАЛСТ- ---------*- -UOUAIGA- ■ S
ON* MOW RflA tr,*4 _

*
There are four bases available for DNA and so there are 

4* ■ 14 different triplet codons using three bases In each * 
codon There are only 10 amino acids used In proteins so с 
that gives plenty of spare codons. In bet I I  of Ihe M  m  
used as codons for amino adds and the remaining three 
are stop' signals. Thus the code ATT In DNA would pro
duce the complementary UAA and this Is another stop'

0



Bui that doesn't leave a start' signal! This signal b tlie saute (TAC In DNA - AUG In RNA) as tliat 
lor tbe amino acid methionine, which you met as a component of SAM. the biological methylattng 
igent In other words, all proteins start with methionine At least, they are all made that way. though 
Ihe methionine U sometimes removed by enzymes before the protein Is released These code letters 
gft the same for all Itvtng things except for some minor variations In some microorganisms

AIDS b  being treated with modified nucleosides
Modified nucleosides have proved to be among the best antiviral compounds The most famous 
^ 11-AIDS drug AZT (zidovudine from GlaxoWelkunie). Is a slightly modified DNA nucleoside (S '- 
jjldothym ldlnr) It has an azlde at C3' instead of the hydroxyl group In the natural nucleoside

Life begins with nucleic acids

• nudeotMe of D M

Doctors are having some spectacular success at the moment (1999) against H IV  and 
AIDS by using a combination of AZT and a much more modified nudeodde 3-TC (lamtvudlne) 
which Is active against AZT resistant viruses This drug is based on cytosine but the sugar has been 
replaced by a different heterocyde though It is recognizably similar especially In the stereochemistry 

The last dmg to mention Is acyclovir (Zovirax), 
the cold sore (herpes) treatment. Here Is a modified 
fuannsine in which only a ghnst of the sugar remains 
There b no ring at a l and no stereochemistry.

H ie bottom edge of tlie sugar ring lias been done 
away with ao that a simple alkyl chain remains. This 
compound lias proved amazingly successful as an 
antiviral agent and Й b highly likely that more 
modified nucleosides will appear in the future as

Cyclic n u d n u id n  and stereochemistry
W t knuw iht reiatlvr itcreodirmblry around Ihr itbcet ring of thi nucftustdts in DNA and 
INA btcaust tht b a a  can bt ptnuadtd lo cydb* on to the ring In attain reaction! Treatment 
Ы  dMuythymidinr with rragtnts that makt uxygtn alums into having group It ads to cyclbation 

Sn I reaction Tht amldt oitygtn of iht bast attacks Iht J ' position In tht sugar ring

This SNl  reaction has lo happtn wllii Invrrsloti. proving that th t bast and Ih t V OH group art on 
«pposlit skits of Ih t ribost ring Tht cyrllztd product Is uatfui too If  It b  reacttd with azldr ton tht 
••"g rrop rn i w ith Invtn lon  In anothtr Sn * reaction and AZT Is formed

X3S1
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© © Q -S
M = *= * "»  . / ^ r .  e .

We can show that the primary alcohol Is on the same side of the ring as the base by anotl* 
cyclization reaction. Treatment of the related Iodide with a silver (I) salt gives a new seven-ine и,Ь«^ 
ring. This reaction can happen only with this stereochemistry of starting material.

In ribonucleic adds, the fact that the V- and З'-OH groups are on the same side of the ring n 
alkaline hydrolysis of such dinucleotides exceptionally rapid by intramolecular nudeophilic ratal)*,

Note that cAMP has a tram  6.5- 
fused rtnf Junction.

\ h \ h ___
Tbi alkali removes a proton from the 2* 011 group, which cycltzes on to the phosphate IM — 

possible only If the ring fusion Is cis. Tlie next reaction involves breakdown of the p, nt«o*ale< 
phosphorus Intermediate to give a cyclic phosphate. One nucleoside Is released by this react* «■“  
the second follows when the cyclic phosphate Is Itself cleaved by alkali.

The simplest cyclic phospliale that can be formed from a nucleotide is also important biologic* 
as it Is a messenger that helps to control such processes as blood clotting and acid secretion* 
stomach. It Is cyclic AMP (cAMP). farmed enzymatically from ATP by nudeophilic displace** 
pyrophosphate by the З'-OH group.

—  NMj
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Proteins are made of amino adds
The molecule of methionine, which we met as a component of SAM. is a typical amino acid of tlie 
kind present In proteins. It Is the starter unit In all proteins and is joined to the next amino acid by an 
amide bond. In general we could write:

-TAC
DNAtnpiei

\r
ho,c^ 4 -x ^ v s *i«
•tart protein «уШИве* wt*

Now we can add tlie next amino acid using its correct codon, but we want to sliow tlie process 
In general so we shall use the general structure In the margin. All amino acids have tlie same bask 
Kmcture and differ only in the group R . Both structures are tlie same and have the same (5) stereo-
cb im istn ♦ у _r^V у

I  H , i r 4 'C O l M и - J - " " ' CO,H

• «aw n . ! H

fc* Н и »  The three letter i««*« 
M * *  has nothing 

^  <*e «M l |1h cuduti ill 
* * * 0  li Ib m  self 
«pUnatory J !  art the on»
■ Jr  Cod« in l)d> *10.1,.

■“ nt of the one letter 
Codrs h* the other amino 
‘ “ ‘ « М и  obvious ______

у .

ш
Ы т - /  и

-А/
Hgir^^COjH

two Mews of the genemT. у
0 .< r S »

The process then continues with more amino 
adds added In turn to the right-hand end of the 
growing molecule. A section of the Anal protein 
drawn in a more realistic conformation might look 
Ике this

The bask skeleton of the protein rig zags up and down In the usual way. the amide bonds (shown 
In black) are rigid because of tlie amide conjugation and are held in tlie stiape shown Each amino 
add may have a different substituent (R1, R*. Ir .  etc.) or some may be the same

A catalogue of the am ino adds
So what groups are avail —— ----
abir «hen proteins an 
being made? The simplest 
andao add. ̂ ydne. has no
«batttuents except hydro- _________
|m  and Is the only amino rt, nine 
add that b not chiral Four 
oilier amino ackis have 
* y t  groups without fur 
•her functionality The 
« Я  lable gives their stnac-

Many of the compounds we

salts under Ыо1о#са1 conditions. 
Most cartooiyMc adds wHI exist as

you have just seen, end most 
amines as cations as they would 

7 . Amino

as iwrttenons. For sim ple**, we 
wM usuaSy draw functional 
Croups in the simplest and most 
familiar way. leawng the question 
of profonation to be addressed 
separately if required



л
1354 4 t  • The chemistry of life

These amino acids form hydrophobic (water-repelling) nonpolar regions in protpjlls 
are three more of this kind with special roles. Phenylalanine and tryptophan have arotnati, 
and. though they are still hydrophobic, they can form attractive x-stacking Interactions 
other aromatic molecules. Enzyme-catalysed hydrolysis of proteins often happens next t 
of these residues. Proline Is very special. It has Its amino group Inside a ring and has л ,|l)( ,,ne 
shape from all tlie otlier amino adds. It appears in proteins where a bend or a twist in the stru.

°x
tryptophan Тф

ОС,
Tlie rest of tlie amino adds liave functional groups of various kinds and we stull deal with then 

by function. The simplest have hydroxyl groups and there are three of them- two alcohols and a 
phenol. Serine In particular Is Important as a reactive group In enzymatic reactions It is a good 
nucleophile for carbonyl groups.

—V
threonine The

-XX.
Next come tlie two compounds we have already met. tlac sulfur-containing cystdi* ^ 

methionine. Cystdne has a thiol group and methionine a sulfide. These are very ,rnIv>r1 .^ 1  
protein structure—inetliionine starts off the syntliesis of every new protein as i t '  ^ ' 1 
amino add. wliile cysteine forms S-S bridges linking two parts of a protein togethei 
disulfide links may be Important In holding the three-dimensional shape of the m olecu le
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cyatain* С ye

I M ' '  \  H

H jir^ C O jH

C)f«t«in« and к а М гм « 1 л (

TNets ( W )  are easrty o*K*/»d. by air. for a»ample. to 'м Г  when tbe Mir is oodired so that disuMde croes-fcntie
Iu M m  (HS-SHV This chemistry Ы cysteine Is used by ere eetat*shed to hold ts shepe for a *>od tane Tha
be**eesea to #че "panne-or permenert waves The hew dtsuTide rosuftmf from croe»4nfcs between the thiol
protars are «rot reduced so that any daulftde (cysterne to *oups of qriteW* Is hroair as cysftnô  beware of
cyetame) croaa-fmka wfthat each atrond ere reduced to conhjsingthe namesl 
tfto* Then the Nab a  styrted end the Anal stage Is tbe f i — t u n ,""V у ' ' у

The amino acids with a second amino group are important because of their basicity and they are 
vital to the catalytic activity of many enzymes. Histidine has а рК4ц very dose to neutrality (6.5) and 
can fimction as an add or a base. Lysine and arginine are much more basic, but are normally proto 
nated In living things. An extra column in this table gives the рК*ц of the extra amino groups.

Кам а Three tatter cade On» latte* cade pКш  H w tyre

M  хо,и

lo a a a tia l  am ino acid»

• yau saw ' JuraesK Parfc you mey racafi that the fertsafe m our <*et. we die Of cowroe. any norm*» d-et. *ch.dm( 
the‘lyaineephon- The dmoaauro waro the human beings eaten by the eacaped dmoaaun. would

•■Weabymodaed sc aato need lysinam thaw dtet The aba contain plenty of lysine Tha other essanbel ammo 
wee thot they woutd da unless lysine was provided by acids (lor humanel are H*. He. Lau. Met Phe. TV. Try. 

**'haepero. lysine woe a »Md choice aa ft a  ana o ft*  and Vet.
•Мань** amaa adds far humane. If we aro net fNen я

ftoalty. we come to the addle amino acids—those with an extra carboxytic acid group We are 
to Include their amides too as they also occur In proteins This group is again very much 

■*v°hred In the catalytic activity of enzymes The two adds have pK,s for the extra COfH group of 
•bout 4 J.

I
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Sometimes It is not known whether the acids or their amides are present and sometimes thev 
present Interchangeably. Aspartic acid or asparagine has the codes Asx and R while ghitamk add** 
glutamine isGlxor Z.

Now perliaps you can see that a protein b an assembly of many different kinds of group Jttached 
to a polyamide backbone. Some of the groups are purely structural, some control the shape of the 
protein, some lielp to bind other molecules, and some are active in chemk al reactions

Most amino adds are readily available to chemists. If  proteins are hydrolysed with. say. i 
trated IIC1. they are broken down Into their amino adds. This mixture Is tricky to separate, but the 
addle ones are easy to extract with base while the aromatic ones crystallize out easily

Amino adds combine to form peptides and proteins
In nature, tlie amino adds are combined to give proteins with liumkeds or even tliousamls of .«niinoaddi 
In each one. Small assemblies of amino adds are known 
as peptides and tlie amide bond tliat links tliem is called 
a peptide bund One important dipeptkie b the sweet
ening agent aspartame, whose synthesis was discussed 
in Chapter 25. It is composed (and made) of the amino 
add aspartic add (Asp) and the methyl ester of pheny
lalanine. Only this enantiomer has a sweet taste and It Is 
very sweet Indeed—about 160 times as sweet as sucrucr.
Only a tiny amount b needed to sweeten drinks and so 
И b much less fattening than sucruce and b sale' 
because it b degraded in tlie body to Asp and Pt*. 
which are there In larger amounts anyway

An important trlpeptlde b glutathione So 
important b tlib compound that it b present In 
almost all tissues of most living things It b the ’uni
versal thiol* that removes dangerous oxidizing
agents by allowing Itself to be oxidized to a disulfide. Jbut

Glutathione b not quite a simple trlpeptlde. The left-hand amino acid b normal glutamic ^  
И b joined to the next amino add tlirougli 
its y-CO|H group Instead of the more nor
mal a-COzll group The middle amino add 
b the vital one for tlie function—cysteine 
with a free SH group. The C-terminal add b

V

Thiols are easily oxidized to disulfide*. as we liave already seen in our discussion on hairdressing 
(though tlie redox chemistry of glutathione b a matter of life or death and not merely a bad tiair day), 
jud glutathione sacrifices Itself if It meets an oxidizing agent. Later, the oxidized form of glutathione 

E ffa c e d  back to tlie tliiol by reagents we shall meet in the next chapter (NADH. etc.).

к *  . - Г Г Г . . .  r w ' V 4 "»

(educing e#mt * 4 .

Hurt Imagine that the stray oxldWng agent Is a peroxide, say. H7O1 . we can draw a mechanism to 
Aow how tills can be reduced lo water as glulallilone (represented as RSH) Is oxidized lo a disulfide

HO-̂ OHJ —

Proteins are made of amino acids 1357

£ H,0

f t ,  oi J- И.0

Nw efam el • ■ popular and sate analgesic Я used property but an overdote la 
(ydenftfout The pattern often seems U> recover only to dte later from

r-££fr-'p*r-Xrt
Is plenty of ДОеОмопе may be used up and ufavarsNde kvar di

Glutathione also detoxifies some of tlie compounds we have earlier described as very dangerous 
s such as Michael acceptors and 2,4-dlnltrohalobenzenes In both cases the tliiol acts as a 
t lor these elertropldles. Most of the time there b enough glutathione present in our с efts 

to attack these poisons before they attack DNA or an enzyme.

futatbione -

^ ote i

to On bound to фяш ш т

The toxin b now covalently bound to glutathione and so is no longer electrophilic It U harmless 
P  b* excreted More glutatliione will be syntiiesized ft uni glutatnk add. cysteine, and glycine 
10 *pbce that which b lost

n* we N atures chemical laboratories
Peptides are called proteins, though where exactly the boundary occurs b difficult to say.
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Protein» are conventionally drawn 
and described with the amino (Ы) 
term»nus to the left and the 
carboxyt (O  terminus to the n*hL

would be called glutamyl arginyl 
glutammyt histidyl mathionyl 
aspartyl seryt...' or. more briefly.

or. more briefty stiM.
FRQHMDS . The numbers oo 

the dta*am  such as Q»u9 ted us 
that this gl Jtam ic acid residua is 
number 9 from the Akerminua.

Им  structure of tlie Itormone insulin (many diabetics lack tills hormone and i„ 
themselves with It daily) m  deduced In Uk  USQi  by Sanger. It has two peptidr d u liu >>U' ‘"**4

•  — --------  " " '« Цamino acids and one of 30. linked by three
disulfide bridges—just like the links In oxl- Ty** 
dlzed glutathione. This Is a very small pro- struct» 
teln.

Enzymes are usually bigger. One of the 
smaller enzymes—rlbonudease (which 
hydrolyses RNA) from cows—lias a chain 
of 124 amino adds with four Internal 
disulfide bridges. The abundance of the 
various amino adds In thb enzyme b given «t„  
in thb table

A (12). F (3 ). M (4). L (2). 
P  <4|ь V (9 ). G (3). I (3)

cm
. - K J *

Е(5|.0(ПО(5|.Н|1О1 
T (10), S IIS K V  (6)

Then art 48 structural and truss linking amino adds concerned with the shape ,,f 
protein bul over half of thc amino adds have functional groups sticking out of tlie chain . „ . J *  
hydro«y. add groups, and the like. In fad. Ihe eniytne uses only a lew of these hinrtloiul к, 
lire reaction It catalyses (tlie hydrolysis of RNA)—probably only two histidines and one lysin, ^  
it Is typical of enzymes that they have a vast array of functional groups availablr Гог cl,.lnu

Below b part of tlie structure of rlbonudease surrounding one of the catalytic amino acids! {цЦ  
There are seven amino adds In thb sequence. Every one b different and every one has a functlo2 
Ized side chain. Thb b part of a run of ten amino adds between Phe8 and Alal9. Thb strip of prpdde 
has six different functional groups (two adds, one each of amide, guanidine. Imidazole, sulfide, and 
alcohol) available for chemical reactions. Only the histidine b actually used

One reason for disease b that enzymes may become over active and It may be necessary to d rt»  
specific inhibitors for tliem lo treat tlie disease. Angiotensin-Converting fiizymr (ACE) b « d»*' 
dependent enzyme that cleaves two amino adds off the end of angiotensin I lo give angiotensin П. * 
protein that causes blood pressure to rise.

no o f rot on Mood prcsaure

Zn** converting -ЛЯ
natural dtpeptide 

(Ala-fVo)
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|l Ь  necessary In some situations for our blood pressure to rise (when we stand up for instance!) 
but too much too often is a very bad thing leading to heart attach and strokes. Captopril Is a treat 
inent for high blood pressure called an ACE inhibitor' because It works by inhibiting the enzyme. It 
ts a dlpeptlde mimic, having one natural amino add and something else. The something else' Is an 
S | |  group replacing the N I I;  group in the natural dlpeptlde. Captopril binds to the enzyme because 
|t Is Uke a natural dlpeptlde but It inhibits tlie enzyme because it is /ю/ a natural dipeptide. In partku- H»* t:o,h 
|ar. the SI I group Is a good ligand for Zn (II) Many people are alive today because of this simple tfyc nr 
deception practised on an enzyme. 0 *0

Structural proteins must be tough and flexible
!■ contrast with the functional enzymes, there are purely structural proteins such as collagen 
Collagen is the tough protein of tendons and b present in skin, bone, and teeth It contains large 
amounts of glycine (every third amino add Is glycine), proline, and hydroxyprollne (again about a 
third of the amino adds are either Pro or Hyp).

In the enzyme above there were only three glycines and four prollnes and no hydroxyprollne at 
&  Hydroxyproline b a specialized amino add that appears almost nowhere else and. along with 
praline, it establishes a very strong triply coiled structure for collagen The glycine is necessary as 
there Is no room In the inside of the triple coil for any larger amino acid Functionalized amino adds 
art rare in coflagen

QC
N

(SHxoNnc Pro; P

NyW oxyptollne »n4 scurvy

Hy+oxyprotaoe it а югу unusual a-nino acid There «  no

proton because collagen w not mad* that way Tha 
пгПЦ m olecule is >rat assem bled with Pro where Hyp

Proteins are enormously diverse in structure and function and we will be looking at a few of their 
ructions In the next chapter.

Sugars—just energy sources?
Sugars are the building blocks of carbohydrates They used to be thought of as essential but rather

I dul molecules whose only functions were the admittedly useful provision of energy and cell wall 
construction. We liave already noted tliat ribuse plays an intimate role in DNA and RNA structure 
m i function More recently. blodiemlsU luve realized that carbohydrates are much more exciting 
They are often found in Intimate association with proteins and are Involved In recognition of one 
protein by another and in adhesion processes.

That may not sound very exciting, but take two examples How does a sperm recognize the egg 
•nd penetrate Its wall? Tlie sperm actually binds to a carbohydrate on the wall of the egg in what w a s  

the first event in all of our lives Then l»w  does a virus get inside a celP If it fails to do so. it has no 
Hk. Viruses depend on host cells to reproduce I lere again, the recognition proc ess Involves specific 
«■Aohydratev One of the ways in which AIDS is being tackled with some success is by a comblna 
Non of the antiviral drugs we met earlier in this cliapter with H IV protease inlilbltor drugs, which 
***n to prevent recognition and penetration of cells by HIV.

We now know that many vital activ ities as diverse as healing, blood dotting, infection prevention 
Refaction, and fertilization all involve carbohydrates. Mysterious compounds such as sialyl Lewis 
X*. Unknown a few years ago. are now known to be vital to our health and luppiness Far from being 

carbohydrates are exciting inolcculcs and our future depends on them It Is well worthwhile to 
4*nd some time exploring their structure and chemistry.
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Sugars normally exist in cydic forms with much stereochemistry
The mod Important sugar is glucaee. It has a saturated six-membered ring containing <m.f 
Is best drawn In a chair conformation with nearly all the substituents equatorial It can also I* Г "*11 
reasonably as a flat configurational diagram.

We have already met one sugar in this chapter, rtbose. because It was part of tht n riJ, 
nucleic adds. This sugar Is a five-membered saturated oxygen heterocycle with many o il*  
Indeed, you can define a sugar as an oxygen heterocycle with every cariion atom bearing , f ' 
based functional group—usually OH. but alternatively O O . '*

Both our drawings of glucose and rtbose show a number of stereogenic centres and on* ,, 
undefined—the OH group b marked with a wavy line. Thb b because one centre In both n jtJr'1?  
hemlacetal and therefore the molecule b In equilibrium with an open-chain hydroxv aldpl.v i * * 
glucose. the open-chain Галл b this. F«

When the ring closes again, any of the O il group» could cydbie on to Ihe aldehyde but their к M  
real competition—tlie six-membered ring b mure stable tlun any ofdie alternatives (w liicl., mid 
have three-, four-, five-, or seven-membered rings—check far yourself) However, with ribas, then 
b a reasonable alternative

УячлжМ

-/V J V

МВИ11 «ичпим 
hrwwaMtna >m I 
Ifw u ilm ceM *

The most Important sugars may exist In an open-chain form, as a five-membered oxygen betw- 
cycle (called a futanoslde after the aromatic furan) or a six-membered oxygen heterocyde и .M i  
pyranoslde after the compound pyran)

From trtoie to glucose requires doubling the number o f carbon atoms
We will return to that In a moment, but let us start from the beginning The simplest possible uig»b 
glyceraldehyde. a three-carbon sugar that cannot farm a cyclic hemlacetal.

Glyceraldehyde b present In celb as Its phosphate which b In equilibrium with dOiydroxy j
plinspliate T lib looks like a complicated rearrangement but It b actually very simple -thet»" com
pounds have a common enol through which they Interconvert

^ Ч5> о^Хои

Glyceraldehyde b an aldehyde sugar or aldote and dlhydroxyacetone b a keto suga» °*
That ending -ose' just refers to a sugar. These two molecules combine to form the s ix  carbon JL*  |
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fcactwe. in living tilings and thb reaction b a key Hep in the synthesis of organic compounds (tom 
CO i in plants.

When we come to tlie four carbon sugars, or tetroses two are important They are diasterrobo 
Hiers called erythroae and threose. You can не from thb aeries that each aldose has n - I  stereogenic 
centres In Its carbon chain where nb the total number of carbon atoms In that chain

==

~ \ ж

Sugars can be fixed In one shape by acetai formation
Thb b the simplest way to Ax glucose in thr pyranose form—any alcohol, methanol, for example, 
gives an acetai and. remarkably, the acetai has an шхЫOR group.

<2P,3Sk4hr«o*e (2ЛЭЯ>ожув1»ч«е

We shall take a longer look at the stereochemistry and reactions of glucose and the Important 
keto-hexose. fructose. These two are often found together In cells and are combined In the same 
molecule as sucrose— ordinary sugar. In thb molecule, glucose appears as a pyranose (itx-mem 
bered ring) and fructose as a furanoae (five membered ring). They are Joined through an acetai at 
what were hemiacetal positions, and sucrose b a single dlastereobomer

■ M cft aa ff. * or ял« м

Acetai formation is under thermodynamic control (Chapter 14) so the axial compound must be 
■ le w t  stable Thb is because of the anomeric effect—so called because this С Кош  к  called the 
•omeric position and the acetai diastereoisomers are called anomerv The effect b a bonding interac 
lion between tlie axial lone pair on the oxygen atom in t lr  ring and tlie c* orbital of tlie OMe group

The formation of at etals allows a lemarkable degree of control over the cliemistry of sugars Apart 
* °n‘ «he simple glucoside acetai we have Just seen, there are three important acetals worth 
••^•rstandinK lx*cause of tlie way in whkh they illustrate stereoelectronk effects—the interplay of
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stereociieinbtry and im clunlim . If  we nuke an acetal from methyl glue oxide, w rgria 
pound as a single stereoisomer.

Tlie new acHal could have been formed brlw tjB any adjacent OH grout* ift л
starting material but It chose the only pair (the black OH groups) to give a six membered Mn tv* 
stereochemistry of glucose is such Out the new six-membered ring is Стал*fused on the old io 
a beautifully stable all-chair bicyclic structure results, with the phenyl group In an equatorial r*
In the new chair acetal ring. It does not matter which O il group adds to benzaldeh\^/a?' b 'o a U 'h y d T X
because acetal formation b under thermodynamic control and this product b the must stable kJ .  
sible acetal. ■ p*.

Acetab formed from sugars and acetone have a quite different selectivity. For a start, cyclic .. rtafa 
of acetone prefer to be five- ratlier tlun six-membered rings. In a six-membered ring, otir „( il» w- 
tones methyl groups would have to be axial, so the five-membered ring b preferred A S/S or 5 6 
fusion b more stable If It b ds. and so acetone acetab facet on Ides') form preferentially from < ц \ j. 
diols. Glucose lias no neigtibouring cis hydroxyls in tlie pyranose form, but In tlie furanose i ft 
can have two pairs. Formation of an acetal with acetone fixes glucose In the furanose form Thisfcdl 
summarized In the scheme below.

X * ■»#uc«u-Vr
°“  и ,/  Y *i form HO^ O H

The openchain form of glucose b In equilibrium with both pyranose and furanose farm* by 
hemiacetal formation with tlie black and green OH groups, respectively. Normally, ihe p)iana«t 
form b preferred, but the furanose form can form a double acetal with acetone, one acetal havl^M  j 
fused S/5 rings and the other being on the side chain Thb b the product. .

If we want to fix glucose in the openchain form, we must make an acetal' of quite a differed 1 И Ч  
using a thiol (RSI I) instead of an alcohol, an aldehyde, or a ketone.

dRhloocatal of ffcjcooe

The thiol combines with the aldehyde group of the open chain form to give a stable du,l l‘ до 
The dlthloacetal b evidently more stable than the alternative hemiacetab or rno no th l‘>-“ r 
could be formed from the pyranose or furanose forms.
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Sugar alcohols are Important in food chemistry
Another reaction of the open-chaln form of sugars b reduction of the aldehyde group Thb leads to a 
series of potyob having an OH group on each carbon atom We will use mannose as an example 
Mannose b a diastereobomer of glucose having one axial OH group (marked In black) and. like glu 
cose, b In equilibrium with the open-chain form.

If we redraw the open chain form in a more realistic way. and then reduce It with NaBH*. the 
product b mannitoi whose symmetry b Interesting. It has Cf symmetry with the Cf axb at right 
angles to the chain and marked with the orange dot

N sBM 4

mm*tmm «to*! jtb
The Amplification of stereochemistry results because the two ends of the sugar both now have 

CH|OH groups so that the possibility of Cj and planar symmetry arise* If we look at the two four- 
carbon sugars we can establish some important stereochemical correlations. Threose b reduced to 
threltol which lias a Cf **** №e that of mannitoi.

c  -
(2ff.3SttXhr»oae 
open <haln form

(2fc3S>»4hr*ote 
tVMwese form

Erythrose on the other hand reduces to erythritol. which b not chiral.

LPT - o f r =
(̂2R.SS^y»n»al<lM**Oaryth#0\*!

■ spaniitMi- fo-m

The Important coaelation b tlut threose b reduced or oxidized to chiral compounds the oxida 
Йог» product b tartaric acid -  while erythrose b reduced or oxidized to meso compounds Thb may 
**lp you to remember the labeb erythro and threo  ̂should you need to.

N

l2#.3St<>threas#

TNsm aynotbeotMousintho 
normal drawing (trtitch has a 
centre of symmetry). but rotation 
•round tho cantrai С -С bond 
dearly shows the plane of 
symmetry Neither plana nor 
cantra of symmetry may be 
prasent in• chiral molecule, but* 
C, am »  allowed (Chapter 16).
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H -ОН „  ОН 1 N .OH

м <$ н нй* и J  mo N
mnouiuxc aeM ии.зинннуыоле «е**Я|«*- nor»ir.i

In Ih» pentoses and hr units th tn  an again sugars (hat «га radttcecl In man alcohols and 
that an reduced to Ct symmetric akohuli. Tht Cjsugar -ylose has II»  saint Aanochrmtary 
cost (пип CZ lo C4 but lacks d it CHfOH group at C%. '

Xylose If reduced (о the mew alcohol xyittol. This alcohol to more or less as sweet as sugar and.* 
xylose (which to not sweet) can be extracted In large quantities from waste products such as uwdai 
or corncobs, xyittol Is used as a sweetener In foods. There to an advantage in this Though wp i  

digest xyiitol (so It to fattening), the bacteria on teeth cannot so that xylitol Joes not cause i« a  
rfcea y. *

By careful manipulation of protecting groups such as 
acetals and reactions such as reduction and oxidation. It Is 
pusstblr to transform sugars Into many different organic 
compounds retaining tht natural optical activity of the sug- 74
an themselves. As n n t  sugars an also m y  cheap, they an vrecuu a M cu * 
Ideal atartlng points for the synthesis of other compounds 
and an widely used In this way (Chapter 45) Sucrose and 
glucose an m y chtap Indeed—probably the cheapest opti
cally active compounds available Hen an the relative (to 
glucose ■ I)  prices of some other cheap sugars.

Chemistry of ribose—from sugars to nudeotides
We have said little about selective reactions of pentoses so we shall turn now lo the 
nuclrotides such as AMP. In nature, ribose Is phasplioiylated ou the primary alcohul to S>>' " lw" '  
S-phosphale. This Is. of course, an eruymt-catalysed reaction but II shows straightforward ,
selectivity such as we should expect from a chemical naction. 

и о^  ио^„ А- Л*
Л  j  * J  ЪН |

The second step to a pyropltosphorylation at the anomeric position to give PRPP Only 
stereoisomer to produced so presumably tlie two anomers Interconvert rapidly and only tlie <** 
reacts under control by the eruyme This selectivity would be very difficult to achieve chemk*
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►
You «
iSustrate the aeiibJNty «rfth which ATP con 
activate biological molecules. In the first 
reaction, the nucleophilic OH {roup of ribose 
attacks the terminal phosphate group, but In 
the second the ОН доир must attack the 
middle phosphate residue. This would bo 
impossible to control chemically.

Now II*  stage is wt Гог an SN2 reaction Tiie nucleophile b actually tlie amide group ofglutamine 
but the amide b hydrolysed by the u m  erayme In the u rn  reaction and the result b as If a molecule 
of ammonia had done an SN2 reaction displacing the pyroplKxphalr from the anomeric position 
An N H j group b introduced, which b then built Into the purine ring-iystem In a series of reactions 
Involving simple amino acids. These reactions are too complex to describe here

fxl.
■cv*

'■ V

acid iG»u)

J  £  &

м О а С ^ и н ,

— N *

By contrast. If a pyrimidine is to be made. Nature assembles a general pyrimidine structure first and 
adds It In one step to tlie PRPP molecule, again In an S^Z reaction using a nitrogen nucleophile This 
general nucleotide, nrottdytic add. can be converted Into the other pyrimidine nucleotides by simple

о ОН о OH

lpyrophosphate

The chemical version—protection all the way
In a chemical synthesis (work that led to Alexander (Lord) Todd's Nobel prize) there are rather differ
ent problems. We cannot achieve tlie remarkable selectivity between the different OH groups 
•thieved in Nature so we have to protect any OH group that Is not supposed to react We also prefer to 
•dd pre formed purines and pyrimidines to a general electrophile derived from ribose The first step Is 

fortn acetate esters from all the OI I groups. Since ribose is rather unstable to acetylation conditions, 
th* methyl glycoside (wiik I. b formed under very mild conditions) b used Tlds fixes tlie sugar in tlie 
Panose form. Now the tetraacetate can be made using acetic anhydride In acidic solution All of the 
°H  roups react by nudeoptiilic attack on tlie carbonyl gToup of the anhydride with retention of con 
ЧМгаОоп except for tlie anomeric O H  which estertfies by an Sn I mechanism Thb, of course,

n can be Isolated easily.

AlnanOar Todd (1907 -97), better 
known a t Lord Todd, m m  a Scot who

Edinburgh. London. CalTech

the Nobel o n »  m 19S7 for Ma wort on 
the «yWMftw of the moat important
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Now the anomeric centre can be activated towards nudeophilic attack by replacement of 
by chloride. This Is again an S«1 reaction and produces a mixture of chlorides The other est***? 1  
stable (o these conditions **

"V 6  v'V ?-. r v l
Replacement of the chlorine by tht purine or pyrimidine b w  I t  tom rtlm rs quite tricky ind i | l _  

or silyl derivatives an often used. Lewis acid catalysts Is neceaury to help th  chloride Ion I, ь  
this .Vrl reaction. We shad avoid detailed technical discussion and simply draw (hr adtnoslnrr

~-Cv ■/:,
JU  J ^0* c  »c< r' » ,()■ ' bAc

Putting on the phosphate Is tricky too and m e» protection Is necessary This phospliodijW 
pound with one chloride as leaving group and two benzyl esten as protecting groups proved I * »  
The benzyl esters can be removed by hydrogenation (Chapter 24) and the acetal by treatim* 
dilute add lo give AMP

Now we need lo remove the aceUta and put a phosphate f d f c jy  on the > position It.. кеШ я 
can be removed with retention by «ter liydrnlysii and we already know how to protect the I  CM I m i V 
OH group*. They an dslo each other so they will form an acetal with acetone leaving the S-OH риц>

V
Glycosides are everywhere in nature

Tlie diemkal synthesis involves a lot mote selective manipulation of functional groups, paritcu- 
larty by protection, than Is necessary In the biological synthesis However, this synthesis paved the 
way to the simple syntheses of nucleotides and polynucleotides canted out routinely nowadays The 
usual method to to build shod runs of nucleotides and then let the enzymes copy them—a real pad 
perch Ip between biology and chemistry.

Glycosides are everywhere in nature
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[ Many alcohols, thiols, and amines occur In nature as glycosides, that b as 0-. S . or N acetals at the 
anomeric position of glucose. The purpose of attaching these compounds to glucose b often to 
Improve solubility or transport across membranes—to expel a toxin from tlie cell, for example. 

I  Sometimes glucose b attached in order to stabilize tlie compound so that glucose appears as Nature's 
g group, rather as a chemist would use a T1 IP  group (Chapter 24).

O-Clycosidrs occur In immense variety with glucuse and otlier sugars being joined to tlie OH 
poups of alcohols and phenob to form acetab The stereochemistry of these compounds b usually 
described by the Greek letters a  and p. If the OR bond b down, we have an a-glycoside; if up. a 
rfycoside

An attractive example Is the pigment of red roses, which Is an interesting aromatic oxygen hetero 
cycle (an anthocyanidln). Two of the phenolic OH groups are present as ̂ glycosides

■
Masevaneiami*a to Chaplets «hem

cassava plant as а фиаааШа and

■ М м О Ч н и
by йен

$ (VfhK-otHfe Ы a phemoi

”̂ L
_______  an в  I hwMi  at a phenol

Protect yourself from cancer with green vegetables: £  glycosides 
We will take an important series of 5-glycosides for further 
chemical discussion in thb chapter. It b dear that there are 
4*dal benefits to health In eating broccoli and brusseb 
■prouts because of their potent sulfur-containing anti 
c*rx*r compounds. These compounds are unstable both 
toqranates and are not. In fact present In the plant but are 
Pleased on damage by. for example, cutting or cooking 
*h*n a gtycosidasr (an enzyme which hydrolyses glyco- 
■*<***) releases tlie sulfur compound from its glucose pro- 
lect*on A simple example b sinigrtn

When a gtycosidase enzyme cleaves an Oglytoside. we s-liould expect a simple general acid catal 
***d first step followed by fast addition of water to tlie intermediate oxonium ion, essentially tlie 

r***«hanism as b shown by the chemical reaction (Chapter IS ).

a is ем у to w m m litf ia

ioohth and, just м  f  m m  Iran* 
and /maana ds (each ie«er hat 
th* shape of th* mong i»om *f). 
so a  means befcwand P mean* 
at>o**- each wont begins with 
the мопд letter
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■сток; group on 
.OM ftpМ И М  ewym* OH

foot — °•Г "̂ ^4.
T h t 5-glyrm ttM  nf Ih t sinlgrtn group start lo  hydrulysr In Ih t u m t way Th t sulfur л „ „ ,  K 
lltr  leaving group w titri II leave  as an anion (tlwugh wutse I t m r t ygi n whtn H it liyd iu iJH  

in acidic conditions— see p. 000) and these aniam .aM a ~
AMt ^

, om H^oy

и<.— ..' O  .j-v

Чч̂<1
•■M « « ш »

Tht next Игр к  w y  surprising. Л rearrangement occurs, rather similar lo the Betlnn^  
rearrangement (Chapter 37). In which Ihe alkyl group migrates from carbon lo nitrogen and a  
Isothiocyanate (R-N-C-S) is formed. Slriigrin occurs In mustard and horseradish and il к the 
release of the allyl IsotMocyanate that gives them their hot' taslf. Whtn mustard powder u nuud 
with water, tht hot lastt develops over some minutes as slnigrln Is hydrolysed lo the ЬлЫогуииц 

The Sglycatide In broccoli and brusseb sprouts that protects from cancer is «omewliai similar be 
has one more carbon atom In Ihe chain and contains a sulfoxide group as well. Hydrolysis of Ihr 4 jjy- 
rtxide Is followed by the same rearrangemenl. producing a molecule called sulfnraphane 
protects against canc er-causing oxidants by indue ing the formation of a reduction enzyme

Compounds derived from sugars 
Vitamin С
Nature makes some Important compounds from sb ifle sugars. Vitamin C—ascorbic «<Id » *  
of these. Like glutathione. It protects us from stray oxidants as we* as being Involved In f 
redox pathways (we mentioned earlier Its role in collagen synthesis) Its reduced and oxldUrd 
are the».

- W  Hr-4 ^
3 form  of M artin  С OAtOr/vd form of \Mamtn С
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Vitamin С looks very like a sugar as It lus six carbon atoms, each having an oxygen atom as sub- 
ftituent as well as an oxygen heterocycle, and It b no surprise that It b nude In nature from glucose 
We shall give Just an outline of the process which appropriately Involves a lot of oxidation and 
reduction The first step takes the primary alcohol of glucose to a carboxytk acid known as ghlcuron 
|c acid Next comes a reduction of the masked aldehyde to give gulonk add' Both reactions are 
quite reasonable in tenns of laboratory chemistry.

----\  101 Hn "  \  (NI

0UCM9 OH glucuronic sod OH

It to pretty obvious what will happen to this compound as it Is an open chain carboxytk acid with 
five OH groups. One of (he OH groups will cyclize on to the acid to form a lactone Kinrtkally. the 
most favourable cydization will give a five-membered ring, and that is what happens Now we are 
getting quite dose to ascorbk add and it is clear that oxidation must be the next step so that the dou
ble bond can be inserted between C2 and CS.

ON

W e heve given nim et for these 
гвшьв >y w i  tmmm  »ugy 
derivatives. but you do not need 
to leerr them.

This looks a strange reaction __
but it is really quite logical One of f 0
the secon<lar>' Ol I groups must be 
oxidized to a ketone. This is the 2*
OH group and then die resulting 
ketone can simply enollze to | 
ascorbic add.

ustbe V s50"«*- «Л—Г
• * 2 и/Ло give

Inositols
We have already discussed the widespread sugar akohais 
«uch as mannitoi hut more Important compounds are 
tyclk sugar akohais having a carbocyclk ring (cyditob)
The must Important b inositol whkh controb many 
aqiects of our chemistry that require communkation 
between the inside and the outside of a cell. Inositol 
M.S-trtphospliate (IP j) can open calcium channels In 
«■ membranes to allow calcium Ions to escape from the 
cell

Inositol U made In nature from glucose 6 pinsphate by an aldol reaction that requkes prellmi 
■ury ring opening and selective oxidation (this would be trkky In the lab without protecting

М М Ш  M ptaM **»

101
.X
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Tlie resulting ketone can be enolized on tlie phosphate side and added to tlie free aldel, i 
to form the cydohexane ring. W e ran draw th* mechanism lor the aldol reaction e a s ie r ^f cydohexane ring, 
change the conformation.

*4

Finally, as
selectivity expected w ith NaBH< for example: see Chapter 18) gives myo inositol The numher 
position of the phosphate esters can be controlled biochem ically. This control Is vital In 0» 
cal activity and would b ad ttcu lt In the laboratory. °**‘

1HJ

Learning from Nature—the synthesis of inositols
If  we wish to devise a chemical version o f the biosynthesis of inositols, we need tu use cleverly d 
protecting groups to make sure that the right O H group Is oxidized to a ketone. We can s 
glucose trapped in IU  furanose form by a double acetone acetal as we discussed abovr 
remaining (>H group Is ftrst blocked as a benzyl ether.

Next, one o f the acetals Is hydrolysed under very mild 
tected as a trtfyi ether. This Is an S^ l reaction with an 
prim ary alcohols only.

and the primary air oiiol Is pro- 
electrophlle—so l>ig fh-tf It go«e

Notice that each oxygen atom In this molecule of protected glucose Is now different O n ly ! 
at CS Is free, and its time has come: It can now be oxldiard using a Swern procedure with < 
suMoxide as the oxidant (Chapter 4 f).
TrO__  TK

Now we can strip away tlie protecting groups one by one and It Is Instructive to see h * * * ^  щ 
Uiese metliods are. T lie  trityi group conies off in aqueous acetic add by anothei Sn * 
which water captures the triphenylm ethy! cation, and the benzyl group Is removed by li>1 r< 
sis— hydrogen gas over a 10% palladium on charcoal catalyst In ethanol



Compounds derived froci sugars

H<.  ♦ « i *c -o m  m o ^

M  t .« lm n

Finally. IIk  acetone acetai li removed by acid hydtolyiis. Because free sugars are difficult lo isolate U
I convenient lo use an acidic rain known a> Dowel The redn (whnse polymeric structure b db 

cussed in Chapter it )  can simply br filtered ofT at the end d  tlie reaction and the aulld product boialtd 
by lyophfllatiun—evaporation d  waler al low ргашге below freezing point T I*  yield b quantitative

V -
н / Г -

All of the hydroxyl groups are now free except the one tied up In the hemlacetal and that, of 
course, b In equilibrium with the open chain hydroxy aldehyde as we have already seen Treatment 
of this free 'glueпае ketone' with aqueous NaOH jives the ketone of myo inositol as the major prod 
uct together with some of the other diastereoisomers

The simplest explanation of Uib result b that Ihe chemical reaction has followed essentially tlie 
ime course as the biological one. First, the hemlacetal b opened by the base lo give Ihe openchain 

Ы о -aldehyde. Rotation about a C-C bond allows a simple aldol condensation between the enable 
of the ketone as nucleophile and the aldehyde as eiectrophlle

r '£ r - $ r - i ^
The enolate must prefer lo attack the aldehyde In the same way as In the biological reaction lo give 

Л» all-equatorial product as the conformational drawing shows The arrangement of tlie enolate in 
reaction Itself will be the same as In Ihe cycltzaOon of the phoaphate above

амм ho-'-'V'---— " Г —ои



1372 49 • The chemistry of life

Tht* •» HtefaRy an astronomical 
•mount Г а  about the mesa of 
one of tha moons of Mars. 
Detmoa. Our moon wetfha 1033

As in many other cases, by improving tbe rate and perfecting tlie stereoselectivity i|lf 
makes much better a reaction that already works. ^

Most sugars are embedded in carbohydrates
Before we leave the sugars we sliould say a little about tlie compounds formed wtien sugars с on,к 
together. These are the saccharides and they have the same relationship t<) sugars as peptide 
proteins have to amino adds. We have met one simple dbacdiaride. sucfhse. but we need to r, 
some more important molecules.

One of the most abundant compounds in nature b cellulose, the structural material of plants It ь 
a glucose polymer and is produced in simply enormous quantities (about IQ1S kg per yrar) 
glucose molecule b joined to tlie next through the anomeric bond (C l) and the other end of t|* riHjj 
ecule (C4). Here b that bask arrangement

The polymer b a bo coiled to increase stability still further. All thb makes cellulose very difficult I i  
liydrolyse. and liumans cannot digest cellulose as we do not have the necessary enzymes. Only run* 
nants. such as cows, whose many stomachs harbour some helpful bacteria, can manage It

Amino sugars add versatility to saccharides
To go further in understanding the structural chemistry of life we need to know about amino mgae. 
These molecules allow protrins and sugars to combine and produce structures of rem arkab le  v »nety 
and beauty. The most common amino sugars are N  acetyl-glucosamine and N-acetyl gahfr 
tosamlne, which differ only In stereochemistry.

Tlie liard outer skeleton of insects and sliellAsh contains chi tin. a polymer very like cellulose W  
made of acetyl glucosamine Instead of glucose Itself It colb up in a similar way and provides Ш  
toughness of crab sheib and beetle cases.

Ordinary cell membranes must not be so tough as they need to allow the passagr of w a t r f j  
complex molecules through dunneb that can be opened by molecules such as inositol pho*P ,J

Notice that the anomeric bonds are aU equatorial Thb means that the celulose molecule is line* 
In general outline. It b made rigid by extra hydrogen bonds between the J-OH groups and tlie- ring 
oxygen atoms—like thb.
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Most sugars are embedded in carbohydrates

T  ■
These membranes contain give о 
protrim -proteins with amino 
sugar residues attached to 
asparagine serine, ot threonine 
in the protein The attachment is 
at the aiioinrric position so tlwt 
these (oinpoundv are О or X  
glycosides of the amino sugars 
Here is Л' aielyl gala» tosamun
attached to an asparagine residue
as an W-glycaside.

The cell membrane normally contains less than 10% of sugars but these are vital to life Because 
the sugars (N  acetyl glucosamine and /V acetyl galactosamlne) are covered with very polar groups 
(OH and amide) they prefer to sit outside the membrane in the aqueous extracellular fluid rather 
than Within the nonpolar membrane Itself When two cells meet, the sugars are the first things they 
see. We cannot go into the details of tlie biological processes here, but even the structures of these 
saccliarides dangling from the cell are very interesting Tliey contain amino sugars, again particularly 

j, Atacetyl-glucosaiuine and ЛГ-acetyl-galactosamlne. and they are rich in man nose
In addition, they are usually branched at one of the nunnose residues tliat Is Joined to two other 

tnannosrs on one side and to one glucosamine on tlie otliei Tlie glucosamine leads back eventually 
to the protein through a link to asparagine like the one we have just seen Tlie two mannoses are 
linked to more sugars at positions marked by tlie green arrows and provide the recognition site The 
structure below Is a typical branchpoint.
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You should begin to see from structures like these Just how versatile sugar molecules can be From 
Just four sugars we have constructed a complex molecule with up to 13 pussible link sites With more 
sugars added, tlie possibilities become enormous. It Is too 
•arty to say what medical discoveries will emerge from these 
■loiecules. but one that is likely to be important is sialyl 
^wts X. This tetrasaccharide is also branched but It con- 
talns a different type of molecule—a C§ sugar with a C O jII 
Гоир. called sialic add.

Sialic add has the C O fti group at the anomeric position, a typical Л/ acetyl group, and a unique 
**de chain (in green) with three more 011 groups. Sialyl I*wis X has sialic add at the end of a branched 
•UR*r chain. Tlie brandipoint is tlie fanuliar /V-acetyl glue osamine tlirough which tlie molecule is 
P^MliaOy linked to the glycoprotein. The remaining sugars are galactose, a dlastereoisomer of glu 
COs*. and a sugar we liave not seen before, fucose. Fucose often appears in sacc liarides of this kind and 

Ax-caibon sugar wftliout a primary OH group. It Is like galactose with Me instead of CHfOH.
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SloM Lewis X  can alao farm  • stable complex w ith raklum  k m  as (he dUgurn A ow i and tfc 
may be vital lo Its activity It l i  tm ain ly Involved la  leukocyte adhesion lo cells and b thereto,,
In the prevention O l Infaction.

Lipids
iJp tds (Cats) are th» other Important component* o f cell membranes Along wtth chole*ternl ^  , 
component of the cell membrane, they have acquired a bad name, but they are nonethelevi ruendd 
to the function of membranes as selective barriers to the movement o f molecules.

The most common types o f lipids are o tc n  o f ̂ ycero i Glycerol Is Jo t  propane 12 . i inuj Ь *  
It lias Interesting stereochemistry. It Is not chiral as It has a plane of symmetry, but tlie t*<> ^ imay 
O H  fo u p s are enantlotopic (Chapter I f ) .  If  one o f them b  rh w g id  by estertfication for «• 
ample— the molecule become* chiral. Natural glycerol phosphate Is such an ester and H и о|*кЛу 
active.

A typical lipid In foodstufls Is the Uiester formed from glycerol and oleic acid, which is (hr most 
abundant lipid In olive oil. O leic acid Is a 'mono-unsaturated tatty acid — It has one 7 double bond 
In  tlie middle of tlie C |* chain. This bond gives tlie molecule a marked kink In tlie middle Tlie о »  
pound actualy present In olive o il Is the theater, also kinked

Oil and water do no! mix j(
The lipid has. more or less, the conformation shown In  the diagram w ith all the polar estrr
one end and tlie hydrocarbon chains bundled togetlier In a nonpolar region Oil *"d * ‘,,Г^ вИц в
mix. II is said, but triglyceride Upkk associate wtth water in a special way. A drop of oil
water In a very thin layer It does so because tlie ester groups sit Inside the water and tlie »'V<
side chains stick out of the water and associate wtth each other.



V

Lipids t

When triglycerides are boiled up with alkali, tlie ester» are hydrolysed arid a mixture of carboxy 
bte salts and glycerol is formed Tills was how soap was made—hard soap was tlie sodium salt and 
toft soap the potassium salt.

VJV"
When i  soap is suspended in water, tlie carboiylate groups have a strung affinity fur Die water and 

to oUy globules or micelles are formed with the hydrocarbon side chain Inside It Is these globules 
thal remove greasy dirt from you or your clothed

Nature uses thiol esters to nuke lipids
The repulsion between molecules having oily or aqueous properties Is tlie basis for membrane 
«■ «ruclioii The lipids found in membranes are mostly based on glyceryl phosphate and normally 
«ontaln three different side chains—one saturated, one unsaturated, and one very polar

и on

The saturated drain Is added first, at C l of glyceryl phosphate The reagent Is a thiol ester called 
•*|l coenzyme Л, whose full stnidure you will see in the next chapter This reaction occurs by simple 
■wfcuphilu attack on tlie carbonyl group at llie tliiu! ester followed by luss uf tlie better leaving 
►^tp. the thiolate anion. Then tlie process Is repeated at the second O il group where an unsatu 
" '« I  fatty add. perliaps oleic add. Is added by tlie sa

1375
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The third acylatlon requires the phosphate to act as 
thr acylating agent and a polar alcohol to be introduced tif f  
to form a pliosphate ester. Tills reaction actually occurs 
by the activation of the phosphate as a pyrophosphate. 
Pyrophosphates are really acid anhydrides so 
surprising that they act at acylating agents The Ant step 
Is a reaction with rytidlne triphosphate (CTP) 
job we might expect from ATP.

Nudeophilic attack by the phosphate group of the 
phosphoglyceride at the point Indicated on CTP gives 
tlie pyrophospliatt required for tlie acylatkm step.

/ Г 1

& К
Xly occurs m*teophrtlc attack

osphate occur»**. N.

(Ы Н *! « Л  И о \  »</ 0 \

Ъщ

у " *л.
J  \*

T in  . iihydride u now atlackcd by ail alculMji acting u  a nucleophile. The attack occurs only al lb  
elcctropliilic phusphunis centre funlm  (rum Ihe nucleotide. ТЫ» b an impressive piece of trtfwa*- 
lectlvtty and b presumably controlled by tht enzyme

Thb third chain b rather different from the other two—its  a phosphite diester. and the 
portion can be Inositol Joined through tlie O il group at C l or It can be the amino acid fe lin e . I'M *  
through IU OH group. .

The compound formed from aerlne b particularly Important as И can be transformed in to *  
most dramatically с outlast'd of these phoipliolipidL A decarUnylalion using a coenrynie (« ■ •  j  
look al the mechanism Ы  thb reaction In Chapter S I) gives a very simple molecule phosph^j

u
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Finally. I lirее inethylatioiis o il tlie nitrogen atom by SAM (see p 000) gives tlie zwitterion phos
phatidyl choline.

3 /  SAM

С holme *  a tetraalkyi ammonium 
•» important elsewhere In

phospholip ids fo rm  mem branes spontaneously
The choline terminus o f the molecule Is very polar Indeed. Phosphatidyl choline adopts a shape with 
the nonpolar chains (R1 and R*) dose together, and It should be dear that this b  an Ideal molecule 
for the construction o f membranes.

We have already seen how oils such as glyceryl trioleate form thin layers on water while 
soaps from the alkaline hydrolysis o f glycerides form micelles. Phosphatidyl choline forms yet 
another structure—it spontaneously forms a membrane In water. The hydrophobic hydrocarbon 
chains line up together on the Inside o f the membrane with the hydrophilic choline residues on the

This b  Just a small piece of a cross-section o f tlie membrane Tltese membranes are called lip id  
bflayer\ because two rows o f molecules line up to form two layers back-to-back The charged, 
hydrophilic region on the outside b  solvated by the water and the hydrocarbon taib are repelled by 
tlie water and attracted to each other by weak forces such as van der Waab attractions.

Full structural analysb o f a real cell membrane reveab a chemically diverse thin sheet composed 
o f phospholipid bilayers penetrated by glycoproteins containing the amino sugars we discussed ear
ner The amount of each component varies but there b  usually about 50:50 phospholipid protein. 
*W i the protein containing about 10% sugar residues. The phospholipids main role b  as a barrier 
'•b ile  the glycoproteins have the roles o f recognition and transport.

Bacteria and people have slightly different chemistry
w * have many times emplusized that all life has very similar chemistry. Indeed, in terns of bio 
P " * b t r y  there b little need for the classifications of mammab. plants, and so on. There b only one 
Important division—Into prukaryotes and eukaryotes Prokaryotes, which indude bacteria, evolved 
fo *  and have simple celb wtth no nucleus. Eukaryotes, whkh include plants, mammab. and all
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. X ,
other m u ltke lluU r creatures. evolved later in d  have more complex cells Including nuclei f  v 
much o f Ihe biochem istry on both sides Ы  the divide b  the tame. j

W lien medicinal diem bts are looking (or way» to attack bacteria, one approach b  to Interfere 
chemistry carried out by prokaryotes but not by us T ile  most famous o f tin e  attacks к  aimed 
construction o f the cell walk o f  some bacteria that contain unnatural' (S) (or t> ) amino j, , 'j*

N Me Bacterial cell walk are made from  gtycupepudes o f an unusual kind. Polyiatdiarlclc ciiaitu « - ~  ‘
V  linked w ith A o rt peptides containing ( «  alanine (I) Ala) Before they»»  linked up. one chain

И ,» Г > С в 1и w ith  a glycine molecule and tlie  other w ith l> A U t> A la , In  the Huai Hep In the cell wall syritheus t| 
lM . ta > u c < e M « lr t  glycine attacks the rvA la -rvA la  sequence to  form  a newpaptldabond by dbplacIn* one D AU Ink!

►
The reason bacteria u

caN wais m to protect them 
agatnst the enjpnae In a 
end plants. wNch cennot Agcst 
protein* containing о ammo

oantoKH СО.И ,  vH 
(Mactam In Mace ...

protein chetns joined

The famous molecule that Interferes w ith  this step b  pen icillin , though thb  was not even suspect
ed when pen icillin  was discovered. We now know how pentrilHn works It Inhib its the en7yn* that 
catalyses the l>-Ala transfer in  a vary specific way. It first binds spedAcalty lo  the enzyme, so n nut 
be a m im ic o f the natural substrate, and It then reacts w ith  the enzyme and inactivates ii by Me. kfcy 
a v ita l OH group at the active s ill. I f  we emphasize the peptide nature o f pen icillin  and compare I  
w ith  D-Aia-D- Ala. the m im icry may become dearer.

Y A V ' • ̂  ^

►
Oar current lest Ine of defence 
against bacteria resistant te 
pentcdbn. and other anUUottca, la 
i^ncomyon. Vancomycin v e A i 
by btndtng to the oVUa-OAia 
sequences o f the bacterial cad

ec>i-oAla-(>AU redre«n есу!-<>А1вч>Л1е redrwen the peptide pert of perOcrfUr
back te from end upside down ■" «he panofcn имре

Penicillin Im itates D-Ala and binds lo  the active site o f the enzyme, encouraging the O il g to« frf 
a serine residue to  attack the reactive, strained p  iactam T hb same OH group of the same trrlm 
residue would norm ally be the catalyst fo r the t l  Ala-O-Aia cleavage used In the building nf t l*  btt- 
te rla l ceil wad. The reaction w ith  pen icillin  protects' the serine and Irreversibly inhibits tl»  rurpm . 
The bacterial ce l walls cannot be completed, and tlie  bacterial cels lite ra lly bunt under the I» -'*** 
o f the ir contents. P enicillin does not k ill bacteria whose cell w alk are already complete but i' do<* 
prevent new bacteria being formed.
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You have seen many instances in  llib  diapter o f tlie  importance o f a good undeistanding o f both 
t in  chem istry and the biochem istry o f liv ing  things If medicine b  to  advance. II b  at the fron tier o f 
chemistry and biology that many o f the most Im portant medical advances are being made

Problems
i .  Do you consider d ia l tlrym ine and caffeine are aromatic 

? Explain

2. И to im portant that we draw certain o f the purine and 
pyrim idine bases in  their preferred tautomeric forms. Tlie correct 
pairings are given early in  the chapter. What alternative pairings 
would be possible w ith these (m inor) tautomers o f thym ine and 
guanine? Suggest reasons (referring to  Chapter 43 If necessary) 
«toy the m ajor tautomers are preferred.

<x!xf

NN,

W hy does this example work? Comment on the state o f tl 
••agents and products under the reaction conditions. What to tl 

and Ilow  does H d iffer from  tlie  natural amino acid?

t .  Human hair to a good source o f cystine, tlie  disulfide dimer of 
cysteine. The hair to boiled w ith aqueous IIC I and НСО^Н for a 
day. the solution concentrated, and a large amount o f sodium 
acetate added About 5% o f the hair by weight crystallizes out a> 
pure cystine (a)i)-21f. How does the process work? W hy to such а 
high proportion o f hair cystine? Why to no cysteine Isolated by this 
process? What to the stereochemistry o f cystine? Make a good 
drawing o f cystine to  show its symmetry I low  would you convert 
the cystine to  cysteine?

NH,

«. A simple preparation o f a dlpeptlde b  given below Explain the 
reactions, drawing mechanisms for Ihe Interesting steps. W hich 
steps are protection, activation, coupling, and deprotection? 
Explain the reasons fo r protection and the nature o f the activation 
Why b  the glycine added to the coupling step as Hs hydrochloride’  
What reagent (s) would you use for the final deprotection step?

S. Dialkyl plioeplutes are generally hydrolysed quite slowly at near- 
neulral pHs but Uito example liydrutyses much more rapidly What 
to the mechanism and what relevance has It to  RN A chemistry?

i .  CtCOjEL EtjN

й ,8 /ХЧчс о ^

Kevtolon (4  Chapter 41. This reaction to subject to  general base 
catalysis Explain

4. Prim ary amines are not usually made by displacement reactions 
o * halides w ith ammonia Why not? Tbe natural amino acids can 
be made by this means in  quite good yield. Here to an example

P t r ^ '  o ^ ' c i  ^ . NX c o , H  

N*°H L .  am iM t
(S H -*n *n e  c w  Cbfrproane

О
ib i о *9%raM

7. Suggest how glutathione m ight detoxify these dangerous 
chemicals In liv ing  things Why are they s till toxic In spite o f thb 
protection?

_ X t  У -  r f -
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S. Alanine can be resolved by (lie following method, using a pig 
kidney acylase. Draw a mechanism for the acylatlon step. Which 
isomer of alanine acytates Carter? In the enzyme-catalysed reaction, 
which isomer o f the amide hydrolyses faster? In the separation, why 
к  the mixture heated in acid solution, and what is filtered off? How 
does tlie separation of tlie free alanine by dissolution in etlianol work?

C 1 ir .O

NMAc MH2

А .  л „

fJH*

^ C O *

t .  A patent discloses this method o f making the anti-AIDS drug 
d4T. The first few stages Involve differentiating the three hydroxyl 
groups of 5-methyhirtdine as shown below. Explain the reactions, 
especially the stereochemistry at the position o f the bromine atom.

J  \ «  „ J  \
Suggest liow tlie synthesis might be completed.

10 . Mannose usually exists as the pyranoside shown 1*1
Is In equilibrium with the furanoside. What is the con fori ^
the pyranoside and what is the stereochemistry of tin- ftJ , " 
What other stereochemical change w ill occur more nUi
this Isomerization? 1 'h *

Treatment o f mannose with acetone and HCI gives tlie 
shown. Explain the selectivity.

LEtOH, rMat

I f  the acylatlon is carried out carelessly, particularly I f  the heating is 
too long or too strong, a by-product may form that is not 
hydrolysed by tlie enzyme. How does tliis liappen? U .  How are glycosides formed from phenols (In Nature or ш the 

laboratory)? Why Is the stereochemistry o f the glycosidr tot 
related to that o f the original sugar?

ArOH — Д

12. Draw all the keto and enol forms o f ascorbic acid (vitamin C). 
Why Is the one shown the most stable?

ascorbic add 
Л /  reduced form 01 С

13. Caustic soda' (NaOH) was used to clean ovens and c k *  
blocked drains. Many commercial products for these Jobs w*  ] 
fancy names still contain NaOH. Even concentrated vnliu» 
carbonate (Na^COj) does quite a good Job. How do these r Irjnd* 
work? Why is NaOl I so dangerous to humans, particularly iMt 1 
In tlie eye?

14. Bacterial cell walls contain the unnatural amino K id Oj 
alanine I f  you wanted to prepare a sample of D-ala. how w 
you go about Й? (Hint. There is not enough In bacteria t‘>l,,J 
that a worthwhile source, but have you done Problem 8 yt?)

V
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Connections

Building on: 
a Acidity and basicity ch« 
a Carbonyl chemistry ch l2  A ch l4  
a S te re o ch e m is try  chlS 
а СаяЮпи at tonal a— tytla  and 

elimination ch l8  -ch l9  
a Ciw lato chemistry and synthesis 

«H34-ch30 
a P erlcyclk raacttona ch35-ch36 
a Determining m echan lim i ch l3  A c M l 
a Heterocydes ch42ch44 
a Asymmetric synthesis cK45 
a Sulfur chemistry cMS 
a Chamlotry оI  f a  ch49

A rriv ing  at:
•  How Nature makes smaH molecules 

M ing  ordinary organic mechanisms
•  Enzymes are Nature's catalysts, 

speeding up react Iona by factors of 
1 0 * or mar*

•  Coeruymes and vitamins are Nature's 
versions of common organic reagents

•  Reductions w ith  NAOH
s Reductive amlnatlon. deamination, 

and decarboxylation wtth pyrtdonal
о Enol chemistry with lyslno enamines, 

with coenzyme A, and with

Looking forw ard to : 
•  Natural products ch51

e Umpolung chemistry wKh th iamins aa 
a d1 re agent 

e Carboxytatlon wtth bfcrtbi 
e Ox Idatlone w ith FAD 
•  How Nature makes aromatic amino

Nature’s NaBH4 is a nucleotide: NADH or NADPH
la  Chapter 49 we spertf some time discussing the structure of nucleotides and their role as codons In 
protein synthesis. Now we shal see how Nature uses different nucleotides as reagents Here Is the 
ttuctur?  o f ЛМГ. just lo  remind you. side by ride with a new pyridine nucleotide

These two nucleotides ran combine together as a pyrophosphate to give a dUlucleotide 
Notice that the link Is not at all the same as In the nucleic adds The latter are Joined by one 
Phuspliate that links tlie 3 -5 ’ positions. Here we liave a pyrophosphate link between the two
M i M n l
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►
Then
usually chosen to ted us «Her* 
they сото  from and d id  Job they 

Ю onda '-m m '. A 
a «  deafly a redoa 

enzyme aa Я removes (or adds)

Notice also (lie positive diarge on the nitrogen atom o f the pyridine ring. This part o f tlie* мк4*. 
rule does all the work and from  now on we w ill draw only the reactive part for clarity. Thb is NAD* 
nicotine adenine dlnudeotlde. and It Is one o f Nature's m art Important oxidizing agents Some r*ac
tions use NADP Instead but this differs only In having an extra pliosphate group on tlie adeiNot* 
portion so the same part structure w ill do for both. N A D * and NADP both work by accepting a 
hydrogen atom and a pair o f electrons from  another compound. The reduced compounds are call 
N A D H  and NAD PH.

MAO’-  Nature's o^idtang agent NAOH— Nature's reducing agent

The reduction o f N A D * (and NADP) Is reversible, and N A D H  is Itself a reducing agent We w i 
first look at one o f its reactions: a typical reduction o f a ketone. The ketone l i  pyruvic add and tht 
reduction product lactic add. two Important metabolites. The reaction is catalysed by the enr 
liver alcoliol dehydrogenase

3 C

NAOH- Nature's reduce* a g e *  _______________________ _

T liis  is a reaction that would also work in  the laboratory w ith NaBH< as the reducing 
there is a big difference. The product from  the NaBII< reaction m ust be racemic— no optical at« 
lias been put in  from  compound, reagent, or solvent.



Nature’s NaBH4 is a nucleotide: NADH or NADPH

MfO/CtOH Л м
■

E s h .
Bui th f  product from  the enzymatic rfaction b  optically active. Thr two b e n  Ы р у щ ,*  И Й Ц Г "  4

carbonyl group a rt m antiotopic and. by controlling tlx- addition so that It occur* from on* u P 0 ( . 
the reaction gives a single enantiomer o f la d k  add 

NADM

- Л . г S -c r actc actd

Both tlie enzyme and die reagent NADH are single e run tiom m  and they cooperate by binding 
Т Ы  «шугае binds both the substrate (pyruvic add) and the reagent (NADH) In a specific way ю  that 
the hydride b  delivered to one enanttotopk face o f the ketone Pynivk add under physiological con
ditions w tf  be the anion, pyruvate, so it b  held dose to the positively charged amino group o f a lysine 
residue on the enzyme that also binds the amino group o f NADH A aiagneshim(IT) cation, also held 
by the enzyme, binds the carbonyl group o f the amide o f NADH and tlie ketonr in pyruvate. I f  d ib  
model is correct, only the top H  atom (as drawn) o f the diastereotopic CH* group in NADH should 
be transferred to pyruvate. Ib is  has been proved by deuterium labeling

Supporting evidence comes from  a model system using a much simpler reducing agent A di- 
bydropyrtdine with a primary alcohol replacing the amide group In NADH and a simple benzyl 
p o u p  replacing the nucleotide forms stable esters w ith keto add* As soon as the ester b  treated with 
magnesium (II) ions. Intramolecular and stereospecific reduction occurs. The hydride ion b  trans 
ferred from  a stereogenic centre, which replaces the diastereotopic C H j group in  NADH

I

When the ester b  deaved by transesterlfication with methoxide ion. the newly released hydroxy 
ester bapticaUy active

The details o f the reaction are probably a good model for the NADH reaction even down to the 
activation by magnesium (11) ions. A possible transition state would be m y  similar to  the NADH
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►
The other two react ю т  are of a 
more com plei type that we will 
meet soon when we show how 
acetyl coerzyme A I t  a hey 
reagent in the building Ы  
carbon-carbon chains.

►
Ascorbic acid w uaualty described 
as an anttoiidant rather than a 
reduangagentthough 
mechanistically they a r*  tha 
МЛЮ.

Many other reactions use NADI I as a reducing agent o r N A D * as oxidizing agent Tin, 
rules o f N AD* are used in the citric acid cycle (see the chart on p. 000). One o f  these oxidations", 
simple transformation o f a secondary alcohol (malate) to a ketone (oxaloacetate). K

Other redox reagents Include dlnudeotldes such as FAD (flavine adenine dlnucleotldr) 
add. which we w ill meet wtien we discuss tlie chemistry o f thiamine, and ascorbic acid (vitamin Q  
which you met In Chapter 49. Ascorbic add can form  a stable enolate anion that can transfer * 
hydride Ion to a suitable oxidant.

xm ih ir агУ 0 -^  . .
reduced fo rm  o f «Попм* С

D a id in d  fo rm  o f « Itam n С

In  this medianism X* represents an oxidant—a dangerously reactive peroxide perhaps, or rvte 
Feflll) which must be reduced to  Fe(II) as part o f the reaction cycle o f many Iron dependent enz jnd

Reductive amination in nature
One o f the best metliods o f amine syntliesls In the laboratory Is reductive amination. in w liicha  
Imine (formed from  a carbonyl compound and an amine) Is reduced to a saturated amine C o i i u m b  

reducing agents include NaCNBHj and hydrogen w ith a catalyst
reduUh« amination In tha laboratory

"ЧА, S ,  - v C  - О С
v *

This reaction, o f course, produces racemic amines. But Nature transforms this sitnpk r e a d *  
Into a stereospedfic and reversible one that Is beautiful In Its s lm plid ty and cleverness T V  re л#**  
are a pair o f substituted pyridines called pyrldoxamine and pyridoxsL



Reductive animation in nature

You might imagine Out pyridoxamine is a product of reductive animation of pyridoxal with arruno- 
gjla. In practice it doesn't work like that. Nature uses ап amine transfer rather than a simple reductive 
jinlnation. and the family of enzymes that catalyse the process is the family of aminotransferases 

Pyrfdoxal is a coenzyme and It Is carried around on the side chain of a lysine residue o f the 
enzyme. bysine has a long flexible side chain o f four C llz  groups ending w ith a primary amine 
(N H t) T ills  group forms an Inline (what biochemists call a SdiifTbasc) with pyridoxal. An inline is 
я good functional group for this purpose as Imine formation Is easily reversible.

y V y

When reductive aminatlon or Its reverse is required, the pyridoxal is transferred from the lysine 
Imine to tlie carbonyl group of the substrate to form a new imine of the same sort. The most impor 
tant substrates are the amino adds and their equivalent a-keto-adds.

N S ^ C 0 2M

•ndpwvjpul

Now the simple but amazing chemistry begins. By using tlie protonated nkrogen atom of the 
pyridine as an electron sink, the a  proton o f the amino add can be removed to form a n 
the top o f the molecule and an enamine In the pyridine ring

Now the electrons can return through the pyridine ring and pick up a proton at the top o f the 
**°lecule The proton can be picked up wtiere it came from, but more fruitfully it can be picked up at 
the carbon atom on tlie other side o f tlie nitrogen. Hydrolysis o f this imine releases pyridoxamlne 

the keto-add АП the natural amino acids are in equilibrium with their equivalent a-keto-adds 
by this mechanism, catalysed by an aminotransferase
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P O * СО,H COjH

< * ^ 0 0 *  S#̂ T e P e и s ^  CI

У  *  #  J  Ф *Л -*К  ас

Reversing thb  reaction makes an amino add strreaspeclfically out o f an a-keto add. In fact ,  
complete cycle b  usually set up whereby one amino add Is converted to the equivalent a-keto 
while another a-keto-add b  converted Into Its equivalent amino add. Thb b  true transamination

Amino adds get used up (making proteins, for example) so, to keep Hfe going, ammonia must be 
brought in from somewhere. The key amino add In thb link b  glutamic add. A true reductive amina
tion using NADPH and 
ammonia budds glutamic 
add from a-keto-glutaric 
add.

The other amino adds can 
now be made from glutamic 
add by transamination At 
the end o f their useful Hie 
they are transaminated back 
to gkitamk add which. In 
nuniniab at least. |0vrj Its ni
trogen to urea for excretion.

P yrldo xa l Is a ve rsatile  reagent in  the  b io ch e m is try  o f am ino  acids
Pyrldoxal b  the reagent In other reactions o f amino adds, all Involving the Imine as intermediate. 
The simplest b  the racemlzatlon o f amino adds by loss o f a proton and Its replacement on t l *  nthtf 
face of the enamine. The enamine. In the middle of the diagram below, can be reprotonated on n th *  
face of the prochiral Imine (shown In green). Protonatlon on the bottom face would take us back to 
the natural amino add from which the enamine was made In the first place. Protonatlon on t l*  top 
b e t  leads to tlie unnatural amino acid after "hydrolysis' o f the im ine (really truo fer o f pyrldoxal to t  
lysine residue o f the enzyme).

i i 1 I ргосЪ Ч И *»!.* V

C 0 ' H * 

ШЯапМюп on |  tmxonatton on II
(tow fio* of mmtc lop f»ooi* nano  © »  ’

«меtwr*< \  #И 
ff)ammo mad V

h,jK ^ co,h
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A w ry  similar reaction Is drcathoxylaltoii Starting from Ih r u m r Iminr wr could lo ir  carbon 
(Hoxlilr Insirad of a proton by a v r t\  stmllar mrrhanbm Rrprotonatlon and Irainr transfer rrlra irs

ana ш  t w  in causing в»»** u k to  in r  arug c im riia in r was arsignra ю  coumrraa lo r rn ra  01 
MHamlnr I IW am int is produrrd in th r body by drcarbniylattan of htstldlnr udng thr tnrchaniim 
j M l M j a l M .

b -Ha*

CO,

If passible for th f u m r reagent operjrtltfjfWfthe u r n  substrate (an amino add) to do at 
w tl one o f two quite different things—removal and/or exchange of a proton and decarboxylation? 
The answ er of course. Iks In the enzymes Dies* bold pyridoxal exceptkmaly tightly by using a l die 
available handles the hydroxy and phosphate groups, the positively charged nitrogen atom, and 
even the methyl group. The diagram shows tlie proposed binding of the lysine imine of pyridoxal by

Tbe green line shows an imaginary shape of the enzyme chain in to w tikh fit addk groups and 
bask groups forming hydrogen bonds to groups on die coenzyme. Around tlie methyl group are 

V ^  c ^ M u te d  amino adds, whkh furm a bydrophobk region Even when the lysine attachment ia 
p A anged  for the substrate, afl these Interactions remain In place. The substrate Is bound by similar
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Control over tlie choke o f  reaction arises because the different enzymes bind tlie substrat 
doxal Imine In different ways. Decarboxylases bind so that the C -C  bond to be broken 
orthogonal to the pyridine ring and parallel to the p orbitals In the ring. Then the bond can h ^  
ken and CO* can be loct.

•h* с bond to t *  Ысчсг 
f|1 ̂  y ,si\ p*»r Ji W »P tT*j

r.

Racemases and transaminases bind the substrate-pyrldoxal hnlne so that the C -H  bond is 
lei to  the p orbitals In tlie ring so that proton removal can occur. Enzymes do not speed reactions 
Indiscriminately—they can selectively accelerate some reactions at the expense o f others, even t| ^  
involving the same reagents.

Q  Q x
bind th * tubatrot* -p jrd tua i ne 
»o th*t 1»* C-H  bond ia р м М  lo 
the p ortxfefe in th *  pyndot* -In*

S N > h 1 № *
Ы  С bond t  > be u tb c  

• "  We pydon'c img

Nature’s enols—lysine enamines and coenzyme A
The glycolysis pathway breaks down glucose to produce energy, and In doing so produces sinalv 
molecules for use In tlie citric acid cycle. In  reverse. U allows Ihe syntliesls o f the six-carbon sug* 
fructose from two three-carbon fragments. A key reaction is the step In which these two C j . 1**1 
combine. They are glyceraldehyde and dihydroxyacetone and we met them and their tntetuxnw- 
slon In the last chapter.

The reaction b  effectively an aldol condensation between the enol o f the keto-sugar plunphSi 
and the electrophilic aldehyde o f glyceraldehyde phosphate and the enzyme b  named appropriate 
aldolase. The product b  tlie keto-hexose fructose-1.6-dlphosphate.

/V •---------- AAMuaakit»

у

No enolate ion b  formed In th b  aldol Instead a lysine residue In the enzyme forms an imine «ЛЬ 
the keto-trloee.■

........  t iu

k s s t -  >

>:Л’ х Л
Proton transfen allow th b  imine to be converted Into an enamine. which acts a» the nui 

In the aldol reaction. Stereochemical control ( li t  a lyn aldol) comel from the way In whk h ^  
molecules are held by Ihe enzyme as they combine. The product Is the Imine. which is hydt'» У5* *  
tlie open-chain form o f fructosc* l.t-dlpliocphate.
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I  Л

* х Л “  * > Л  *

«mctoa+1  Sdtohoophete

Many other reactions In nature use enamine* mostly tha» of lysine However, a more common 
e n d  equivalent Is baaed on thiol esters derived from coenzyme A.

C o enzym e  A  a n d  th io l esters

Coenzytnr A I i  an adenine nucleotide at one end. linked by a S'-pyrophosphate lo pantothenk acid,
•  compound that looks rather like a trtpeptlde, and then to an amino thiol Here b  the structure bro 
ken down Into Its parts.

Compere the structure wrfth thet 
of NAD- the adenine nucleotide 
•  the юте. ее la the S - 
pyrophoephete Krh. The 
drfleience П at the other end of 
that Mr* «rftere we ind this new

■ 3 photphale or. the rtboae nng 
not present in NAD

By now you w ill realize that most o f this molecule b  there to allow Interaction with the various 
enzymes that catalyse the reactions o f coenzyme A. We will abbreviate It from now on a  CoASH 
■here Ih t SI I  b  the «Hal thiol functional group, and ail Ihe reactions w t wH be Interested In are those 
W cstm  of CoASH These are tk io i esters. as opposed lo  normal alcohol esten’. and lire dUTerence b 
worth a few comments.

Thiol esters are less conjugated than ordinary esten (see Chapter W. p 000), and ester hydrolysis 
or curs mote rapidly with thiol esten than with ordinary esten because in the rate-determining step 
(M de op liilir  attack on Ihe carbonyl group) there b  less conjugation to destroy The thioiate b  also a 
better leaving group.

Л СоА горгеее* 
the m l of thi 
X е* *  coeruyme A 
mnloni»

■cetyf CoA

Л .  Л .

X

Anotlter reaction Out goes better with liiio l esters tlian with ordinary esters Is enoli/atlou. TTks 
M  equlllbitum  reaction and the enol has lost the conjugation present In the ester The thiol 

***** has less to loee ю  b  more enollzed. Thb b  the reaction o f acetyl CoA that we are now 
f fa g  to discuss We have mentioned the citric add cycle several times and It has appeared In two

thwlMter enot

9
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diagrams but we have not so far discussed tlie chemistry Involved. The key step U 
o f citric add from  oxaloacetate and acetyl CoA. The reaction Is essentially an aldol Sy," l'e|fa 
between the enol o f an acetate ester and an dectrophilic ketone and the enzyme b known ' ,,e*
synthase.

• c * t *  CoA

The mechanism In the frame shows the enol o f acetyl CoA attacking the reactive ketone In na t** 
the enollzatlon Is catalysed by a bask carboxylate group (Asp) and an addle histidine both part «f 
the enzyme, so that even th b  easy reaction goes faster.

In  the C -C  bond-form ing step, the same histidine Is still tliere to  remove Hip enol proton a p h  
and another histidine. In Its protonated form. Is placed to donate a proton to th r oxygen atom of tht 
ketone. You should see now why histidine, w ith a p J f j i  of about 7. Is so useful to enzymes it ran ad 
either as an add or as a base.

I

'  -T V J L-------------- m ,n A A SC(;

Even tlie hydrolysis o f the readlve th io l ester Is catalysed by the enzymr and t lir  original liu tidh* 
again functions as a proton donor. Acetyl CoA has played Its part In all steps The rnolization and tht 
hydrolysis In particular are better w ith  the th io l ester.

Д м

И

• O  ■ &
. X .  HOiV )M Г  V ..ос-

CoA th io l «U rn  are widely used In nature Mostly Ih ty  are acftyl CoA. but odier thiol « 1 Я » 1 
also used to make ends. We w ill see more o f thb  chemistry In the next chapter. The two enol e j J * "  
lents that w r havr m rt so far are quite general lysine enamlnrs can br used for any 
ketone and CoA th io l esters for any ester Another class o f enol equivalent— th r enol ester—h a lfW  
one representative but It b  a most Important one.

P hosphoeno lpyn iva te
Pynivic acid b  an important metabolite In its own right as we shall srr slioi tly I t  b  the simpto*^  
keto л* id (2-oxopropanok acid). Having the two carbonyl groups adjacent makes them mor* 
live: tlie ketone b  more electropliilk and enollzes more readily and the acid Is stronger Pyo,V*td - J 
equilibrium  w ith  the amlno add alanine by an aminotransferase reaction catalysed by I»1 
(above).
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Nature uses the enol phoephate o f pyruvic acid (phmphoenolpynivate of PEP) as an Important 
reagent. We might Imagine nuking thb  compound by first fanning tlie enol and then esterlfylng on 
oxygen by some pho sphorating  agent such as AT?.

LL- — A-
ppifvat* 0  pyruwto er>ol o

%
« «и »»»  0

Now. In fact. thU reaction dor» o tm t In nature ai part Ы the gtyiutysU pathway, but H occurs 
almurt entirely In reverse. PEP bused as a way to make ATP from ADP during the oxidation ufener- 
p  f to r k i j  sugars An enol b  a better leaving group than an ordbiary alcohol especially If It can be 
protonated at carbon Tha reverse reaction might look Hke thb.

H\ / / °

рГыкрЬщгиПуцлИЕ * Ы ЛТР pyavatf

PEP b also used as an enol in tlie making of carbon-carbon bonds wlien the elecUoptiile к  a sugar 
molecule and wp will see t) ib  reaction In the next chapter So. If  PEP b not made by enoitzation o f pyru 

! vate. how b  К made? The answer b  by dehydration The plioephate b already In place when the dehydra 
tton occun. catalysed by the enzyme enolase.

■Mhoeptofycrrrte

You saw In Chapter 19 how simple O H groups could be lost In dehydration reactions Either the 
OH group was protonated by strong acid (thb b  not an option in  living things) or an enol or enolate 

| pushed tlie O H group out In an ElcB-like mechanism Thb must be the case here as the better leav- 
| *"8 group (phosphate) b  Ignored and the worse leaving group (O lf) expelled.

3 f - ° V
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We W * abbreviate pyrophosphate

Do not confuse thiamine w th 
thymm*. one of tha рупткЛпв 
beses on DMA. The DNA base 
thymine is Just а pyvmwdme. 
щ /т я т »  is the corresponding 
nucleoside. The coenjyme 
tn a m in e H a m  
molecule. thet contains ■

This would be an unusual way to nuke an enol In tlie laboratory but It can be used u 
make stable enob. An example that takes place under mlldty bask conditions Is the drhyd, , ^ 
the bkyc lk  keto d iol In dilute sodium hydroxide—presumably by an ElcB mechanism ' *

и<ч\
1 4  N.O H 

И .0

Ĥ

J r n - y
P yruvic  acid  and acetyl C oA : the lin k  b e iw e t n  g lyco lys is  and the  d i r i c  ac id  cycle 
We h m  now examined the mechanism o f several steps in gtycotysb and one In the cttrk acid CVrb  
in d  w t h im  seen enough lo  look i l  the outline o f these two Important processes and the | 2  
between them (see opposite)

You have already seen that citric acid Is nude from acetyl CoA. The acetyl CoA conies in Us 
from pyruvic acid. Pyruvic acid comes from  many sources but the most Important u (jlyco ly^ 
acetyl CoA is the link between glycolysis and tlie citric acid cycle. T lie key reaction Invulv,, 
CoASH and pyruvate and carbon dioxide Is lost. This is an oxidation as well and the o iitU ni h 
NAD*. The overall reaction is easily summarized.

oynwata

в  CoASH. I
♦ CO,

« ж *  CoA

L *

hpotc aod rttached to  the eniyms as s ly i-re em

This looks like a simple reaction based on very small molecules. Rut look again. It is a very « ra i^  
reaction indeed. The molecule u f CO* dearly comes from the carboxyl group o f pynivate. but Iww b 
the C-C bond cleaved, and how does acetyl CoA 
jo in  on? I f  you try  to draw a mechanism you w ill 
see that there must be more to thb  reaction than 
meets the eye. The extra features are two new 
cofactors, thiamine pyrophosphate and llpok  
add. and the reaction takes place In several stages 
with some Interesting chemistry Involved.

Llpok add b  quite a simple molecule w ith a cyclk disulfide as Its main feature It b  attached ID 
the enzyme as an amide w ith lysine. Our first concern w ill be with the much more complex ioen 
туте thiamine pyrophosphate.

Nature’s acyl anion equivalent (d1 reagent) is thiamine 
pyrophosphate
Thiamine pyrophosphate looks quite like a nucleotide It has two heterocydk rings, a руПп 
similar to tiiose found In DNA artd a thiazolium salt Thb  ring lias been alkylated on nitrogen by the 
pyrimidine part o f the molecule. Finally, there b  a pyrophosphate attached to tlie thiazolium salt uf
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(|Oll
The product Is s th io l ester and so can exchange w ith  CoASII In a simple ester e x c h a n g e ^  

Tills Is a nudeophilic attack on tlie carbonyl group and w ill release tlie  reduced form  of l»l"
A ll that b  necessary to complete the cycle b  the oxidation o f the d ith io l back to the dbulfn *• ̂   ̂
such an easy reaction to  do tliat It would occur In air anyway but it  b  carried out in  nature »> 
close relative o f NAD*.

Tlie key part o f the molecule for reactivity b  tlie tliiazolium  salt In the middle. Tlie pro, 
between the N and S atoms can be removed by quite weak bases to  form  an ylid. You saw sulfon! 
ylids in  Chapter 46. and there b  some resemblance here, but th b  ylid b  an ammonium ylid with f  "  
stabilization from  the sulfur atom. The anion b  In an sp* orbital, and It adds to the reactive carhop 
group o f pyruvate.

t n * - 4 t

Now the carboxyiate can be lost from  the former pyruvate as the positively charged Imine in the 
thiamine molecule provides a perfect electron sink to take away the electrons from  the C-C bond 
that must be broken.

Now the thiamine can be expelled using the green O i l  group. The leaving group b  again theyM 
of thiamine, which functions as a catalyst

T h b  new Intermediate contains a new and strange О С  double bond. It has OH. N. and S sub
stituents making It very electron-rich. As the nitrogen b  the most electron-donating you can view ft 
as an enamine. and it  attacks the disulfide functional group o f llpoic acid, the other cofactor in the 
reaction.



Nature’s acyl anion equivalent (d1 reagent) is thiamine pyrophosphate

CeASH н .  |m  h *

0 r ? - - g 9 - - t - 9
This is one of tlie most complicated sequences o f reactions t lu t  we have discussed so far. It is crit 

leal to Uving tilings because it links glycolysis and tlie citric acid cycle. Nature lias provided not one 
enzyme but three enzymes to catalyse this process. In  the cell they are massed together as a single 
protein complex.

Ярок acid Bound to th* 
шпт/mt »  « iys<*e amide

^  fra* Пчд< *a’ *r

К  л . * * 1*** cen,re b  WMfyme 2' which binds tlie acetyl group tlirough a Hpotc acid-lysine amid* On 
JJ* °ne side this acetyl group is delivered from  pvruvate by the ministrations o f thiamine pyrophos 
P ^ te  and enzyme 1 ’ and on the other it Is delivered to CoA as the free thiol ester Enzyme 3 recycles

t

1395
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the reduced llp o k  acid using FAD and then NAD*. This remarkable assembly o f protein.* m*|m 
stocks o f acetyl CoA fo r use In the d tric  add cycle and fo r building complex organic m oirt J i^ ''1* 
end chemistry, as we wtH see in  the next chapter. ^

One reaction In this sequence Is worth detailed analysis. The enzyme-bound Itpolc th io l est 
perfectly normal th io l ester and we would expect it  to  be formed by acylation o f tlie  th io l ' ** *

But this th io l ester Is not formed by the expected mechanism In the enzymatk reaction Thiami 
delivers a fiudroph llk acetyl group to an efcctrophllk sulfur atom—the reverse polarity to погщ^ 
ester form ation.

e z z z s z  T  — -  n*4 )
nucteoaMMc cotton* T  ,

The compound formed from  thiam ine pyrophosphate and pynivk add Is Nature s nudropMfc 
acetyl group. This b a d 1 reagent like the dithiane anion you met In Chapter 46.

to
to

©

q1

I f  th b  b really true and not Just a theoretical analogy. It ought to  be possible lo  learn from N airn 
and design useful d1 reagents based on thiamine. Thb was done by Stetter using simplified thi 
amines. The pyrim idine b  replaced by a benzene ring  and the pyrophosphate b removed This leaves 
a simple thlazolium  salt called a Stetter reagent

thio>ntno p y ro (*M p h « e  S te n c  « « « t* *

By analogy w ith the biological reaction, we need only a weak base (E tjN ) to make the ylid 
thlazolium  salt. The ylid  adds to aldehydes and creates a d 1 nucleophile equivalent t o  a n  a< ***» -

1 C ^ - O ^ - O j O - cX
4 ^ ° H

A useful applkation o f these reagents b  In conjugate addition to unsaturated с art 
pounds. Few d* reagents w ill do thb as most are very bask and prefer to add dkectlv to the c
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p o u p . Notice (tu t a tertiary amine. p X .i i about 10. b  strong enough lo  remove both protons in t l ib
sequence

The organic product b  a 1.4 dikctone and the thiazolium yiid b  released to continue 
w ith  another cycle o f the reaction. Like thiamine, the thiazolium yiid b  catalyst Processes 
like thb . which copy nature, are called biomimetic

A E t,*

catelyocytd
I

in *  •  «Ml 1ги#тчк»мп»)

Rearrangements in the biosynthesis o f valine and isoleucine
In  nature, thiamine pyrophosphate abo catalyses reactions o f a-keto-actds other than pynivic acid 
One such sequence leads through some remarkable chemistry to the biosynthesb o f the branched 
chain am ino acids valine and isoleucine.

A ,
■A*.

* * * * *  в̂ Л ч ^ x в * , |,
JL -C0»H tnm m irtnauon "  J

--------------- -- L .

|A-Me) 
luM uom c (R -  Et)

The remarkable aspect o f  t l ib  chemistry b  that И Involves 1.2-alkyl shifts in pinacol 
lika rearrangements (Chapter 37). The sequence starts as before and we w ill pick it up аЛег the 
addition and decarboxylation o f  pyruvate and as the resulting d 1 reagent adds to  the new n-keto 
add.

Decomposition o f t l ib  product w ith  tlie release o f tlie tliiazolium  yiid  also releases tlie product o f 
*«upling between the two keto-adds: a I - hydroxy-2-keto-add (in  green) The original keto group o f

t
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the pyruvate reappears—It's clear that an acetyl anion equivalent (the d1 reagent) has J()H 
the keto group u f the new keto-add The thlazulium ylid Is free to catalyse the nett r u u ^ ' ! /  
reaction. na « IS,

The green hyifcaxy-keto-acid Is now primed for rearrangement The migration of the grouu в u 
pushed by Ihe removal o f a proton from the OH group and pulled by the dacfroe-acottim , ' *  
o f the keto group. Notice that the group R (Me or Et) migrates In preference to CO,11 Usually u  
rearrangements tlie group better able to bear a positive charge migrates (Chapter 37).

> 6 -
•niциттш Ь Ш  'frrw & rrv rt

Control In this reaction Is likely to be exerted stereoelectronic ally by the enzyme as it was in t|K 
pyrldoxal reactions above Since the C -B bond is held parallel lo  the p orbitals of the ketone. I  
migration occurs, but If the CO iH  group were to be held parallel to the p otbttals of the ketone, 
detarboxyiation would occur Next. •  simple reduction with NADPH converts the ketone Into ni 
alcohol and prepares the way for a •

The second rearrangement Is even more like a pinacol rearrangement because the starting in a tff 
ial is a i.Z-dial. The tertiary alcohol is protonated and leaves, and again the CO,H group doei nrt 
migrate even though the alternative b  merely hydride.

• 4 3 “

Finally, a pyrldnial transamination converts th r two keto-acids stereoapedfically to the corre
sponding amino adds, valine (R -  Me) and Uoleudne (R ■ Й ) The donor amino add b  рг.^Ы У 
ghjtarnate—It usually b  in amino add synthesis
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Carbon dioxide is carried by biotin
We have added and removed carbon dioxide on several occasions in thb chapter and the last but we 
have not until now said anything about how this happens. You would not expect gaseous CO} to be 
available inside a cell: instead CO* b  carried around as a covalent compound with another coen-

ку

Biotin lias two fused five-membered heterocyclic rings. Tlie lower b  a cyclic sulfide and lias a long 
ride chain ending in a carboxylic acid for attachment—yes. you've guessed It—to a lysine residue o f a 
protein. The upper ring b  a urea— It has a carbonyl group flanked by two nitrogen atoms. It b  thb 
ring tliat revenibly captures CO}, on the nitrogen atom opposite tlie long side chain. Tlie attachment 
to tlie enzyme as a lysine amide gives It an exceptionally long flexible chain and allows it to deliver 
CO| wherever It’s needed.

One o f the Important points at which CO; enters as a reagent carried by blotln b  In fatty add 
biosynthesb where CO* b  transferred to the enol o f acetyl CoA. A magnesium(П) Ion b  also 
required and we may imagine the reaction as a nudeophilic attack o f the enol on the magnesium salt 
o f carboxybiotin. Most o f the CO} transfers we have met take place by mechanbms of thb sort: 
nudeophilic attack on a bound molecule of CO*, usually Involving a metal Ion.

-.AA,
Very similar reactions can be carried out In the laboratory This simple cyclic urea reacts twice 

With the Grignard reagent MeMgRr to give a dimagneslum derivative, probably having the structure 
*hown with one О -Mg and one N-M g bond.

•ОМОЮ** CoA I» uu tf in the
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Thb magnesium derivative reacts with two molecules at COj to ghe a double adduct with both mi 
gens € ombining wtth C 0|. Tht product b  stable ж  the double magnesium j k .  which It i  white p

« c w r  «о» ooo

Sim ply heating thb  whit» powder wtth i  ketone lead» to  efficient carbniytatkm  in d  the utmabi,
—  keto-actd nuy br trapped w tth dUzom cthine to farm  the fU blc m ethyl ester. TW  mechanbni b pre- 

xunubly very like th lt drawn above (or the b in d e r o f CO , Ira n  u tboxyU o tln  to acetyl Сод 
R e irtlo ra  like thb  p m r nothing about the biochemical reaction but they at lead ihow  us lhal ян), 
reactions are possible and help u> to  have confidence tin t w t are righ t about w h it Nature b doin,

XX  VaJU^JUU-.
The shikimic acid pathway
We have deacrthed reactions from various different pathways in thb chapter ao f ir .  but now we are 
guing to look at one complete pathway In detalL It b  responsible for the bicsynthesb o f a Urge num
ber o f compounds. particularly In plants. Moat Important for us b  the bioaynthesb o f tlie aromatic 
amino adds Phe (phenylalanine). Tyr (tyrosine), and Trp (tryptophan) These are 'esaenttal amine 
adds for humans—we have to have them In our diet as we cannot nuke them ourselves We get them 
from plants and microorganisms

So how do plants make aromatic г к ф ’  Y
A  due to  Ihe chemistry Involved comes ^ ^ 4 .  n 
from the structure o f ca/leyl qulnlc add. a

OoC
x G c,y  A due to the chemistry Involved comes 0

from the structure o f caffeyl qulnlc add. a
у  1 compound that b  present In Instant соЯее ^  у

r ^ c o . n  In some quantity II  b  usually about 11%
-  J  Ы the soluble sotkb from coffee bearu V X s

0 0
of the soluble solids from coffee beans ' s r '  'o n

Thb ester has two dx-membered rings—one aromatic and one rather Mke the sugar akuhob »* »**• 
dbcussing in Hie lad chapter. You tnigl* imagine nuking an irom dic ting by tlie dehydration 
three molecules o f water) o f a cydohexane triol and the saturded ring In cafleyl qulnlc add looks a good 
candidate. It b  now known d id  both rings come from Ihe same Intermediate, ddklm k add

’’M 0* J T  if
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t  The shikimic acid pathway

Tills key intermediate lias given its name to Nature s general route to aromatic compounds and 
many other related six-membered ring compounds: the shikimk add pathway. This pathway con
tains some of the most Interesting reactions (from a chemist's point of view) in biology. It starts with 
an aldol reaction between phasphoenol pyruvate as the nudeophilic enol component and the C4 
sugar erythrose 4-phosphate as the eledrophllk aldehyde.

Wood

I  yen the structural material 
of plants. Nfnin, comae from

Ufttr»- from which wood ia 
mod»-hea avertable 
structure according to the 
plant and the position in tha 
plant A typical splinter ie 
Shown hem.

I lydrolysis of the phosphate releases the aldol product, a С7 a  keto arid with one new stereogenic 
centre, which is In equilibrium with a hemlacetal. Just like a sugar. This intermediate has the right 
number o f carbon atoms for shikimic 
add and the next stage Is a cydization. I f  
we redraw the C7 a-keto-acld In the 
right shape for cydization we can see 
what Is needed. The green arrow shows 
only whkh bond needs to be formed.

This reaction looks like an aldol reaction too and there Is an obvious route to the required enol by 
elimination of phosphate. This would require the removal o f a proton (green In the diagram) that Is 
not at all acidic

The problem can be avoided If the hydroxyl group at C5 Is first oxidized to a ketone (NAD* Is 
tlie oxidant). Tlien the green proton is much more addle, and the elimination becomes an ElcB

t

1401
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Th» route lo  shikim k arid In plants Involve, at the final steps the dehydration of dehydro, 
qulnk add and then reduction of Ih» carbonyl (roup Doing the reactions this way round mea« 
tliat Ihe drliydrallon can be ElcB— much preferred under biological conditions Tills Is » |ц

Tire final reduction uses NADPH as lire reagent and is, o f count, totally atenoaelectivc with the 
hydride coming In from ihe lop (асе o f the green ketone as drawn. At laat we have airtved ai the 
halfway stage and the key Intermediate. A lk im lc  add.

The mod Interesting chemistry сопка In the second half of the pathway The first ftep u a 
chemoselectlve phosphorylation o f one of the three O il group* by ATT—aa Й happens, the O il 
group thal lias Just bet» formed by reduction o f a ketone. T ills step prepares that O l I g r o u p  I ' * laht 
elimination Next, a second molecule o f PEP appean and adds to the O H po u p  ai Ihe otliri nderf 
the molecule Thb b  PEP In IU enol ether role, forming an acetal under add catalysis The tracd» 
occun with retention o f atereochemiatry so we know that the O H p u u p  ads as a nucleophile and 
thal the rlng-O H bond b  not broken.

y j 5 j k -  .x j5 J
L  L

..и»
i psb - 4  "  

Now a 1.4 elimination occun Thb b  known lo  be a syn elimination on the eroyme 
reactions occur In Ihe laboratory, they can be syn or antt Tlie leaving group b  the green p i ‘ “ I' 
added two steps before

reaction, similar lo  the one in llie syntliesis o f PEP. True, the keli 
alcohol afterwards but Nature can deal with that easily

Thb product b  dehydroqulnk add and b  an In i.......H r  an the way to shikim lr add
equilibrium with quinlc add. which b  not an Intermediale on the pathway but which 
some natural products Uke the coffee eater caffeyl qu lnk add

It b also in
•PPMts In
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fO jit

(3.3) “X T '
I * .

I V  product bchorbm k add and thb 
undergoes thr most Interesting step of 
aD—a (3.31-sigmatropic rrarrangrmrnt.
Notice that the new (Ыаск) о  bond forms 
on the same face of the ring as the old 
(peen) a  bond this Is. as you should 
expect, a suprafacial rearrangement.

The must favourable conformation fur churismk add has the substituents pseudoequatorial but 
the [3.3]-sigmatropic rrarrangrmrnt cannot takr place In that conformation. First, thr dlaxlai con
formation must br formrd and thr chair transition statr achirvrd. Then thr required orbitab will be 
correctly aligned.

I =
conformation Ы

OH *еп*«юп atate
for Ц.ЗНЧ’ПМ'ФК

These readiuns occur well witliuut tlie enzyme (Cliapter 36) but tlie enzyme accelerates this reac
tion by about a 10* Increase In rate. There Is no add or base catalysis and we may suppose that the 
enzyme binds the transition state better than it binds the starling materials We know this to be the 
case, because dose structural ana
logues o f the six-membered ring 
transition state ako bind to the 
enzyme and stop it working. An 
example Is shown alongside—a 
compound that resembles the 
transition state but can't read.

We have arrived at prephenk add, whkh as Its name suggests b  the last compound before aro 
m atk compounds are funned, and we may call t lib  the end o f the shikimk add pathway The final 
stages o f the formation o f phenylalanine and tyrosine start with aromatization. Prephenk add b 
unstable and loses water and CO* to form phenylpymvk add Thb a-keto-add can be convened 
Into the amino add by the usual transamination with pyridoxal.

The route to tyrosine requires a preliminary oxidation and then a decarboxylation with the

►
By b in d **  tho transition »tata 
(not tho »tortm f matertaK) 
fttfon^y. tho oruymo tower» tho 
actftotton energy (or the reaction
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electrons o f (lie breaking C-C bond ending up In a ketone group. Transamination again giy^
■lie

I A f f n e  I i  •«  enrym e the! 
слШу%—  tf% tn tt b

p h ery ls lw

EJMntfiMionb of ««wnonium sM s 
(Cho**er 19. p 000) roquM wrji

аЫ  fu>y afryiated ammaa. Vom 
can't pnM onatoanamnointho 
prmeneo or it»ong Ьам.

oa
COMWHHVi

Д Х
O the r s h ik lm itr  p roducts
Many natural producti are farmed from the shiklmate pathway. Mot) can be recognized by th e irs  
matlc ring Joined to a three carbon atom side chain Twudmpie examples are coumarin. reipotulble 
for Ihe smell o f mown grass and hay. and umbcKlfernne. which occurs In many plants and is used I,; 
suntan oils as It absorbs UV light strongly. These compounds have tlie same aryi-Cj structure u  Pt„ 
and Тут. but they have an extra oxygen atom attached to the benzene ring and an alkene in Ihe c . 
side chain.

An Important iM klm ile  metabolite is podaphyDotoxin. an anlHumour compound—ю т ,  
podophyilotoxln derivatives are used to combat lung cancer. The compound can be spill up notion 
ally Into two ihlklmatr-derived fragments (shown In red and p e n ) .  Both art quite different and 
there Is obviouriy a lot o f chemistry to do after the shlklmic add pathway is Anfahed

Among Ihe more Interesting reactions Involved In making ail three o f these natural products are 
the loss o f ammonia from phenylalanine lo  give an alkene and the Introduction o f extra O il groups 
around Ihe benzene rings We know how a p m  OH ofTyr Is introduced directly by th t oxidation of 
prephenlc acid before decarboxylation and II Is notable that the extra oxygen functionalities appear 
next to  that point. This Is a due to the mechanism of Ihe oxidation.

Alkenes by e lim in a tio n  o f am m onia— phenyl am m onia lyase
Many amino adds can lose ammonia to give an unsaturated add. The enzymes that catalyse these 
reactions art known as amino add ammonia lyases. The one that concerns as at the end of tht 
shlklmic add pathway Is phenylalanine ammonia lyase, which catalyses the elimination o f ammonia 
from phenylalanine to give the common metabolite dnnanik add.

Thb  reaction give* only Ednnamic add and the proton and (o the amino group is lost Tlib 
might make us think that we have an 12 reaction with a base on the enzyme removing t l *  required 
proton. But a closer look at thb mechanbm makes it very unconvincing. The proton that b  removed 
has no aridity and ammonia b  not a good leaving group. It b  very unusual for Nature to use an 
enzyme to make a reaction happen that doesn't happen at all otherwise. It  b  much more common 
for Nature to make a good reaction better.

So how does an ammonia lyase work? The enzyme nukes the ammonia molecule lnt«> J 
much better leaving group by using a serine residue. T tib  serine b  attached to the protein th ro u^  
Its сагЬоку! group by the usual amide bond but Its amino group b  bound as an Imine 
allows H to eliminate water to form a double bond before the phenylalanine geb Involved The 
elimination converts serine in to a dehydroalanine residue. Thb b  an ElcB elimination usinj 
only general add and base catalysb as tlie proton lo  be lost b  acidic and an enol c a n  be an Ш *т
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H ----tru

Tlie alkene o f (lie dehydroenzynie is conjugated with a carbonyl group—it's electrophilic and the 
amino group o f Phe can add to It In conjugate fashion When the enol tautomerfees back to a car* 
bonvl compound. It can be protonated on the Imine carbon because the Inline Is conjugated to the 
enol. Tliis might remind you o f pyrtdoxal's chemistry (p. 000).

► И^ЧЕш

a x

Nnw i l  last Ih» i i c r i i  U revealed We c in  brrak Ih» C-N  bond and ui» Ih» carbonyl group as an 
akclron link. Th» acidity Ы th» proton lhat must b* lost is no gr»at»r but th» nltrug»n atom has 
become a very much better having group

Til» difficult elimination Is accomplislird by making it an ammonia transfer reaction rather Ilian 
aa elimination o f ammonia. Recycling the enzyme does eventually require elimination o f ammonia 
but in an easy ElcB rather Ilian a difficult E2 reaction. Overall a difficult reaction ellintnatioo of 
ammonia—Is accomplished In steps thal Involve no strong acids of strong bases, and moat of the 
slept are simple proton transfers, often tautomerisms between Imines. enols. and amides

и И ‘ 

Н а Н ^ * ‘ 'П 5 и £~ - « 0 »  H.N
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Haemoglobin carries oxygen as an iron(II) complex
Biological oxidations an  very widespread. Human metabolism depends on oxidation, and on 
ting oxygen, which makes up *0% of the atmosphere. Into cells The oxygen transporter 
atmosphere to cell, is haemoglobin.

The reactive part o f haemoglobin is a porphyrin These are aromatic molecules with 18 ele< tr0lu 
around a conjugated ring formed from four molecules o f a five-membered nitrogen heternry< fc 
Chemically, symmetrical porphyrins are easily made from pyrrole and an aldehyde

Q'- Zn**

TW  hoi» In the middle o f a porphyrin b  Just the right size lo take a divalent transition metal in ihe 
Ant transition series. and Unc porphyrins. for example. an  stable compounds. Oner th t metal h 
liable a porphyrin, II la m y  d lffii ull lo  get out. Two o f ihe nitrogen a to m  form normal covalent 
bands ( I k  one* that were N11 In the porphyrin I and Ih t other two donate their lon t pairs to make 
lo w  Uganda around the metaL T h t coraplextd zinc atom b  square planar and m il has two vacant 
sites above and below thc (more or less) flat ring. These can be filled w ith water molecules ammo 
nla. or other ligands

T hr porphyrin part o f haemoglobin b  called kaem. and It b  
an Iron(U) complex, l l  b  uraymnietrtcaJiy substituted with 
carboxylic add chains on one side and vinyl group» on Ih t 
ocher

llaem  b  bound lo  proteins lo  make liaemoglobiii (in 
blood) and myoglobin (In musdr). Tht hydrophUk carboiy 
late groups slick out Into Ih t surrounding medium, while Ihe 
majority o f Ih t molecule b  embedded In a hydrophobic deft 
In th t protein, lined with amino acids such a leudne and 
valine. T h t octahedral coordination sphere o f Ih t Iron(II) b  
completed with a histidine residue from Ihe protein and an 
oxygen molecule.

T h t oxygen complex can b t drawn llk t 
this or. alternatively. asanFedll) complex 
o f an oxyanlon (below)

It Is difficult to draw detailed meclunisms for oxidations by iron complexes but it is tlie 
atom furilter from Fe that reacts. You can see in principle how breakage o f the weak 0 - 0  bond coul 
deliver an oxygen atom to a substrate and leave an Ре(ГО)-0' complex behind.
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Haemoglobin carries oxygen as an iron(ll) complex

/ 0  9

< £ > •
Oxygen molecules «re transferred from 

haemoglobin (o other haems. such as the 
enzyme P450. and to a wide range of old- L  ,
dlzlng agents Almost any molecule we —  |
Ingest that Isn’t a nutrient—a drug mole
cule. for example—b destroyed by oxidation. Tlie details of tlie mechanisms o f tliese oxidations have 
proved very difficult to elucidate, but the hydroxyiatton of benzene Is an exception. We do know 
how И happens, and H i  another case o f Nature using enzymes to do some really remarkable 
chemistry

A rom atic  rings arc hydroxytated via  an epoxide interm ediale
The oxidizing agents here are related to FAD. We said little about FADH; as a reducing agent earlier 
In this chapter because It Is rather similar to NADI I which we have discussed In detail. FAD Is 
another dinucleotide and it contains an AMP unit linked through the S' position by a pyrophosphate 
group to another nucleotide The difference ta that the other nucleotide b  flavin mononucleotide.
I lere b  the complete structure.

The whole thing b  FAD. Cutting FAD in half down the middle o f the pyrophosphate link would 
glveustwonucleo/kiei AMTandFMN (flavin mononucleotide). The sugar In each case b  ribose (In 
IU furanose form in AMP but In open-chain form In FMN) so the flavin nucleoside Is riboflavin. We 
can abbreviate thb complex structure to the reactive part, which b  the flavin The rest we shall Just 
call *R\

Redox reactions with FAD involve tlie transfer of two hydrogen atoms to tlie pari o f tlie molecule 
shown In green. Typical reactions of FAD involve dehydrogenations—as in double bond formation 
from single bonds. O f course, one o f tlie 11 atoms can be transferred to FAD as a proton—only one 
need be a hydride ion IT .  though both could be transferred as radicals (IT).

FAD

, ^
FADH,

1407

►
Riboflann «  also known as 
vitamin B j м  you may see on tl 
tide  of your comfl*«es packet.

►
You *houtd contrast t h *  «nth the 
redo* reactions of NAD where 
on»y one hydrofen jto m  Is 
transferred
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A frtr FAD lias b ttn  used is  in  oxidant 111 I his [isliion. i Im FADHj reacts w ith moltcuW uxv 
ta gl»t i  liydroptroxkit. wlilch dtcomposts back to FAD and gives in  in lo n  o f hydrogen peto»!!i" 
which would In turn b t reductd by o th tr reagtnts. он •

Not* о »  т ы л  s tx »  at m »  
sequence. The reactions of 
oxy*en. whose ro u n d  state is a 
triplet «liradtcsl (see Chapter 4),

v *V

- X 9 6 .

■ FAD ♦ ИаО

In  th t reactions w t art now conrtra td  wllh. th t hydroptnaddt In trrm rd la lt Itself b  th t Irapor 
tant rtagrnt. b tfo rt H lotrs hydroptroxldr anion. This IM rrm tdU tn  It an oxidizing agtnt—(or 
example. It reacts quite dramatically with benzene to give an epoxide.

^  I

xxfc. xxjfe.-
This b tnz tn t oxide may look m y  dubious and unttable. but b tnz tn t oxtdn can b t madt In Iht 

U borilo ry  by ordinary chtmicai reactions (though not usually by th t direct oxidation Ы btnztnt) 
W t can Instead start with a DW s-Aldtr reaction b ttw ttn  butadltnt and an alkyne Е рохШ кш  w ith 
a nutltophllic  rtagrnt (11 0 - 0 ' from I l f O j and NaOII) o co in  chtmostltctlvrly on th t more tltc- 
trophllic doubit bond—th t ont that Is conjugated to th t electron-wlthifrawlng carbonyl group.

C0jM* ^rumination Ы  th t rrmalning lU ttu t glvts a dibromo-tpuxidr.

Q* -  cr^
Thb is an ordinary electrophilic addition to an alkene so the two bromine atoms are anti In the 

product Elimination under basic conditions with DRN gives the benzene oxide.
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At least, it ought to have given the benzene oxide! The compound turned out to have a fluxional 
Structure—It was a mixture of compounds that equilibrate by a reversible dlsrotatory electrocyclic 
reaction.

Treatment with add turns the benzene oxlde/oxepln Into an aromatic ring by a very Interesting 
mechanism. The epoxide opens to give the cation, which Is no! conjugated with the electron 
witlidrawtiig COjMe group, and Oien a migration o f Out CO*Me group occurs. H its lias been 
proved by Isotope labelling experiments. The Anal product is the orf/io-hydroxy-ester. known as 
methyl salicylate.

cs~- OS7- ct" eft- cc
This chemistry seems rather exotic, but in the degradation of phenylalanine two benzene oxide 

Intermediates and two such rearrangements occur one after the other. This is the initial sequence.

Cl Vй’ л - \r
obe'tytabMW'T

Tlie first reaction involves a hydroperoxide related to tlie FAD hydroperoxide you have just seen 
but based on a simpler lieterocydk system, a biopterin. Tlie reaction b  essentially the same and a 
benzene oxide b  formed.

H 1 H
a bktptenr hyO»op«KowO*

OoC t o e
The biopterin product b  recycled by elimination of water, reduction using NADPH as the 

reagent, and reaction with molecular oxygen. The other product, the phenylalanine oxide, 
rearranges with a hydride sliifl followed by the loss of a proton to give tyrosine

оЬалуМвгапе оке»’ I

1409
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^  We know that thb  b  Ihe meclianbm because Wf can nuke llie green H  a deuterium atom V,
Th*» then 1 Ы  that deuterium b  present In the tyroalne product ortho to the phenolic hydroxyl p  '
the 'NtH ам г. a lw  as Oacowy When the migration occun. the deuterium atom must go aa there b  no alternative, but in ih , „
at Ihe ш ю м м ш  ы Step there U a choke and I I  Ion  w ill be preferred to D lo »  because a t the kinetic botop, , (f ”
№ .m « M h « d ..H .v M .  (Chapter 19). Most o f the I )  remains tn the product.

H NH,

■C0,H
noohw o*- ch«ce- и  о  D с<к.И be toat
c*e*rtet«‘jm rmiat migrate H pn * t rr>d Ьесяше </

A shift o f a larger group comet two Kept later In die synthesis of homogentlsk acid Anotliei 
labeling experiment, thb time w ith shows that both atoms o f oxygen end up In the prndur i

"ХХл. ^ • ‘x x r
The key Intermediate b  a peroxy acid farmed after decarboxylation. The peroxy ack) b  perfectly 

placed for an Intramolecular epoxidation o f a double bond In the benzene ring next to the side chain
*  a— e «

~XkX. — "XkX,
The epoxide can now rearrange with Ihe whole side chain migrating In a reaction very similar to 

the laboratory rearrangement lo  give methyl salicylate thal you saw on p. MO.

f r y  -  ‘

When hydroxylatlon occurs next to an СИ I group that b  already there, no N il I shift occun Thb 
b  because tlie epoxide b opened by the push o f electrons from Ihe OH ipoup and tliere b  only utie H 
atom to be lost anyway. The refactor for these enzymes b sllgtnly different. being again the 
hydroperoxide from FAD. but Ihe principle b  the same.

In (hr next chapter you w ill see how hydrnxyiallon of benzene rings plays an Important part In the 
biusynthrsis u f alkaloids and other arumalk natural products.
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Problems
1. On standing In alkali In thr laboratory, prephenk add re- 
i t angu  to 4-hydroxyphenyl-lactk add with specific Inc or 
poratlon o f deuterium label as shown. Suggest a mechanism, being 
careful to draw reallstk conformations.

И л у -  X

Л и

below. What does this tell us definitely about the reaction and what 
might It suggest about the mechanism?

2. Write a full reaction scheme (or thr conversion of ammonia and 
pyruvate to alanine In living things. You will need to refer to the section 
o f the chapter on pyrldoxal to be able lo  ̂ ve a complete answer

A ♦ NHa
Л .

7. This rearrangement was studied as a blomlmetlc version of the 
NTH shift. Write a mechanism for the reaction По you consider И 
a good model reaction? I f  not. how might It be made better?

C O ,* *  OH C 0 ,* «

rJ-(V~.(Sr
for thb reaction. You w ill And the Stetter 

In the chapter. How b  thb sequence bio-

•MyW M 17% ytetd

ft. The following experiments relate to the chemical and 
blologkal behaviour o f N A D I! Explain what they ted us 

(a) Thb FAD analogue can be reduced In vitro with NADH In 
D *0  with deuterium Incorporation in the product as shown.

What starting material would be 
required for formation o f the natural 
product rfejasmone by an Intra
molecular aldol reaction (Chapter 
27). How would you make thb 
compound using a Stetter reaction?

4. The amino add cyanoalanine b  found in leguminous plants 
(L*thynu) but not in proteins. It b  made In the plant from cysteine 

cyanide by a two step process catalysed by 
it a detailed mechanism.

MM,

“ ч Л о ,
L M h jn n  ip q

n

c c p - c c p
9. Oxidation of this simple thiol ester gives a five membered 
cydk disulfide. The reaction b  proposed m  a model for the 
behaviour of tipok add in living things Draw a mechanism for the 
reaction and make the comparison.

i .  Thb chemkal reaction might be said to be similar to a reaction 
In the shikimk add pathway. Compare the two mechanisms and 

I  how the modd might be made closer and more interesting

(Х -.д.-сгг
• .  Stereospeclfk deuteration o f the substrate for ertoUse. the 
emyme that makes phosphoenol pyruvate, gives the results shown

10. Thb 
pound b  chiral— indeed It 
has been prepared as the 
( - )  enantiomer Explain 
the nature o f the chirallty
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T lib  compound lias been used as a diemical model for 
pyrldoxamlne. For example. И transamlnates phenylpyruvate 
under Ihe conditions shown here. Comment on the analogy and 
the role o f ZnGI). In what ways Is the model compound worse and 
In what «rays better than pyrldoxamlne Itself?

21ЦСЮ,),. M«CN

Tlie enzyme also lias a histidine residue vital for catalysis. Use 
mechanism from the first part of the question to say how h** 
histidine residue might help. The histidine residue is known' * 
help both the formation and the hydrolysis o f the Interim , i ! ’ 
The enzyme hydrolyses both p-nltrophenyl acetate ar,(j f 
nitruptienyl tliiolacetate at tlie same rate. W liich tt tlie r 
determining step?

11. Enzymes such as aldolase, thought to operate by the 
formation o f an Imine and/or an enamine w ith a lysine In the 
enzyme, can be studied by adding NaBII< to a mixture o f enzyme 
and substrate. For example, treatment o f the enzyme with the 
aldehyde shown below and N a R llj gives a permanently Inhibited 
enzyme that on hydrolysis reveals a modified amino add In place 
o f one o f the lysines. What b  the structure o f the modified amino 
add. and why b  thb particular aldehyde chosen?

Y
Finally, an aspartic add residue b  necessary for full catalyst irv j  
t l i i i  residue is l lM H ig l i l  lo  use 111 C O j group at a general b u r  Д 
chemical modd ihow i that the hydrolysis o f f-nltrophenyl acetate 
In aqueous acetonltrlle containing sodium benzoate lrKj  
Imidazole follows Ih t rate law; 

ra tt -  itp-nltroplienylacetjte| Ibetizuatel llm iduole I 

Suggest a mechanism for Ihe chemical reaction.

* * * * * *  M ^N .H ,0

1 1  Thb question b  about the hydrolysb o f esters by serine' 
enzymes. First. Interpret these results: The hydrolysb o f thb ester 
b  very much faster than that of ethyl benznate Itself. I t  b  catalysed 
by Imidazole and then there b  a primary Isotope effect (Chapter 
41) I io i i^ io D) “  I  S What b  thr mechanism? What b  Ihe rale of 
the histidine?

г ^ Ч ^ о е !  ‘  он

The serine enzymes have a serine residue vital for catalysts. The 
serine OH group b  known to act as a nudeoplillk catalyst. Draw 
out the mechanism for the hydrolysb o f p-nltraphenyt acetate.

J X r=jO *

13. Ghre mechanisms for the biological formation o f biopterin 
hydroperoxide and its reaction with phenylalanine The reactions 
were discussed In the chapter but no detalb were given.

Х&- x fe .
Ooc^-tbc,

.CO. л
И I  И

14. Revision o f Chapter 48. How many electrons are there on the 
Iron atom in the oxyhaemoglobin structure shown In the chapter? 
Does it matter i f  you consider the complex to be of Fe(H) 
Feflll)? Why do zinc porphyrins need two extra ligands and whal 
type o f ligands should they be?
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Connections

Building on: A rr iv in g  at: Looking forward to:
•  Stereochemistry c h l6 •  Natural products are mad* by •  Organic synthesis ch53
e Conformational analytic chl.8 secondary m*taboHim

e Enolate chem istry and synthesis •  Natural products com * In *nom wu*
ch24-ch30 variety, but fafl mainly lute four type*:

•  Pericyclic reactions ch35-ch36
alkaloids, polyketides, terpen**, and 
steroid*

e Rearrangement and fragmentation •  Afcaldds ar* amines mad* from amino
c h 3 7 -c fc tt acid*

e Radicals ch39 e PyrroNdln* alkaloids from omlthlno*
e Chemistry of We c t i4 t ben/ytisoqulnoline alkaloid* front1IJe tyroeln*

eh 50 •  Morphin* alkaloid* ar* m sdt by radical 
cyclization*

•  Fatty acid* ar* bulR up from acetyl 
CoA and malonyl CoA subunit*

•  P*tyketld«* are unreduced variant* * f  
fa tty  eclde

acid*” * '
•  Steroid* are tetracycRc terpen* 

derivative*
•  Biomlmetic *ynthe*i*: looming from 

Natur*

Introduction
By natural products, m  mean Ihe molecules o f nature Of course, all life b made o f molecules, and 
we will not be discussing In great detail t in  major biological molecules, such as protelnt and nucleic 
adds, which wr looked at In Chapters 4> and SO. In thb chapter we d ia l talk much more about mol 
•odes such at adrenaline (epinephrine). Adrenaline b  a human hormone It b  produced In 
moments o f sMest and Increases our blood pressure and heart rate ready for fight or flight'. You've 
got to sit an exam tomorrow—surge o f adrenaline To an organic chemist adrenaline h  Intensely 
Interesting because o f 111 remarkable biological acihrily—bul II b  also a molecule whole chemical 
reactions can be studied, whose NMR spectrum can be analysed, which can be synthesized, and 
which can be Imitated In the search for new medicines.

By the end o f thb chapter we hope you w ill be able to recognize tome basic classes of natural 
products and know a bit about their chemistry We w ill meet alkaloids such as coniine, the molecule 
In hemlock thal M lrd  Socrates, and terpenes such as thujone. which was probably Ihe Icntn In 
abrinthe thal killed Ihe nineteenth-century artists in Paris

Then there are the ambiguous natural products such as tlie sleroid cholesterol, which may cause 
Innumerable deaths tlirougli Iwalt disease but which b  a vital component of cell walls, and Ihe 
polykrtld r tiii Dtnhoxane. one drop o f wMch would instantaneously riot all l l *  blood In your body 
but without which you would bleed to death If you cut yourself.
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►
Before m o*ng on. Just pause to
• < W n  b ffw io*in. о  wonderful
and deadly molecule. Look at the 
alternating oiygen atoms on the 
lop  and bottom facet of alternate 
nrg». Look at the nng» 
themsehws- si»-. seven-, and 
eight membered but each with 
one and no more than one oiygen 
Mom. Trace the continuous 
carbon chain nmnlng from the 
lactone carbonyl gnup in the 
bottom ieft-hand comer to  the 
aldehyde carbonyl m the top ЛфА. 
There «  no break in this chain 
and. other than the methyl groups, 
no branch. With 22 stereogenic 
centres, th is Is a beautiful ptece of 
molecular architecture. If  you went 
to  reed more about breve toun. 
read the lest chapter «M coleou 
and Sorensen's Classics In lo taf

a g  pewcWin ft. *  -  Р*»СН7

Many natural products arc the source o f important life-saving drugs—consider the millions of 
lives saved by penicillin, a family o f amino add metabolites.

Natural products come from secondary metabolism
The them icil rractions common to all living things Involve the primary metabolism o f Ihe big four' 
w t met In Chapter 4»— nucleic acids, proteins, carbohydrates. and lipids. Now we must look at 
chemical reactions lhal are more restricted. They occur perliaps In Just one spec Its. though tnote 
commonly In several. They are obviously, then, not essential for life, (hough Ihey usually help sur
v iva l These an  the products o f secondary metabolism

The exploration o f th t compounds produced by (he secondary metabolism o f planu. microor
ganisms. fungi. Inserts, mammals, and every o(her(ypr o f living (hlng has hardty begun Even so, Ihe 
variety and richness o f Ihe structures are overwhelming. W ithout some kind o f classification thr t лк 
o f drsrrtption would be hopeless. We are going lo  use a biosynthetic classification, grouping mb- 
stancei not by species but by methods of biological synthesis. Though every species is different tht 
basic chemical reactions are shared by all. The chart on p. 000 relates closely lo  Ihe chart of primaiy 
metabolism In the previous chapter.

Alkaloids are basic compounds from amino acid metabolism
Alkaloids were known In ancient times because they are easy to extract from plants and some of 
them have powerful and deadly effects. Any plant contains millions o f chemical compounds but 
some plants, like the deadly nlglitshade. can be mashed up and extracted with aqueous acid 10 
give a few compounds soluble In that medium, which precipitate on neutralization These 
pounds were seen to  be like alkali' and Melssner. the apothecary from liaile. In 1819 named tbe'" 
alkaloids', lucreria Borgia already knew all about this and put the deadly nightshade ex tr*1 

atropine in I let eyes (to nuke tier look beautiful: atropine dilates tlie pupils) and In the drinks of I* 1
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political adversaries to avoid any trouble in the future. Now. we would simply say that they are h 
because they are amines. Here b  a selection w ith the basic amino ((roups marked in  black.

P yrro lid in e  a lka lo ids are made fro m  the am ino add  o rn ith in e
Pyrrolidine b  tlie simple five*membered cyclic amine and pyrrolidine alkaloids contain tlib ring 
somewhere In their structure. Both nicotine and atropine contain a pyrrolidine ring as do hygrine and 
troptnone. All are made in nature from ornithine. Ornithine b  an amino acid not usually found In 
proteins but most organisms use it. often in the excretion o f toxic substances. I f  birds are fe<l ЬеМН 
add (PhCOjH) they excrete dibenzoyl ornithine. When dead animals decay, the decarboxyUloo r f  
ornithine leads to putresdne which, as Its name suggest, smells revolting. It b  the smell of death'.

- . - " „ „ „ I  " H i ___ m  Н ни,о т  inmc onwrant

‘ |

Natural products are often named by a combination o f tlie name o f die organism from which they 
isolated and a chemical part name. T l« e  compounds are all amine so a l tlieir names end in '-ine\ T}**
appear very diverse In structure but all are made in nature from amino add. and we will look at three

AtfopMie •  а гмепме compound but fee (Stanemiomef
• {Нуокуятимч*riandaoi^ven.

0 fee struct uret

ir O'on treatment mrt* week b n «  lh« n

pyrrotoJme
alMtoid»

Biosyntlietic pathways are usually 
worked out by isotopk labelling of 
potential precursors and we shall mark 
the labd with a coloured blob If 
ornithine b  labelled with ,4C and fed to 
the plant, labelled hygrine b  isolated.

-—XT
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I f  each amino group In ornithine Is 
labelled In (urn with l *M. the a  amino 
group Is lost but the y amino group Is 
retained.

Further labelling experiment* along these lines showed that the С0*11 group as wed as the a 
amino group was lost from ornithine and that the rest o f the molecule makes the pyrrolidine ring. 
Tlie tlvee-carbon side-chain In liygrine conies from acetate, or ratlier from acetyl CoA. and tlie N- 
methyl group conies from SAM. We can now work tlirough the biosyntltesh

The first step Is a pyridoxal-catalysed decarboxylation o f ornithine, which follows the normal 
sequence up ti

taSAMwtfsM'ylCaA
MdkiOwKfSawiHi

li of the of t>WM and

chept *r we «Mi pvr only the
and

Chacxer 50 tyo u

Now the terminal amino group Is methylated by SAM and the 
secondary amine cydlaes on to the pyridoxal Imine to ghre an ami- 
naL Decomposition o f the amlnal the other way round expels 
pyrldoxamlne and releases the salt o f an electrophllk imine.

m©

SAM

eventuaSy become joined to  nitrogen m the ftve-membered nng remain 
d»fferent throughout the sequence. If. say. putretcme had been an 
intermediate, they wouM not now be distinguishable.

■ w s /

The rest o f the biosynthesis does not need pyridoxal. but It does need two molecules o f acetyl 
CoA. In Chapter 50 we noted that this th td  ester Is a good electrophlle and also « в о й т  eartly We 
need both reactivities now In a Claisen ester condensation of acetyl CoA.

The new keto-ester It very like the acetuacetates we used In Chapter V  to make stable enolates 
■ М »  C a A lb d  ester wH exist nubJyasto  enol f  i i l t o ib y  r iw frp U M

Thb enol reacts with the Imine salt we have previously made and it will be easier to see this reaction 
V we redraw tlie enol In a different 
conformation Thr luiine salt does not 
have to wait around for acetoacetyl 
CoA lo  be made. The cel has a good 
■ock erf acetyl CoA and Its condensa 
Uon product

4
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All I lu t  remains to form  hygrint b  th t hydrolysb of th t CoA thiol t d t r  and decarboxyhhni, у  
th t ktto-add. Thb b  standard chemistry, but you should ensure that you can draw th t mtchanbnu 
(or these steps.

CkX  ___ . O J L ___ .O J L
T J »■« •*'•> I  J .  Ц*Л»«сМ L  

* ' A *  a— * * »

Tropin one b  madt from hygrint and И b  citar w lia l b  netdtd T h t methyl kttone п,ш  
tn o ll lt  and it must attack another Imine salt resembling th t first but on th t other sidt of the rinj; 
Such salts can b t madt chemically by oxidation with lig (II)  and biologically with an oxidizing 
enzyme and. say. NAD*. T h t symbol | 0 |  represents an undefined oxidizing agent, chtmiral or 
biological

The cydization atop looks 
dreadful when drawn on a «at 
molecule, but Я looks much 
better In the conformatipn of 
tropinone shown below.

This complex route lo  tropinone was Imitated as long ago as 1117 In one o f the most celebrated 
reactions o f all time. Robinson's tropinone synthesis. Robinson argued on purely chemical grounds 
that the sequence o f Imine salts and enols. which later (1970) turned out to be Nature's route, could 
be produced under 'natural' conditions (aqueous solution at p l l  7) from a C4 dialdehyde. \ fe M I7 
and acetone dkarboxytlc add. It  worked and the intermediates must be very similar to those In thr 
biosynthesis

с
/ V

N N

Q  • « А А — Q s A
£ K X lM dV C o* N ^  if^ n ry

Benzyl k o q u in o lin e  a lka lo ids arc m ade fro m  tyrosine
We switch to a completely different kind o f alkaloid made from a different kind o f am ino add j ^  
benzyl boqulnollnr alkaloids liave a benzyl group attached to position T o f an Isoqulnolii*' 
Usually the alkaloids are oxygenated on the benzene ring and many are found In opium popf*
(Papavrr sam niferum ). Fur all these reasons papaverine is an Ideal example.
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labelling d u n  that th a t  alkaloids can» from two molecules o f tyrosine. One mud lose CO j 
and tlie otlier N l l j  W t can easily s tt liovr lo  divide th t m oltcult In half, but Ih t details w ill haw lo

T h t question of when th t t it ra  O il groups are added was also solved by libelling and It was 
found that dihydroxyphenyl pyruvate was Incorporated Into both halves but Ihe dlhydroiyphenyl 
alanine (an Important metabolite usually called dopa') was Incorporated only Into the Isoqulnollne

y p c
У Г Г

The amino add and the ktto-add art. of count, related by a 
and the hydroxyiatlon must occur right at Ihe start Roth of these 
SO

mediated transaminase 
are discussed In Chapter

t j f I  hyd ro»*» .*

X n r

1419
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ondaaa (Chapter 50tb| lr«<<M 1—I*c  «о.»*,,,

Test,
Th« family of ft 

tailed^.
hid— adronHne and noradranaine ia control tha breafcdo—) of stored t u p n  lo  h I i m i  gucow  and they 
a (catechol to l.S-d^yydrory b e m n e l нам  a d*ect effect on blood p m i i n .  heart rata, and breettMni The

n of noradranrima am X

v. i t»  *m  wicorum to

atom at tfw place of ы 
(Chapter 22*

Pyrtdoxal- mediated dtcarbrayblion o f dopa gives dnpamine in d  thb  reacts wtth Ih t ketn-acid (n 
form in  lin ln t sail. T l i i i  b  an cjptn-rfiain inline sail unlike ih t  cyclic ones w t saw in Ih t pyrrolidine 
alkaloids. but II w ill prove to havt similar rfactivity

^  IX X X ” —

rro c  x c
T h t Imine sail b  perfectly placed for an Intramolecular electrophilic aromatic substiiuilon 

by the electron rtch dihydnnyphrnyl ring. This d o ts  Ihe boqulnolint ring In a Mannich- 
like process (Chapter 17) with the phtnol replacing tlie enol in the pyrrolidine alkaloid Ыо- 
ayntbob.

Ч - - Ч - -  .
CO,

Tlie cydization product Is still an amino acid and it can be decarboxytated by pyrtdoxal 
liave something quite like papaverine but it  lacks the methyl groups and tlie aromatic heteroc vi 
ring. Methylatlon needs SAM and Is done In two stages for a reason we w ill discover soon The 
oxidation should again remind you o f the closing stages of the tropinone route.
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Ю1

The reaction to make the Isoqulnollne ring can be canted out chemkaBy under very mild condt 
tlo iu  providing that we use an aldehyde as the carbonyl component Then It works very well with 
rather similar compounds.

V t )

x o XO

►
T h t reaction аЫс
aryl pyruvic aod. 
decarboxylation к  п ю ч  йЛсиИ

The mechanism Is straightforward—tlie Imine Is formed and will be protonated at pH в. ready for 
the C-C bond formation, which Is both a Mannich reaction and an electrophilic aromatk substitution

О

C om plex b tn z y l U o q u in o lin r a lka lo ids are form ed by rad ica l coup ling  
A more Interesting e rl«  o f aftalotds arises «hen bemyt Isoqulnollne alkaloids qrdte by radical 
reactions. Phenols easily form radicals » lm  treated with oxklirlng agents such as Fefllf). and benzyl 
taoqulnollnr alkaloids with fret phenolic hydroxyl poups undergo radical reactions in an Infra 
molecular fashion through a similar mechanism. Hert art Ihe details o f some methylatlons o f a class 
o f alkaloids cioaeiy related •

to  protect the OH group*- the 
acetal on the lower ting a  not for 
protection, and Pda group 
(methytenedto*y or dtoaolen) w
present m many Peruy*
aoownofcne e»ato*da it м 
formed in nature by oxkdaOor of
an MeO group ortho to an OH 
group on a benjene nng.

The names of the я Ш в Ш  
should not. of course, be learned, 
but Viay are a convenient handte 
•or *u k *  reference The pre»« 
-nar' means without a methyl

P-OOOV
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MetliylaUng only one plienol on each ring o f norretkullne leaves the other one free for radical 
coupling. Reticuline is oxidized In the plant to isoboldine by a radical cydization with the formai|()[1 
o f a new C-C bond.

The new C-C bond is marked in black and the free phenolic 01 Is in green. Notice the relationship 
between them  The new bond Is between a carbon atom ortho to one OH group and a carbon atom 
para to the other. We shall see In all these phenolic couplings that the ortho and p a n  positions are the 
only activated ones (ortho/ortho, ortho/fun, and pan/para coupling» are all possible) Oxidation 
occurs at tlie phenolic hydroxyl groups, and tlie resulting oxygen radicals couple.

Phenol coupling occurs chemically under oxidation with Fe(III). The most famous example is the 
coupling o f 2-naphthol to give blnaphthol—an ortho/ortho coupling. The stereochemistry of 
binaplithyls like this was discussed in  Qiapter 45.

a r
Similar plienol couplings have been attempted in the laboratory with compounds in tlie benzyl 

Isoquinoline series but the nitrogen atom Interferes If It Is at all bask. When H has a carbonyl sub
stituent tlie reactions do work reasonably well, but the yklds are poor. Nature is still much better at 
this reaction than we are.

Reticuline Is also the source o f the morphine alkaloids by ortho/pan radical coupling T I*  roH £  
the two rings are reversed tills time and It is quite difficult to see at first how the strudures are re a
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A great deal lias liappened In tills reaction, but tlie new C-C bond (black) is orthoto the green oxy
gen atom in  Uie top ring and para to tlie green oxygen atom in the bottom ring, so ortho!para coupling 
has occurred. To draw the reaction mechanism we need to draw reticuline In the right conformation

One o f tlie two rings can re-aromatize but (lie other lias a quaternary carbon atom so no proton 
can be lost from this site. Instead, the OH group in the top ring adds In conjugate fashion to the 
enone in the bottom ring.

This intermediate gives rise to the Important alkaloids codeine and morphine, which differ only 
by a methyl group. Nature can remove methyl groups as well as add them.

1423
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YXQ-hT —-
_  u C

Tliese alkaloids liavc 
plenty o f stereochemistry.
Indeed. If  we compare the 
structures o f reticuline and 
morphine, we can see that 
tlie one stereogenic centre 
In reticuline (marked In
green) is still tliere In mor- lebeuiine „
phine (it hasn't been Inverted—tliat part o f the molecule li^s^aat been fumed over) and |)щ 
new stereogenic centres marked in black have been added Tbtse centres all result from the original 
twisting o f reticuline to allow phenol coupling except for the one bearing an OH group, which con»* 
from  a stereoselective reduction.

B o ld ine , an Isom er o f isobo ld ine, b  form ed by rearrangem ent
We mentioned isoboldine a while back, so there must be a boldine as well. This alkaloid b also 
formed from norlaudanosoline by a different me thy I at Ion sequence and oxidative radical coupling 
Looking at tlie structure o f boldine you may see wliat appears to be a mistake on someone’s part.

Tlie coupling is correctly para In the bottom ring but is meta in tlie top ring. But tliere is no mis 
take (neither by the authors nor by Nature!)—this structure is conect and it has been made by 
pan!para coupling.

One o f the rings has aromatized but the other cannot—this should remind you o f the morphine 
biosynthesis. However, there b  no nucleophilk OH group here capable o f conjugate addition to the 
enone so a rearrangement occurs instead. The new bond to tlie lower ring migrates across die top ring 
You might even say that the lower ring does an Intramolecular conjugate addition on the upper ring.
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After tlie rearrangemenl tliere b a proton available to be lost and tlie cation can aromatize. The pan 
relationship in the original coupling product has become a meta relationship by rearrangement You 
should be able to recognize thb rearrangement from Chapter 37: it b  a dienone-phenol rearrangement 

In rearrangements like these with cationic Intermediates, the group that can best support a posi 
live charge usually prefers to migrate. The reasons for thb are discussed in Chapter 37. Here b  a 
purely cliemkal example o f tlie same reaction, giving 82% yield in acidic solution The bond tliat 
migrates b  marked In black

Fatty acids and other polyketides are made from acetyl CoA
Tlie sections that remain in tlib  cliapter show how Nature can take a very simple molecule—acetyl 
CoA—and build It up Into an amazing variety o f structures. There are two main pathways from 
acetyl CoA and each gives rise to two Important series o f natural products.

We shall discuss these four types o f compounds In the order shown so that we start with the sim 
plest. tlie Catty acids. You met these compounds in Cliapter 49 as their glyceryl esters, but you now 
need to learn about the acids in more detail and outline their biosyntliesis. Compare tlie structures of 
the typical fatty acids in the chart overleaf

These are Just a few o f die fatty acids tliat exist, but all are present in our diet and you 11 find many 
referred lo  on tlie labeb o f processed foods. You should notice a number of features.

•  They have straight chains with no branching

•  Tliey liave even numbers o f carbon atoms
•  They may be saturated with no double bonds in the chain, or
•  They may have one or more C -C  double bonds In the chain, in which case they are usually cb (2) 

alkenes. I f  there b  more than one C -C  double bond, they are not conjugated (either with the 
CO jH group or w ith each other)—tliere b  normally one saturated carbon atom between them.

1425
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Palmitic add (C|« M u t i lx l !  b  th» т о й  common fatty acid In living things OWc add (Cl t  
mono unsatutated) b  th t major ratty add In nllvr oil. Arachldnnk add (Cm  tatra-unsaturated) b a 
ra rt fatty add. w hkh b  th t precursor o f th t very important proatagUndlru. thromboxanes and 
Itukntritnes. o f whkh more lattr.

T h t prevalenc e of tatty adds wtth tv tn  numbtrs o f carbon atonic suggests a Iwo-e arbcHi building 
block, t l *  meat obvious btlng acrtatt. I f  labtlltd  acrtatt b  fed lo  plants, th t falty adds tm trg r with 
labrb on ahtrnatr carbons Ukr thb.

T h t g rrn i ЫоЬ might represent deuterium (as a C D j group) and th t black blob n C In  fact, the 
reactions an  m on complex than this suggests as CO , b  also n ttd td  as well as CoA and It tums out 
that only th t first two-carbon unit b  put In as acttyl CoA. T h t remainder a n  added as malotiyl CoA. 
I f  lab tlltd  malonyl CoA b  fed. th t starttr unit, as It b  called. b  not lab tlltd

T f
Malonyl CoA b  tnadt from acetyl CoA and CO , carried, as usual, on a molecule of blotin 

(Chapter SO) T h t t in t  stage In Ih t fatty add blosynthtsls proper b  a condensation between 
acttyl CoA (tlie starter unit) and nialuoyl CoA with the lots of CO , Thb reaction could be drawn 
like this.

CO,

J . r r
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^М1МГ)М(7

Notice that CO* Is lost is  thr new C-C bond b  formed. Wlien demists use malonates. we like to 
nuke the stable enol using both carbonyl groups, condense, and only afterwards release CO* (Chapter 
2C). Nature does thb in making
acetoaretyl CoA during alkaloid ^  ^  NADPH
biosynthesb. but here she works differ 
entiy

The next step b  reduction of the 
ketone group

T lib  NADPH reaction b  typically 
stereo- and chemoseiective. though the 
Stereocliembtry b  rather wasted here as 
the next step b a dehydration, typical of 
what b  now an aldol product, and 
occurring by an enzyme catalysed FlcB

rr"
TT“

ewojMCI*

Т Г

' " f

The d M a a tk a  is known to b t a cis 
removal o f H  and OH and th r double 
bond is exclusively (ram (£). Only b ln  In th t nonconjugated unsaturalrd fatty acids do w t grl 7- 
alktnts Finally. In this cyclt. th t doublt bond Is rtductd using anothtr m o ltm lt of NADPH to glvt 
Ih t saturalrd side chain.

CO,

Now Ih t wholt cyclt can (tart again using this ntw ly madt C4 fatty acid as ih t  start PT unit and 
building a C* fatty acid and <0 on. Each time th t cycle turns, two carbon atoms art addtd lo  th t K y i 
tnd of l lit  growing chain.

F a tty  a dd  synthesis uses a m ultienzym e com plex
W t have not told you th t wholt tn ith  so far. Did you notice that SCoA’ In the structures had been 
replaced by SR and that a mysterious ACP had crept Into Ihe enzyme names? Thai was became 
these reactions actually happen while the growing molecule Is attached as a thiol ester to a long side- 
chatn on an acyl carrier protein (ACP). The long side-chaln Is doaely related 10 CoA and is attached 
through a phosphate to a serine residue o f the ACP.

m  a*»o found In « я гт р т *  A

All o f the enzymes needed for one cycle are dumped together to form two large proteins 
(ACP. Ihe acyl carrier protein, and CE the condensing enzyme) which associate In a stable dimer.

this

There are three ways o f  m aking unsaturated fa tty  adds
Conjugated unsaturated fatty adds are made simply by stopping Ihe acytaOon cyde al that stage and 
hydrolysing the t M  ester linkage between Ihe unsaturated acyl chain and ACP. They always have 
the F(lram ) configuration and are Ihe starting points for other bkxynthetic pathways.
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( • tty  acid biosynthesis: schem atic diagram оI  Ih» mulUanzyme dimer
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' Г Г

in 0 ’ C S T  I  T
The second method mikes Z 3.4 unsaiuratrd adds by deconjugatlon from the £-Z.3-unsanirated 

adds citalysed by in  Isomerase while the acyl chiln is still ittiched lo  ACP. Thb b  in  anaerobic 
route is  no uxtdatlon b  required (the double bond b  already there—It Just h is to be moved) in d  b  
used by prokaryotes such as bacteria

Em— ■ ,1  H ;» -€ « !

Removal o f a proton from C4 forms an extended enol. which can be protonaled at C t 
or C4. Protonatlon at C4 b  thermodynamically favoured as It leads to the conjugated alkene 
But protonatlon at C2 b  klnetically favoured, and thb leads to the nonconjugated alkene The 
geometry o f Ihe new alkene depends on Ihe conformation o f the chain when the Am (de 
protonatiuti) step occun. It b  thouglit t in t  thb b  the best conformation for the previous reac
tion. tlie dehydration step, and that no rotation o f the chain occurs before Ihe Isomerase gels to

«— .  >

You may think thb a rather unlikely reaction, but the same thing can be done In the labora 
tory. I f  a simple unsalurated ester b  converted Into Its lillilum  enolate and then reprotonited 
with witer. the major product b  Ihe ester o f the Z-1.4 enoic add Yields and steroseledlvMes are
excellent.

H -^S l

booh, auch и  Ian Пат>ч'ш. frontier 
агЫШ* and organic chem k*i 
fMtfvns. W lty CNcftmtw. 1976.

h 4 r -  4 c  -°V"
Ithtum enotai* M V  R •  M*

■
One explanation suggests that control b  exercised by a favourable conformation In which | >  a*-*m h u  

allylic strain b  preferred to 1.2-strain. It looks as l)tough Nature has again seized on a natural chemi
cal preference and made It even better.
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■Ч / Ц
1 .7  ««п и л  _

d tfuvpurt 1.3t'**»*e> \trwn ^  __y

T l»  third metltod Is a concerted stereospecific removal of two adjacent hydrogen atoms from (lie 
chain Ы  a Catty arid after rynthota Thb b a n  aerobic route as м Ы аО м  b  required and b  used by 
mammali such as ounelvts. The stereochembtry of the reaction b  known from labelling studies lo 
be d f  elimination

— "T^
Thb oitdatlon Involves a chain o f reagents Including molecular oiygen. Feffll). FAD. and NAD*. 

A hydro«ylatlonlbllo»ed by a dehydration or a sulfur promoted dehydrogerutlon has been suggest 
ed for the removal o f the hydrogen atoms. The chemical reaction corresponding lo  Ihe Uolugkal 
reaction has not yet been discovered.

W hat b  so Im p o rta n t about u n sa tu ra ttd  fa tty  adds?
Mammab can Insert a rfralkrne Into the chain, providing that H b  no further away Ira n  the car 
bony! group than C l We cannot synthesize llnolelc or Hnolenlc adds (see chart a lew pages back) 
directly as they have alkenes at C l I  and C l $. These acids must be present In our diet And why ire we 
so keen to have them? They are needed for the synthesb o f ararhidonlc add. а C „  tetrarnok arid 
thal b  (lie precursor for some very Internllng and Important compounds. Here b the bfcayntliesls Ы
----- I I I -----r — - . i jaraciuuoiuc acia.

- MAMMALS CANNOT 0 0  ТНв
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The filial product o f this d ia iii o f events—arachidonk acid—b one of the ekounoids. 
so called because ека я  b  Greek for twenty', and the systematk names for these com
pounds contain ekosanok add* in  some form. The Irukotrknes resemble arachidonk add 
most doaely. the prostaglandins have a dosed chain forming a five-membered ring, and the 
thromboxanes resemble the prostaglandins but have a broken chain. All are Cfo compounds 
with tlie sites o f tlie alkenes (C5. Св. C l 1, and С И ) marked by functionality or some other structur
al feature

compounds tyntho*l/od from arocMdoote odd

These compounds are all unstable and all are Involved in transknt events such as Inflam
mation. blood dotting, fertilization, and immune responses They are produced locally and decay 
qukkly and are Implicated In autoimmune diseases like asthma and arthritb They are made by 
oxidation of arachidonk add—you can see thb best If you redraw the molecule In a different con
formation.

The first step b a radical abstraction of a hydrogen atom from an allytk position by oxygen (per 
haps carried on an iron atom In a haem). The atom removed b  between two alkenes so that the 
resulting radical b  doubly allylic

T lib  allytk radkal captures a molecule of oxygen at C l I to form a new oxyradkal. The reaction 
occurs at one end o f tlie delocalized radkal so tliat tlie produd b  a conjugated diene and the new 
alkene b  tram (£).
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c k m M  1 1

N o w w e n rtd lo rrs ia n cd irfu ls ln ic liirtu flh r IntrmirdialrbecaiBr Ihrinyradkaldoesanfialjuair
addition lo  th r C * alkrne and thrn  lo  Ihe newly lorm rd diene lo  to m  a new stable al>1k radical

'  - » *

Three new stereogenic centres are created In this cydization. at CS. C§. and C12. and all are under 
fu ll contro l both from  tlie  centre already present and fron t the way in  which the molecule folds up 
under the guidance o f the enzyme. Now the aBytic radical reads w ith  oxygen to  give the unstable 
пуогорегохюе i\n i{ .

E C ^ X X . -
Ц .

TMs unstable proataglandin hai been bolated from  ih rep  b u t aa И has a half llfr  o f only 5 mln 
utes, llits  b  no triv ia l m atter. Roth weak 0 - 0  bond» are now reduced enzymatically lo  give Ih r fin t 
rraaonably stable compound. P C F j. (PC Just means protlaglandln)

praatagand-n F>«

The best evidrnce fo r tiiis  pathway comes from  labelled oxygen molecules I f  a mixture of 
" 0 - ' * 0  (a tdbury oaygtn) and ' * 0 - ' * 0  b  supplied to  an organism making PGFf „ , th r product 
has either both Ыаск O ils  as ‘ *O o r both as '4 j  but no m oleculrs a rr fanned w ith  one '* 0  and one 
leO. T h e * Isotopes are easily m rasurrd by m as sprctrurnrtry Both black OHs d im  com r from o ik  
and the same molecule o f oxygen—not an obvious conclusion when you Inspect Ihe molecule of 
K F jo . and thus good evidence for th b  pathway.

I. •  an «яволм! ш а м  tor ■*
~ G »ynthe»i* can tyw f 

reduction of inflammation and pa*n. In fe c t tNa to how

к о м .  druf. pg*  ateo control add

«  s s r s n r  i V r ^
••how tynthetik there too »o g

suaebofarv Thera •• a pnea to pay for ai

Each o f the cither (amlUea o f ekosa no td s-th rom b cro iie  and truko trten rs-has toterrstlnc 
btocynthetk pathways loo. but we w t! menUoti only one sm al detail A completely d lflrre n l o ik la  
lio n  enzyme. Upoiyge nase. lu ltU trs a separate pathway leading lo  the leukotrtenrl. but Ih t firs t «tef* 
are very sim ilar. They Just occur elsewhere In the arachidonk acid molecule.
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я at С7
to form a атлЫt  conjugated radical

*' 1 1 ; llipam ina
M

I » .

ш •  hvoregrr atom at С13

The Initially formed radical b stabilized by two double bonds In (he tame way as that w t have Just 
seen and reacts wtth oxygen In the same way again to give a tram-alkene and a new hydroperoxide

The next step Is something quite new. No new C-C bond Is formed Instead, the diene attacks the 
hydroperoxide to give an epoxide and a fully conjugated triene. The new double bond Is ds this time, 
which Is what we should expect from the conformation we have been using This Is LTA* and ail the 
other leukotrtenes are nude from thb compound

The relatively recent discovery of these unstable molecules of Incredibly powerful biological activ- m .u  
Ity means that we by no means know all about them yet. They are very Important to our well-being ! T *  
and important medical advances are bound to follow from a better understanding

Aromatic polyketides come in great variety
The fatty acid pathway or. at we should call It now. the aryl polymalonate pathway, also gives rise to 
an Inexhaustible variety o f aromatic and otlier compounds belonging to the family of the poly
ketides. You saw in Chapter 50 how the shikimk acid pathway makes aromatic compounds but the 
compounds below are from the polykeflde route.

Л - 4 ^  ^
Me OH daunomycm (Й -  sugar)

You might immediately be struck by tlie extent of oxygenation In these compounds. The shikimk 
add route produced A r-C j compounds with at most one OH group in the par* position and others

1433
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added ortho to l lu t  first OH (roup Here we have multifile oxygenation with a predominant 1.3 pat. 
tern. I f  we try to arrange an acyl poiymalonate product to make otaelUnk add. this U what we shall

Merely by writing ketones Instead o f phenols and doing one disconnection corresponding in ,  
simple carbonyl condensation, we have readied a passible starting material which is a typical acyl 
poiymalonate product without any reductions ТЫ» is what polyketides are. T h t tatty adds are 
assembled with full reduction at each stage. Polyketides are assembled from the same process but 
without f r i l  reduction Indeed, as the name polytrUde suggests, many art made without any reduc 
ttnn at all. TMs Is the biosynthesis Ы nrsrlltnk add

I I '0’
0  a 'eoaltfttde -  4 ace'ote u-vt*

•Urter unn рЫутЫог* ^

cycm«eo« | ^ ' ^ Ч | ^ в0яИ тАШ**

J ж
T hb  route has been demonstrated by feeding1 *C labelled malonyl CoA to a microorganism 11* 

orsellink add produced lias tliree !1C atoms only, seen by an M+  3 peak in the m an spectrum Tlie 
location o f the labeb can be proved by NMR. The starter unit, acetate, b  not labelled

~  r V '
_ Г е т М и т  species > 4 ^ 4 .

As t l»  polyketide chain is built up. any o f Ihe reductions or eliminations from fatty acid Ыовун- 
thesis caa осп» at any stage. The simple metabolite (  methyl saUcyk add ((-MSA) Is made In the 
microorganism /УпМ Ш ит pjtuhtm. and It could come from the same Inter mediate as orsellinli acid 
w ith  one reduction

■ и щ мт ч ч и

Reduction lo  tlie alcohol or lo  Ihe unaaturaled acid or ketone would give Ihe right aatdation W 'J 
and could occur as the chain Is built, alter It is completed, or after cydization. In bet. reduction



the conjugated u iiu lu ra trd  triketlde occun as the tliird acetate unit is added. Just is the fatty add 
route would lead us to expect

А Л Х — Д Х А ,— J L O L
This intermediate cannot cyd t»  as И has a (ram double bond and the endi cannot reach each 

other. Fkit. (he double bund b  moved out Ы conjugation with the С OSS group, again as in Die fatty 
adds, except thal here Ihe new Z  double bond moves Into conjugation w ilh tlie remaining keto 
group

Aromatic polyketides come In great variety

Now the last chain extension occun and the completed Z-Mraketide cydlzes lo t-methyl salicylk 
a d d  Chemically, we would prefer not to cany Ihe unstable Z-enone through several steps, but 
Nature controls these reactions very precisely

✓ ------- ■'«■•«■O' ✓ ' v A v A , ,

^ 4  "cS ’* " ''^ * 0

This predse sequence was discovered only through very careful double labelling experiments and 
after Ihe discovery o f specific Inhibitor! for the enxyme Since polyketides can be made from Ihe acyl 
polymalofute pathway with or without reduction and rllminatkm at any step. Ihe number of possi 
Ые structures b  vast. W ilh mare reduction, no irom atk ring can be formed macroiktr antibiotics 
such as brefeldin A come from thb route

I f  yen examine thb structure, you should be able to find a continuous carbon chain made from an 
acetate starter unit and seven malonyl CoA units with full or partial reduction occurring after many 
acylatlon steps.

Other starter unib
So far we have started the chain with acetate, but many other starter units are used Some 
Important groups o f compounds use sMklmk acid metabolites such as cinnamic add (Chapter 
SO) as starter units They Include the widespread plant lavones and the anthocyanldln Rower 
pigments 0

x r ~ - x r K-

1435
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П и  ОТОЙ common sequent e use tin»» malonyl CoA acylalions follow 'd by cydization lo а пет» 
aromatic ring. Th« simplest lyp» Is »>»mpllfi»d by m v m lto lr .  th r compound In red win» that helps 
to prrvrnt h r art disease Each step In thb s»qu»nct Is a simple reaction thal you haw met before

A different cydization leads to th» lavones and anthocyanidins. R»actlon o f the stable enol bom a 
1.3 dlketone wtth the thiol ester at electrophile results In acylatlon at carbon In th» manner of thr 
Claisen ester condensation (Chapter t t )  with loss o f CoASH and the formation of a trihydrosyben 
zene ring.

T ills cydization b  followed by a conjugate addition o f an ortho phenolic OH group on to Ihe 
enone system. The product b  a flavanon» structure, whkh Is always drawn a different way up to th» 
molecules w t have Just be«n discussing. Redrawing the last product shows th» cvdlzailon

Aromatlzatlon of the central oxygen heterocyde by oxidation leads to the flavones. which are yel
low a  orange depending on Ih rlr substituents. Dehydration leads lo  Ihe red or Uue anthocyaniJIn*. 
pigments o f flowers and fruit This Important group o f molecules also Includes plant fo w th  hot 
mooes and defence compounds.

Г Г
епойдлог

OH



V

Terpenes are volatile constituents ot plant resins and essential oils

Terpenes are volatile constituents of plant resins and essential 
oils
Terpenes were originally named after turpentine. Ihe volatile o il from pine trees used In o il painting, 
whose major constituent is a-pinene The term was rather vaguely used for ad the volatile oily com
pounds. Insoluble In water and usually with reslny smells from plants. The nils distilled from plants, 
w hkh often contain perfumery or flavouring materials, are calkd essential oils and these too contain 
lerpenes. Examples Include camphor 
from the camphor tree, used to pre
serve dollies from mollis, humulene 
from hops, whkh helps lo  give beer 
its Ravour. and phytol. found In 
many plants

You w ill notice that they are all allphatk 
compounds wtth a scattering of double bonds 
and rings, few functional groups, and an abun
dant» o f methyl groups A better definition 
(that Is. a biosynthetkally based definition) 
arose when It was notked thal all these com
pounds have in  carbon atoms. Plnene and cam 
phor are C |0 compounds, hum uknt lsC |j. and 
phytol is С »  It s»»m»d obvious lhat terpenes 
were made from a C j precursor and the favourite candidate was isoprene (2 methylbuta 1.3 diene) 
as all these structures can be drawn by Joining together 1-, J-. or 4-lsoprene skeletons end to end.
I lumulrne illustrates this Idea

In fact this b  not correct Isuprtn» Is not an Intermediate, and the discovery of the true path
way started wlien acetate was. rather surprisingly, found to be III» original precursor for all terpenes. 
The key Intermediate is mevalonic add. farmed from three acetate units and usually Isolated as Its 
lactone.

w — &
The first step is the Claisen ester condensation o f two molecules of acetyl CoA, one acting a 

end and tlie otlier as an electropliilic acylating agent to give acetoacetyl CoA. We saw the same г 
tion in tlie blosyntliesis o f the pyrrolidine alkaloids earlier In this chapter.

The third molecule o f acetyl CoA also functions as a nudeophilic enol and attacks the keto group 
of acetoacetyl CoA. This is nut a Claisen ester condensation—it b  an aldol reaction between the enol 
of a tliio l ester and an eledrophilk ketone.
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W t haw  drawn Ih t product w ith  s trrto ch rm litry  tv tn  though it ta not chiral. TlUa b  brcaust on* 
o f th t two rnan tlo tapk th io l M tm  b  hydrolywd while thb  In trrm td la lt b  s till bound to  Ih t tnzym t. 
so a d n g lf tn a n lio m tr o f Ih t half-actdA ialf-th iol ts ttr  rcsulu

WBiMotofMO lh*l 3<S>-34iydroe)r34naftiyt0ut«ry< CoA j

The rrmaining thiol « te r is more electrophilic than the add and),can he reduced by the nude 
uphfllc hydride from NADPH. Just as In UBH4 reductions o f esten (Chapter 14). the reaction does 
not stop at the aldehyde level and two molecules o f NADPH are used to make the alcohol This is
. . . . . . .  I , , . ,  I,mevalonic acio. .  рц

ЛУХ- 5  UXJJ s  Д '
. r*duoti»e L J fed iitjv i

CoA

Different pathways; tflfferent reactivity

Aootyl CoA (m  an 
by acetyl CoA м  •

„  1J J „

Mtvalonk add b  Indrrd tht but prrcunor of Iht ttrpom but К b  a Ci compound and ю  II ш К  к*» 
a caibon atom lo 0w  Iht C j prtewjer. Tht qian carbon atom btcoma C O j by m  dMnaUoa te e th » . 
FbJt tht primary alcohol b pyroptacphirytatrd with ATP (Chafrttr Л); thtn Iht COfH puup and thr 
tertiary alcohol art in rt In a cnmrttd HlmlnaUna Wt know II b  conctrltd becauat bbrlUng; thr 
* и » П |Ц|Ц|| г h ydroy *o«m on the СНгСО^Н р ти у  rtwah that th i i lb t^ ib ln » b — i f t r if r .



V

Terpenes are volatile constituents of plant resins and essential oils 1439

d*n*thy<«Hy« ру'ор'чжэ*»»*

So b  Uopenlenyl pyropliosplule the Cs inlet mediate al lad? Well. yes and no. There a n  actually 
two closely related C j intermediates. each o f which has a specific and appropriate role In terpene 
biosynthesis Isopentenyl pyrophosphate b  In equilibrium with dlmethyUllyl pyrophosphate by a 
simple alyllc proton transfer

Thb b  again a concerted reaction and again we know that by proton labelling. One o f the two 
enantlotoplc proturu (H* In Ihe diagram) b  lust from tlie bottom fa n  o f tlie allylic CHt  group while 
Ihe new proton b  added to the top face o f the alkene. Thb b  an m il rearrangement overall 
и ' «dcvd ut uoo 0
face 4  a M  H. I „

The stereochemical detalb arc Interesting in esubllshing the mechanism but not Important lo 
remember What b  Important b  that the origin of (he two methyl groups In dlmethylallyl pyraphot 
phale b  quite distinct and can easily be traced If you always draw the Intermediates In the way we 
have drawn them. We w ill now switch to ,SC labelling lo  make Ihe point.

rmwlMK add M ■*
•«орапилИ руоо»ю*р»цл*

The two C j Intermediates now react wkh each other The dlmethylallyl pyrophosphate b 
the better electrnphlle because It b  allylic. and allylic compounds are good at both SNI and Э Д  
reactions (Chapter 17) Isopentenyl pyrophosphate b  the better nucleophile because К can react 
through an unhindered primary carbon atom to produce a tertiary cation. Thb b  what we have In 
mind.

Though thb Idea reveab the thinking behind the reaction. in fact It does not go quite like thb. The 
product b  one particular positional and geometrical bomer o f an alkene and the cation b  not an 
Intermediate. Indeed, the reaction b  also stereuspedfic (discovered again by proton labelling, but wc 
w ill not give the rather complex detalb) and thb too suggests a concerted process.

Ceranyl pyrophosphate b  the starting point for all the monoterpenes It b  still an allylic 
pyrophosphate and repeating the alkylation with another molecule of isopentenyl pyrophosphate 
gives famesyl pyrophosphate, thc starting point for the sesquiterpenes, and so on.

Though terpene* art mad* from 
units, they are classified m 

C10 units. Tha monoterpenes art 
the С jo  compound*, tho 
sosouftefponoa (sesquf ta Latin 
foronoond*holf)ar* theCig

Cu

As soon as we start to make typical cydic monoterpenes from geranyl pyrophuspliate we run into 
a snag. We cannot cydlze geranyl pyrophosptiate because It has a tram  double bond! We could 
cyclize the cis compound (neryl pyrophosphate), and it used to be thought that thb was formed from 
the tram  compound as an Intermediate.

9
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It b  now known tha l Nature gets round tlds problem  w ithout niaklag nerjrl pyropliosptia ir 
An idyUc rearrangement m a in  to  move the pyrophaqihatr group lo  the te rtia ry centre. Thb Is an 
unfavourable rearrangement thermodynamically and probably occun via th r a lly l cation and cata

lysed by M g ffl). There b  no longer any geometry about the alkene. The molecule can 
now rotate freely about a single bond and cydization can occur. Even If only a small 
am ount o f the rearranged allylic pyrophosphate Is preterit, that can rearrange and more

Д о -  д ч —
M ore Interesting compounds come from  the cyclization o f the firs t form ed cation. The remaining 

alkene can attack the cation to  form  what looks at first to  be a vwy unstable compound but w hkh Is 
actually a te rtia ry carbocation w ith  the ptnene skeleton.

§ 7-  i x  --U
The camphor skeleton looks at though It m ight be form ed by cyclization o f the wrong end o f the 

alkene on to  the cation. Thb would certainly give the rig h  skeleton but the Interm ediale tecondan 
cation b  rather unlikely

There b  a better rout». The more like ly cation fanned on the way to  plnene could rearrange to the 
camphor cation. T hb b  a known chemical reaction and b  a tim p lc I .? sh ift o f the kind d iscu sse d  In 
C liapter 37. However tlie  new cation b  formed, addition o f water and oxidation would give cam-

1b* ^
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In  tlie  sesquiterpene series, sim ilar cydizations lead to an amazing variety o f products. A fter tlie  
in itia l unfavourable a lty lk  rearrangement o f the pyrophosphate group, famesyl pyrophosphate can 
give a six-membered ring  cation known as the bisabotyl cation.

This cation does many things but It takes Its name from  the three fa irly  random proton losses that 
lead to  the a -. P . and y-blsabolenes.

tlo n  but we w ill treat only one group in  detail These compounds are so Im portant to  us that they are 
given a different name.

Steroids arc metabolites of terpene origin
Two types o f human hormone are steroidal—the sex hormones such as oestradiol and testosterone 
and the adrenal hormones such as cortisone. Cholesterol Is a steroid too. as Is vitam in D. derived 
from  ergosterol.

A ll sliare tlie  skeleton o f four fused rings, three six-membered and one five-membered and con
ventionally lettered A -D . Beyond tlie  ring  stereocliemlstry and some common oxygenation patterns 
they slure little  else. Some (such as the female sex hormones) have an aromatic A ring; some have 
side-diains on tlie  five-membered ring.
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A lt r il glance. II b n o ta l a ll dear llia ts trro id s are Itrp rn o id  In o ri^n . T h r So numbers are absrtu -. 
chcie lefT il I» a C fj compound w tillr Ih r o thm  vartoudy ha*t M l 21. or 13 carbon atoms. Studies wtih 
UbtDtd mevalonic add diowed lha l cholcstcrol l i  terptnoid. and lh a l II к  form td [ram  two n n lrcu ln  
o f firn rs y l pyrophoaphalr ( I  x C || -  C „s o  Ih rtt carbon a tom  muat b t loat) La b tllltig  o f one or oihet 
Ы Ih t m ethyl group» (two experiments com blntd In one diagram!) s lm 'rd  that two o f th t p e rn  ,  J t. 
bun alutm  arid one o f Du black carbon atunu were lu ll during th r b kgyn tliob .

mewelweeeoi \  *«y

----- - Z X S L -------

steroid skr leton. and Ih r chemistry Involved b  ritiao rd lna rv and w ry  In lrrn tln g  T h r f in l d u o  came 
from  Ih r dbcovtry o f Ih t Intrrm tdlates squalene and lanoatm l. Squalene b  obviously Ih r famesyl 
pyrophosphate d lm tr w t have bten looking for while lanoatrrol looks Нкг chotow to l but it ll l has aU 3U

T h r Ih r tt carbon atoms that are lost from  lanostrrol (Cm) In IU conversion lo  choleS rio l №t») 
are m irked w ith  brown arrows. Now at Irasl w t know which carbon atoms a rt lost. Bui many qu« 
lions rem ain lo  be answered
•  I low  dors famesyl pyrophasphalt dim efize so that two tltc tra p h lttc  carbon atoms (С Н |О Ю  

jo in  togrthrr?
•  W hy dots th t (orm ation o f squalene require the reducing agent NADPH?
•  How docs squalenr cycllzr lo  lanostrrol so that Ih r very odd labe ling  pattern can be acWevwl

•  Where do th r three lost carbon atoms go?

•  How b  thc sttrochem bliy coM rolIrd?
Before w t t r l  you th r answtrs. b t warned: prepare fo r some surprises, and be ready lo  hold back oof 
righ t disbelief
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Steroids are metabolites of terpene origin

The form ation ofsqualene from  farnesyi pyrophosphate
I f  the reducing agent NADPH b  om itted from  the ce l preparation, •quale ne Is not farmed Instead, 
another famesyl pyrophosphate dim er accumulates- presqualene pyrophosphate w hkh has a 
three membered ring  and In which we can see that the two molecules o f farnesyi pyrophosphate are 
jo ined In a sIlgM y mure rational way.

Maybe M’s not ao obvious tin t tlib  is more rational! The Ant C-C bond form ation to quite dra tg lit 
forward. T hr alkene In the red molecule attacks the allylic pyrophosphate in  the black molecule la  а 
dm ple reaction. The product b  a stable carbocation. O nly on* C-C bond remains to be formed to 
dose the threemembered ring and thb  occun by the lo ts o f a proton from  the black molecule

6 3  ̂- «
Thb b  a very remarkable reaction. Such reactions do not occur chemically: thb  biological one 

occun only because the molecule b  held In the right shape by the eruyme and because the new ring b 
three membered. Three-membered rings are w ry  easily formed but also w ry easily opened—and 
that b what happens to thb  ring. In  the presence o f NADPH. a series o f rearrangements gives a series 
o f carbocations. the last o f which b  trapped by reduction.

The lin t  Hep b  the m igration o f one o f the bonds (shown In green) o f the three-membered ring lo  
displace tlie  pyraplio fp lia te leaving group, expand the ring to  four-membered. and release some 
itra in . Now the cydobutyl cation breaks down to  give an open-chain allylic cation stabilised by one 
o f the alkenet Thb к  the cation that b  reduced by NADPH

I f  you fo llow  thb  sequence backwards, you w ill tae that the originally formed rational bond 
(shown In green) b  the one that migrated and b  retained In squalene. while the tecond bond b  
deaved In the last step.

T hb may all seem far-fetched, but It happens In laboratory reactions tool Treatment o f the slm- 
p le tt cydopropyl alcohol w ith  HBr gives cydobutyl bromide by a sim ilar rearrangement

In  fact, cydopropylm etliyl compounds, cyclobutyt compounds, and hom oailyl compounds art 
all In equilibrium  in  arid solution and mixtures o f products are often formed. T lie delocalfared cation
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ihow n has been suggested as ал Intermediate. Make sun tha l you can draw mechanisms (or each 
starting m aterial to  give Ihe Intermediate cation and from  Ihe cation to  each product.

Squalene to  U nostrro l
The next step b  dmple— Ihe epoxidation o f one o f the term inal double bonds—but R leads lo  two of ihe 
mad remarkable reactions Inal o f biological chembtiy Squalene b  not chlnL but m zynuUr tpaxjdatkxi 
o f one o f the enantiotopic alkenes glvesadngle enantloiner o f th r epoxide w ith Jurt one Menogenk centre

We w ill start now to  draw squalene In  a colled up way as the next step b  the palycycltzatlnri u f the 

epoxide. T lie  basic reaction b  best seen first in  tlie  Rat. though we w ill draw the U m o c l ie in is t i i  
Imm ediately The first alkene cycHns on to  the epoxide and then each rem aining alkene cycllzes on 

to  the next to  give a stable tertia ry cation.

By analogy w illi what lias gone befon, you m ight now expect a tame hydration or reduction of 
th b  cation. N othing o f the sort! A rearrangement occurs In which five consecutive l.l-s h ifts  are fo l 
lowed by an elim ination. Since thb reaction organizes tlie  backbone o f the steroids. H b  often i ailed 
Ihe steroid backbune rearrangement.

SQlMfen*
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Steroids are metabolites of terpene origin

Finally, we liave reached lanosterol Now we w ill go back over tliese two steps and discuss them a 
b it more. Consider first the regtochemlstry o f the cyclization. The epoxide opens In the way we 
would expect to  give positive charge at the more substituted carbon atom and then a ll the alkenes 
attack through their less substituted end (again as we would expect to  give positive charge at the 
more substituted carbon atom )—all except one. The th ird  alkene cydizes the wrong* way— this is 
presumably a result o f the way tlie  molecule is folded.

We learn much more about the folding by examining the stereochemistry o f the product cation 
First, a ll o f tlie  stereocrhemistry o f ead» alkene Is fa ith fu lly reproduced in  the product: tlie  cyclization 
Is stereospecific. T lib  b  emphasized in  colour In tlie  diagram The green stereodiem btry arises 
because the green Me and H  were (Tans in  the first alkene o f squalene. the black Me and H Iran* In the 
second, and the brown tram  In the th ird . But what about the relationship between the green methyl 
and the black H? Or between the black and brown methyb? These were determined by the folding 
and the key observation b  that aU the relationships are tram  except that between the green Me and 
the black H . Now we can draw a conform ation fo r the cydization.

When the transition state for a ring closure forms a chair then a tram  relationship results. Thb b  
the case fo r the black Me and brown Me. When a boat b  formed a d r relationship results Thb b  the 
case fo r the green Me and black H . Squalene folds up In a chalr-boat-chair conform ation and that 
leads to the observed stereochemistry.

Next, we need to look at the stereochemistry o f the rearrangement step I f  we draw the product 
cation as nearly as possible in  the conform ation o f folded squalene. we w ill see w hkh suhstttutente

Each group that migrates (black) b  axial and b  anti peripiarur to  the one before so that each 
m igrating group does an S t f reaction on tlie  m igration term inus wtth inversion. The chain stops 
because o f the cis relationship between the green Me and H in  ring В and an elim ination o f the green
I I  b  a ll that can happen.

T lie  remainder o f tlie  biosynthesb o f diolesterol requires various redox reactions and b  a b it o f an 
anticlim ax: the detaib are summarized In the scheme below

1445
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Biominietic synthesis: learning from Nature
When ntw  and acadtm ic-looking reactions Mt dbco vtrtd  in  Ih» laboratory. И o fltn  stems only , 
short lim » brfor» lh»y are found In nature at well However ih t d rv tio p m rn l o f po lyo lrfin  cyc lic  
lio n  reactions In synthrsb occurred by ih t rrv rn r philosophy—К was Inspiration from  Nature t|u , 
ltd  W . S. Johnson lo  ust Ih t reactions In synthesis. Including ittro id  synthrsb Thb b  Uomlmetu 
syn lh tsk. a strategy that b  bound lo  w o rt p rovid td  w t can Just m astrr Ih t practical d tla lh

T h trt a rt q u ilt a k it u f d ifT trtncts betw rrn t ilt  c lirm ka l and t ilt  b io d itn itca l ф Щ ош  so far—1|*  
chtm ical onts are Itss ro tn p ltx  and Itss sophistli a ttd  but m ort v tn a d lt. H i»  reactions a rt )uu 
cyrHzations w ithout Ih t back boot rearrangrm tnls T h t moat im portant points o f d lfT trtn c t art:
•  T h t cydization b  usually btgun w ith a cation from  trra tm m t o f a cyclic Itrtia ry  alcohol rathtr 

than an tp o xk lr
•  T h t cydization stqutncr b  Im n ina ltd  w ith an afcynr or an allyl sflant ra d itr Ih tn  w ith slm plr a lktn t
•  T h t substlturnls a rt p larrd  In Ih t cotTKt positions In ih t starting m aterial as no rta rrang tn itn t 

follow s cydlzations
•  T h t cydlzations a rt a ll sttrroaptciAc as in  nature but Ih t rings cod up In an all-chair fashion 

ra th tr than In a chair-boat -chair fashion as th tr t b  no rnzym t lo  shapt th t m o itcu lt
•  T h t product cation b q u tnch td  by addition o f water ra th tr than кш  o f a proton

litr e  b  ant o f Johnson's b r*  examples which kads evrntuaiy to  a h iom im ttk synthrsis Ы thr 
human hurm onr prngtsttronr. T h t cydbatkn о с л п  Just on trratm m t o f Ih t Itrtia ry  alcohol w ith a iid

T h t first s ttp b  Ih t form ation o f a symmetrical aDyt cation, which then Initiates the cydization Tht 
n tx l doublr bond b  dbuhatltutrd so that II has no bu ilt-in  regtoatlrctivlly but prefers to furm  a six- 
n itm b trtd  ra llitr  tlian  a A vr-m tm brrtd ring B. T h t n tx l duublr bond b  trbubstltuted and d irt* u  llit  
form ation o f a sfx-m tm btrtd ring C. T h t alkyne, bring Untar, can reach only through Us tamer end and 
so a ftve-m tm btred ring П b form ed T h t resulting linear vinyl cation picks up a m oitcu lt o f watn to 
g h t tlie  lu to n r via Its enol
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T h f ftw -m tm b fffd  ring  A b  Ih tn  to  rnsun  tffic ltn l In itia tio n  o f th t cycltzatlan by th t lyrnmtt- 
rica l a lly lic  cation. II can easily b t opened w ith o n n t and Ih t product cycUztd lo  progesterone

l * i

T h t conform ation o f Ih t molecule In Ih t m o n tn l o f cydization can b t aeen easily by working 
backwards from  th t product T h t p ttn  dashed Una show ntw  bonds lha l a rt being form ed A l Ih r 
sU m tm btred  rings In Ih t tn m ftto n  « a lt a rt chads and a l th r rb y  Junctions (ram  Thb b  an 
Im pnsslw  result as Ih tn  b  no rnzym t lo  h rlp  th r m o ltcu lt fo ld  up In thb  way

By studying th t chtm blry dial Nature uses In living thing) w t can Itara new reactions as well as ntw  
ways In which lo  carry out known reactions M anyo fth t reactions In thb  chapttr would brtaoghrd at 
by w orldly wtar chrm bts If th ry apprarrd In a researrh proposal, but they haw beer evolwd owe mU 
Hons o f years lo  do precise Job under m ild conditions Humans haw been doing complex organic 
ch tm b lry for only about a hundrrd yean ao d ia l Itam ing from  Nature b  one o f Ihe niual Inqiortanl 
ways In which organic chembtry b  advancing at the beginning o f the twenty Brst century

Problems
1. Assign tach o f these natural products to  a general dais (such as 
am ino add metabolite, tttp rn e . pofyktU dr) explaining what 
makes you chooae that ctaas Then assign thrm  lo  a more sptclfic 
part o f Ih t gm rra l class (for rsam plr. Irtra krlld e . srsqu ttrrp rn t)

' o f  M

r $ r
2. Some compounds can arbe from  different sources In different 
organisms. 2.5 Dihydroxybenroic add comes from  shlktm k add 
(Chapter SO) In Primula acautis but from  acetate In Penkilllum  
spades. O utline detalb.

A “ОС
t

CH,COjH
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1. ТЫ  piperidine alkaloid pelletiertne was m ention 'd in  the 
chapter but A d details o f Mi biosynthesis were not g lw n. Th»re 
follows an o u tlln t o f th» lnt»rtn»dtates and reag»nU us'd . F ill In 
th» details Pytldoxal chem istry is dlsrussrd in  Chapter SO.

И ИИ, |RNH} I» рутчкпат**)

jC T T -vC n r
D c rr-o c n r

н и  j| .......... .....

-(XA~(XA
" L h и____C O ] »  p il r t w y i

4. Th» ra th rr sim ilar alkaloids anabaslnr and anatabine com» 
from  different biusynthctk pathways. Labelling experiments O U - 
Untd brlow  show th» orig in  o l on» carbon atom from  lysine and 
othrrs from  nico tin ic arid . Suggest detailed pathways. (//In t. 
N icotinic arid  and lh» Intermediate you haw b»»n using in  
Problem 3 In th» biosynthesis o f th» p lp ftld ln »  alkaloid are both 
electrophlUc at position t .  You also n»»d an interm ediate d»rtwd 
from  nicotin ic arid  w hkh Is nudeophilic at position J. Th» b»o- 
synth»sls Involw s reduction.)

c r  Н||Ч / чч / ч^ С0,и

nwottmcacMt

Q j Qj
S. T lie  tin »  steps In III» biosynthesis o f papaverine set out 
below Invo lw  pyrido ia l (or pyridoxam inr). W rite detailed

*- Concentrate now on the Jtfuaynthesis o l skytalone |„  lh . r , „  
problem. You should la w  identified it  as a peniaketide H m  
consider how many different ways the pentaketlde chain m id * k . 
folded to  give skytalone

- ж
7. T hb question concerns the biosynthesis o f stephaninr. another 
compound mentioned in  Problem 1. You should have deduced 
that It b  a ben/yllsoquinoline alkaloid. Now suggest a bios 
from orientaline.

■. Suggest a bkvynthesb o f oUvetol.
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f .  Tetrahydrocannabinol. tlie  major psychoactive compound in 
marijuana, is derived in  the СлппзЬЬ plant from  olivetol and 
geranyl pyrophosphate Detalb o f the pathway are unknown. 
Make some suggestions and outline a labelling experiment to 
establish whether your suggestions are correct.

Cjnrubh wtm-j

10. Both humulene. mentioned in  the chapter, and caryophyttene 
are made in  nature from  famesyl pyrophosphate In different plants 
Suggest detailed pathways. How do the enzymes control which 
product bfonne iT

11. Abietk add b  farm ed In nature from  mevalonate via the 
Intermediates shown. Give some more details o f the cydization 
and rearrangement steps and compare thb  route w ith the Ыо 
Synthesis o f tlie  steruids.

12. Bomeol. campliene and a-plnene are made in  nature from  
geranyl pyrophosphate The biosynthesb o f a  plnene and the 
related camphor b  described in  the chapter. In the laboratory 
bom yl chloride and camphene can be made from  a-plnene by the 
reactions described below. Give mechanisms fo r these reactions 
and say wliether you consider them to be btom im etk.

Problems f  1449

13. Suggest a blosynthetk route to  the m onotvpene chrys 
anthemk add that uses a reaction sim ilar to  the form ation of 
squalene In steroid biosynthesb

How could the same route abo lead to  the natural products 
yomogi akohol and arlem bia ketone?

14. I ll Ih r t lu p in  w r suggested llu l you could delect an acetate 
H aller unit and m o  malonate additional units In the skeleton o f 
b rrfrld tn . Give Ihe mechanism o f the addition o f Ihe lin t malonvl 
CoA unk lo  aceiale Draw oul ihe stnaclure o f tlie  complete acyl 
potymalonale chain and slate dearly what m ux happen to each 
section o f II (reduction elim ination, etc.) lo  gel bcefeldln A

-c j^cp-
IS . This chemical experiment »Im i lo  Im itate Ihe b losynllied i o f 
lerpenes A m ixture o f products results Draw a mechanism fo r the 
reaction. To what extent Is II biom lm etk. and what can Ihe natural 
system do better?

♦ L



Polymerization

Connections

B u i ld in g  o n :

•  Carbonyl chem istry ch l2  & ch 14
•  Substitution reactions c h i7 
a Radical reactions ch39
•  Protecting groups and synthesis 

ch24-ch25
e The aldol reaction ch27  
e M aking double bonds ch31
•  Cydoadditions с H35
•  Heterocycles сh43-с h44

Arriving at:
1 Some molecules react together to

polycarbonates are formed by 
substitu tion reactions a t carbonyl

e The chem istry of life  ch49  
e Natural products ch S l

nucleophilic a ttack  cm leocyanataa 
e Ероку adhesives work by 

polymerization via substitution  
reactions a t saturated carbon

oenveo rrom  a lkene m onom *r«

*  Afcsnee can be potymerUed by radios, 
cationic, anionic, or organometallic— ♦*- ■

ch a n g e * t h .  phy t lc a l p roper! le . of

R M e t Ion, on po lym e r* oro Involved In 

ttw  ch e m ica l s y n th o * !. o l ^ t p t l ^ a  * " *

Moat o f th t th ing ] you can a tt about you at this m om tnt a rt m adt o f organic polymers Skin, 
clothe*. paptr, hair. wood. plastic. and paint a rt among them Tetth . muscle. g lu t, d ing  film . «arch, 
crab iM k , and m am uladt a rt a ll polymer-based too. In  th b  chapter w t w ill ezplort th t world o f 
po lym eri W t w ill ask questions llk t these

•  W hat makes a m o itcu lt p r tftr  to  ita c t w td i o th tn  o f Its kind to  form  a polymer?
•  W hat mechanisms a rt available far polym erization reactions?
•  How can polym erization reactions be controlled?

•  How a rt the properties o f p o lym tn  related to  the ir m olecular structure?

Monomers, dimers, and oligomers
Cydopentadiene featured in  Chapter 35 
as an im portant diene In the D ieb-A ider 
reaction I f  you try  to  buy ‘cydopentadi
ene' you w ill find  tlia t the catalogues lis t 
only ‘dkyclopentadiene' o r cyclopenla 
diene dim er'. The dim erization o f cyclo- 
pentadiene is reversible: the monomer 
dim erize* by a D iels-A lder reaction at П 
reversed on heating. So the dim er is a good 

O ther fam iliar cases o f stable dimers 
are neutral boron and alum inium  
hydrides. D IBA L for example, exists as 
two molecules linked by A l-II-A l 
bonds in  a four-membered ring. Again, 
the dim er is a practical source o f 
monomer fo r chemical reactions.

temperature I 
source o f the I

> give the dim er and the reaction is
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CHO eciU4»:c-«*i cudopcmiD f o u p i  / \

(5—

Simple aldetiydes easily fom i (rimers 
Wh»n к  m  CHO ec,uj:««*i сцск«сп*у1 fo u r*  /  \wnen сугюретапесагоаюепуаг is pre- г  \ /
pared. It Is a colourless liquid On stand
lug. particularly w ith traces o f add. И
forms the oystaBine trlm er The trtmer
is i  stable sta-membered heterocyde
w ith all substituents equatorial

A ceta ldehyde (e thana l)

fo rnu a liqu id  trlm er caled
'paraldehyde', which reverts

2.4МпсусМ»гГу41.3,S-tne*jr>*

r ± 5 . S ? 2 ;  —  \  A  “ ; /
Interesting b  inetaldehyde', ^  . . . .
th t common slug potion
w hkh b  an ifl-d s  tetramer (Z.4.6.8 tetram ethyl 1.3,5.7-tetroxocane) formed from  acdaldehyde 
wtth ik y  I  la  at bdow O'C Mrtaldehyde b  a white crystalline solid that hat a l the methyl groups 
pseudoequaturlal. and It reverts lo  acetaldehyde on heating

Another tetramer b  m ethyl lith ium  M elJ b  a very reactive compound In the monomeric state, 
and It crystallizes as a tetramer: a tetrahedron o f lltlilu n i atoms w ith a methyl group 'plugged In ' to 
the centre o f each face.

Whereat niygen gas consists o f dtatom k molecules O ,. 
crystalline sulfur b S t>  cydk uctomer Such m ultiples are 
ишаЛу called uligum cn Inigo-a few). The monomer In thb 
cate would be the sulfur atom The shape o f the S( ring b  very 
sim ilar lo  thal o f Ihe eight-membered ring o f metaldehyde

I f  you buy formaldehyde и(, он
(m ethanall, w likh  b  In tact V  -  I  *»■ *

Г ^ Т 1
four choket. You can buy а путмшчм «игняеис ‘
37% aqueous solution fo r- * '" * " •  w « e « w . 1 * • « • « «
mahn' w hkh b  m ottly hydrate In equilibrium  w ith a small amount o f formaldehyde or the crystalline 
trlm er (1.3.5 trloxane). ас a white solid called (misleadingly) paraformaldehyde', or another while 
aoMd called pdyoxyinelhyleiie

Trloxane b  not a good source o f lormaldehyde at It b  very ИаЫе but the two other aoMds an  good 
sources Both paraformaldehyde and. more obviously, polyoxym etliyiene are polymers Each mole
cule o f either polymer consists o f a large number o f formaldehyde molecules reacted together

HO ' ~ ' | o / ~ j ' 0 ' ^ " 4 'O M  M l " "

Paraformaldehyde b made by evaporation u f aqueous formaldehyde lo  dryneai and b  a water 
soluble po ly ittc i Polyoxym elltyleiie b  made by healing formaldehyde w ith catalytic sutfurk add and 
b  no) soluble in water They are both linear polymen o f formaldehyde, to  how can they be to  differ 
ent? The answer bln Ihe polymer chain k n g th -th e  л In the diagram Paraformaldeliyde b  water 
soluble becaute It has short chain lengths, about a - 1 on average, and to  H hat many hydrophilic OH 
groupt Polyoxymetliyiene hat much longer chain lengths, a > 1(0 on average, and so hat w ry  few 
OH groups per monomer o f formaldehyde
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Trioxane U formed w iien tlie  (rim er ty tlin s  instead o f continuing to  polymerize. A ll llie  
oligomers and polym en o f formaldehyde have (his potential as then  l< a hemlacetal group al each
end o f the chain.

Inn*.-»

•  Summary o l what wa know »o far

Not much, you might think. Actually wc have mentioned some Important things 
about polymerization. which wc « ill discuss further in thc pages dial follow.
• Polymerization tends to occur at low temperature
•  Г>е polymerization tends to occur at high temperature
•  Polymerization competes w ith cydic oligomer formation
•  Different polymers o f the same monomer can have different chain lengths
•  H ie  chain length varies about a mean value in  a given polymer
•  The properties o f polymers depend on chain length (among other things!) 
Check back over these last few pages to make sure you see which pieces o f evidence 
establish rach o f these points.

1Ып a no « fc t to *  и  th .
k m  ohfomer and potyne.

paraformaldehyde- oo average 
an octomer- as a polymer. The

tetramer. etc. do have exact 
meaNnfs. Oligomer usually 
means > 3 and < 25 but different 
authors wiN use the term in 
different wsyj.

Polymerization by carbonyl substitution reactions
In  general, carbonyl compounds do not polymerize by themselves. It Is only thc exceptional reactivi
ty  o f formaldehyde as an dectrophile that allows repeated nudeophilic addition o f hemlacetal In ter
mediates. A m an common way to  polymerize carbonyl compounds is to  use tw o different 
functional groups tlia t nact together by cariw nyl substitution lo  form  a stable functional group such 
as an amkle or an ester. Nylon b  Just such a polymer.

Polyamides
You may have carried out the nylon rope trick  In a practical class. The diacid chloride o f adlpic add 
Is dissolved In a layer o f a heavy organic solvent such as CCI4 and a layer o f aqueous hexane 
I .(-diam ine is carefully placed on top. W ith  a pair o f tweezers you can pick up thc film  o f polymer 
that form s at the Interface and draw It out lo  form  a fibre The reaction Is a simple amide form ation.

A fter thc firs t amide is form ed, one end o f thc new molecule b  nudeophiUc and the other dec 
trop h lllc  so that it  can grow at both ends The polymer b  made up o f alternating -N H (C H t)^ A l
and -(C l lf)«C O - units, each having six carbon atoms, and b  called nylon Another and much 
sim pler way lo  make nylon b  lo  polymerize caprolactam. T ills  monomer b  a cyclic amide and the 
polymer does not have dtem atlng units— instead, each un it b  the same
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C a p ro la c ta m

Caprolactam can be made by the _ «  _  H jP
• к м ш л ч м м м * )  C ^ T  *> "— ° "  ''O H  a ®  /  f

n r : r  U  *  L J  — -  r  v
reactions and look at Chapter* 14 and J
37 if you find you ca n 't) Cydoheianore еартЫеЛа**
UMd to be made by tha ondation of cydoheiene with molecule* oiygen jn til the explosion at Onbofoyjti m Lincolnshire 
on 1 June 1*74 that «Ned 28 people. Now cydoheunone la made from phenol.

So how Is thb  polymerization initiated? A small amount o f water b  added to hydrolyse some o f the 
caprolactam to 6-amlnohexanok acid. The amino group can then attack another molecule o f capro
lactam and so on. The amount o f water added influences th r average chain length o f the polymer

0* H,0

H o t  synthetic polyamides are made up o f th r samr repeating un it but w ill Inevitably have a 
range o f molecular weights as the polymer length w ill vary. This Is a d iflrrra t story from  that o f the 
natural polyamides—peptides and proteins—that you met In Chapter 49. Thoae polym en were 
made o f twenty or so different monomen (th r amino K ids) combined In a precise older w ith  a pre
cise stereochemistry and all molecules o f the same protein have the same length Nonetheless, some 
o f the ir uses are almost identical both nylon and wool are polyamides, fo r example

Polyesters
Much tlie  same act can be carried out w ith  dkarboxylk acids and diots. The m olt famous example Is 
the polymer o f ethylene glycol (rth a n e -l.l-d to l) and terephthaile add. which can be made sim ply by 
m elting the two components together so that water Is la d  In  th r rs trrlfka tlo n  fraction. The mrcha

making clothes that It Is usually Just called'polyeder rather than by th r older names such as Terylm e' 

Polycarbonates

These too are nude by carbonyl subdkutlon tractions, but th is tim e th r nudeophile Is aromatic and 
the electrophile Is an aliphatic derivative o f caibonk add such as phoagrnr (СОСЦ) or a carbonate 
diester |C O (O R )|| The aromatk nucleophile is a diphenol but the two OH groups are on separate 
rings Joined together by an rlectroph llk aromatic substitution This compound Is callrd bisphenol A 
and has many o th rt applkatkms

■ e s j o - Y ^ x n a .
tMpNmoiA



Polymerization by electrophilic aromatic substitution 

T lie  d ip lieno l reacts w ith  tlie  carbonic acid derivative, w tiich b  doubly e le c tro p lillk  at tlie  same

1455

carbon atom.

j O^Ol%vJO^O;
A a u / o  _ -

n

After two carbonyl substitutions the rig id  carbonate ester group b  formed. Thb polymer b  nei
ther as flexible nor as linear as the previous examples. The carbonate portion b  conjugated to  the 
benzene rings and held rig id ly  In the conform ation shown by the anomeric eflect (Chapter 4?). The 
only fle x ib ility  b  where the CMe* group links the two benzene rings. Thb b  a polymer that combines 
transparency, lightness, and strength w ith  just enough fle x ib ility  not to  be b rittle . Your safety glasses 
are probably made o f polycarbonate

Polymerization by electrophilic aromatic substitution
T lie  first syntlietic polymers to  be o f any use were tlie  phenol formaldehyde resins' o f which tlie  
most famous. Bakehte. was discovered by Bakeland at the tu rn  o f the century. He combined phenol 
and formaldehyde In add solution and got a reaction that starts like the bbphenol A synthesis.

A second add-catalysed electrophllk aromatic substitution now occurs to  lin k  a second phenol to 
the firs t. The rather stable benzylk cation makes a good Intermediate.

-
©

jx b ^ - jc r c K
•My*ukhouM

I *
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Form aldthydt U reactive enough to  continue and put m other substituent o rtlu  to  th» OH group 
In one o f thc rin g ! Thr mechanlsmi a rt Ih r la m t as ihoae w t havt Just w ritten

Х Г Х Х .± Х Г С С £ :Х Г С С О ,.
T h t carbon chains a rt meta related on the ctn - г к ч ш к к Ш к » »

tra l ring so (or th t Am tlm t w t h m  a brancktd ^  ^
polymer Complexity can rapidly Incrtasr as more
phenols linked through m ort formaldehydes can J L II (
be Joined on lo  (his core structure at several но - 'о н  - он
points. Each Ьептепе ring  could. In theory, form
th rte  new C-C  bonds ’  1 »

These polymers havt th t useful p roptrty o f being therm osetting—they a rt made from  liqu id  
m ixtures that pdym trtxe on heating to  form  a solid polymer, and can therefore be moulded easily

Polymerization by the S^2 reaction
In  p rincip le  co-polymerization o f a 1.1-d io l and a 17 -d ilia lide  m ight lead lo  a p o ly tlh rr

W id iC M M d ltw  J*r Ы a

Thb ro u tt is not ustd because o f the la rgt amounts o f bale needed One molecule o f base Is con 
turned far each new С Ч ) bond made, and these reactions term inate quickly before long chains art 
made. It b  more useful for making th t cyclic o llgom m  called crown ethers 18 Crown » has an 
elghtten-m tm bered ring w ith six tv tn ly  spac rd oxygtn atoms

cany metal ions Into solution In organic solvents Thb one. lt-crow n-4 . b  Ih r right i i7e for potass! 
um Ions, and a solution o f KM 11O4 and IS -crow n-t In benzene. to-called purple benzene'. b  a use
fu l oxidizing agent T h t high-yielding o llgon itriza llon  b  a irm plate reaction w ith a potaiskim  Ion 
holding the two reagenti together I f  abate tuch at Bu,N *O H  (w hkh cannot form  complexes) b 
used w ith th t tame reagents, linear polymers result
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A more practical way to  make linear polyetliers is by polym erization o f epoxides. Each tim e an 
epoxide is opened by a nucleophile. It releases a nudeophilic oxyankm that can attack another epox
ide, and so on. The whole process can be in itia ted  by just a catalytic amount o f a nucleophile such as 
an alkoxide or an amine.

£ Ss7

Thb reaction cannot be controlled—once It b  Initiated. It runs to com pletion. Treatment o f ethyl
ene oxide w ith controled amounts o f water does lead to the Im portant coolant ethylene glycol (excess 
water) and the oligom ers d l . t r l . and tetraethylene glycol. These are Im portant solvents fo r polar 
compounds. Trielhyiene glycol b  also the starting material fo r the synthesb o f 18-crown- •  above.

A subtle m etliod o f contro lling tlie  reaction so that It can be made to ran at w ill b  to  use bbplienol A 
as me акм ana epiciuorotiyann as me ерохюе. rp inuororiyann reacts wnn nuneopnues ai me ерохюе 
end. but the released alkoxide Ion Immediately doses down at the other end to  give a new epoxide.

e - ^

s*2

W ith bbplienol A In alkaline solution, th b  reaction happens twice and a bb adduct b  form ed. 
Further reaction w ith  more bbphenol A creates oligomers w ith  about S-IO  bbphenol A molecules 
and an epoxide at eadi end. Thb b  a reasonably stable neutral compound w ith  two term inal epox
ides. just w aiting fo r in itia tio n  fo r polym erization to  start.

In  the CIBA-Oeigy glue ArakUte, strong enough to  glue aeroplane wings on to  the fuselage, a solu
tio n  o f thb  oligom er b  m ixed w ith a solution o f a polyfunt tional amine such as dlethylenetriam ine. 
Since eadi N11; group can read twice and tlie  NH  group once w ith epoxides, the fina l polymer lias a 
densely cross linked structure and b  very strong The reaction b  again a simple S»? process.

A to ta lly different kind o f polymer b  a poly silylether D im ethylsllyl dichloride polymerizes easily 
on treatm ent w ith  hydroxide. Silicon b  more susceptible to  the S \2  reaction than b  carbon and long 
chains grow quickly.

v ; ^  yr ^ k k xo r  s.2rso e r  w i H o r ^ m  i t r  T ir  T ir  ̂ r  дж
Thb linear poly(dim ethybiloxane) b  an o il and b  used In the lab In o il baths as It b  more stable 

and less smelly tlia n  conventional paraffin baths at high temperatures.
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Polymerization by nucleophilic attack on isocyanates
Isocyanates react w ith alcohol nucleophiles lo  gtv* urethanes -hybrids between carbonates and 
ureas—half asters and half-amides o f carbonk acid Nucleophilic attack occurs at the w ry  reactive 
linear (sp) carbon in  the centre o f the Isocyanate 

■«+ROH H

•оадют!» Og «  м и  0

To make i  polymer II Is necessary lo  react aryl dllsocyanata w ith  dlols Some im p o rtin ' polymers 
o f th t type, railed elastann. an made by using long chain allphatk diol» from  partly polymerized 
epoxides, ra th tr like Ihoat discussed in Ih t Iasi srction. and reacting tlitm  w ith dlaryl dibocyanates 
lo  g lw  a p rr-pa tym er.j y  Q

T h t n tx l stage b  lo  ItiM a lt an txothrrm ic Unking o f Ih t residual Itrm lna l isocyanates w ith sim plr 
diamines. T h t reaction b  again nud toph llk  attack on th t bocyanalt. but th t new functional group 
b now a urea ra th tr than a urethane Showing jus) one end o f th t growing polymer

T h a t poiym rrs havt short rig id portions (Ih t arom atk rings and th t ureas) joined by shod f l t r  
W t h lngn ' (th t d lam lnt iin k tr and th r C ll| group bttw ten the arom atk ring) and long n rу Пгх 
1Ыг portions (th t p o fy ttlitr) whose length can b t adjusted. T h t potym tr b  taslly stretchtd and 
regains its shape on relaxation—It b  an tU slom tr

Why should И matter tlia t tlie  second polymerization b  exothm nk? I f  the d ia rrin r linker b added 
as a solution in  a volatile hydrocarbon such as lie plane, the heal o f the polymerization causa th t 
heptane to  bo ll and th t polymer becomes a foam. What b  more, th t Itngth o f th r polyether chain 
d rtrrm ln a  what kind o f foam results Shorter (-500 -O C H jC H jO  units) chains g lv t rig id  foams 
but longtr chains (>1000 -O C H fC H fO - units) ghft soft foam s Thb b  only a bare outline o f one 
o f the many skills polymer chembts now have In the design o f materials. The results are a ll around 
us.

So far we have dbcusstd polymerization that has been essentially o f one kind blAinctkm al mol 
ecu in  have combined in  normal io nk reactions fam iliar from  the rest o f urgank chemistry where a 
nucleopliilk functional group attacks an electruphllk functional poup The new bonds haw gener
ally been C -O  or C -N . We need now to  look at the polym erization o f alktnes In  these reactions. 
C -C  bonds w ll be formed and many o f the reactions may be new to  you.



Polymerization of alkenes

Polymerization o f alkenes
Formaldehyde polymerizes Ь ю ш  U * two resulting C -O  о  bomb an  ra y  iU fclilly n o n  stable than 
lU O O  «bond, but th t balance b  quite fine. Alkenes are different two C -C  e b o n *  a rt always con
siderably m a tt stable than an alktne. to  thermodynamics b  ra y  much on th t a ld t o f a lk tn t poly 
m rrization. Ilo w tv tr, th tr t b  a k ln ttk  prob ltm  Form aldthydt potym rrtzn  w ithout our 
Intervention. but alkenes do not W t w ill dbcuts four quite distinct m tchanltm t by w hkh a lk tn t 
polym erization can b t In itia led— two km k. one urganotnetallk. and one radkal.

Radical po lym eriza tion  o f  alkenes: the most Im portan t polym eriza tion  o f a ll
We w ill tta rl w ith  tlie  radkal mechanism lim p ly  because ll b  the most Im portant. A bigger tonnage 
o f polymers b  made by th b  method than by any other, including the three m att fam iliar ones—po ly
thene (polyethylene). FVC (poly(vtnyl chloride)), and polystyrene.

Polythene b  d ifficu lt to  make and wat discovered only when chemists at I d  were attem pting 
to  react ethylene w ith  o th tr compounds under high pressure Fven w ith Ih r correct reagrnts. 
radkal in itia to rs lik r  AIBN o r peroxides (C haptrr M ). high pressures and trm peratures a rt s till 
nteded. A i 75 "C and 1700 atmospheres pressure ethylene polym erization, in itia led  by dibenzoyl 
peroxide, b  a radkal chain reaction. The peroxide b  lin t cleaved hom olytlca ly to  give two benznate 
radkals.

These oxyradkals add lo  the alkene to give an unstable prim ary carbon radical that addt to 
anothtr molecule o f aJkme. and ю  on.

Eventually, the chain b  term lnaled by com bination w ith  another radical (unlikely) o r by hydro
gen abstraction from  another polymer molecule Thb approach lo  polythene tynthesis. using ethyl
ene liquefied by pressure and sm all amounts (<0005%  by weight) o f peroxide, produces relatively 
low  m olecular weight polymer at a white solid

РЖ - HOW** CM0>4>|
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Radical polym erization can lead lo  branched polymers by Intram olecular hydrogen atom 
transfer, a process sometimes called backbiting Removal o f H  through a six membered trans 
Ition  state moves the growing radical atom live atoms back down Ihe chain, and leads lo  butyl 
skie-chains. A more stable secondary radkal is produced and chain growth then occurs from  that 
p o in t

--------------------H e ta i'K W i n V  ^

Radkal polym eriM lion o f vinyl chloride and styrene b  much easier than that o f ethylene because 
lire interm ediate radkals are more stable You u w  in  Chapter 39 that any substituent stabilizes a rad
ka l. but C l and H i are particularly good because o f conjugation o f the unpaired electron w ith a lone 
pair on chlorine or the x bonds In the benzene ring.

vet Ш М М  M V 4 K  'Л И Л

Л —

C* C* P  P1 Neither PVC nor polystyrene Is very crystalUne and polystyrene often has poor mechanical 
'  strength. Both o f these may be results o f the stereorandom nature o f the polymerization process The 
** substituents (C l o r Ph) are randomly to  one side or other o f the polymer chain and so the polymer Is 

eve- prt*wn< cMortdc) a m ixture o f many diastereoisomers as well as having a range o f chain lengths Such polymers are 
Cl Cl Cl Cl called atactic. In  some polymerizations. И b  possible to  control stereochemistry, giving (instead o f 

J l !  J f  f  atactic polymers) botactic (wliere all substituents are on the same side o f the zig-zag chain) or syn- 
diotactic (where they alternate) polymers.

• e**e“c A unique polymer b  formed by the radical polym erization o f tetrafluoroethylene and b  called
Cl Cl Cl Cl PTFE or TeAon. The outside o f the polymer consists o f a layer o f fluorine atoms which repel a ll other 
V ! molecules. It b  used as the coating

in  nonstick pans and as a bearing 
that needs no lubrication Two °»
pieces o f Teflon slide acruss one 
another almost w ltlio u t friction.

Something else b  special about thb  polymerization— it b  done In solution Norm ally, no 
solvent b  used because it would be d ifficu lt to  separate from  tlie  polymer product. However. PTFE 
Interacts w ith  no other molecules. I l precipitates from  all known solvents and can be isolated easily 
by filtra tion .

Acrylics— easily made polymers o f  acrylate esters
Alkenes conjugated w ith carbonyl groups, such as acrylates (derivatives o f acrylic add), are easily 
polymerized by a variety o f mechanisms Indeed, these compounds are often d ifficu lt to  store 
because they polymerize spontaneously when traces o f weak nucleophiles (even water) or radicab 
(even oxygen) are present. Radical polymerization occurs very easily because the Intermediate car
bon radical b  stabilized by conjugation w ith the carbonyl group.

P  I V  \чьц (МоЫмг гтфем I

t



Polym erization follows tlie  mechanism tlia t we liave seen several tim es already, and eadi radical 
has the same additional stabilization from  the carbonyl group.

■ • ' Y Y Y Y 'со,м« со,м* сорт* со2м«

W ith  two stabilizing groups on the carbon radkal. polym erization becomes even easkr. A famous 
example Is S uperdue'. w h it h Is m ethyl 2-cyanoacrylate. The monomer In the tube polymerizes on , 
lo  any surface (wood, metal, plastic, fingers, eyelids, lips. ...) catalysed by traces o f m oisture or ak. V ‘  «  
and the bonds, once form ed, are very d ifficu lt to  break. The Interm ediate radkal in  this polymeriza
tio n  is stabilized by both CN and CO^Me groups.

P  P  f

Tliough there are many o tlie r polymers made by radkal pathways, we need now to  look at tlie  two 
m ain tank routes—ankm k and cationk polym erization.

A n ion ic  polym eriza tion  Is m u ltip le  conjugate add ition
We have seen in  Chapter 23 how alkenes conjugated w ith  electron-w ithdraw ing groups undergo 
conjugate addition to gtve an enolate anion as an Interm ediate. This enolate anion Is Itself nude- 
oph llic and could attack another molecule o f the conjugate alkene. A crylon itrile  is polymerized In 
liq u id  ammonia at low temperature by th is method. Small amounts o f alkali metal are added to  gen
erate N H j. in itia tin g  polym erization.

и ---------  H

The chain grows by repetition o f the last step: each new C -C  bond-form ing step produces a new 
anion stabilized by tlie  n itrile  group. Term ination probably occurs must frequently by proton cap
ture from  the solvent. The result is poly(acryionltrile).

-n rtS b ----=r'O frK
‘l iv in g  polym ers' by the anion ic po lym eriza tion  o f  styrene
N udeophilk addition to  styrene Is possible only because the Interm ediate carbanion is stabilized by 
conjugation in to  tlie  benzene ring. It needs a more reactive carbanion than the benzyl anion lo  in iti
ate the polym erization, and an unstabilized nonconjugated organolithium  compound like butyl 
lith iu m  Is the answer.

i' Polymerization of alkenes »' 1461
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It b  dear enough how (he chain Is propagated, but how к  It terminated> You might eipect proto- 
nation lo  bring dUngs lo  a doar. but lhe»e cannot be any add (even a weak am) present—if  there 
were. It would have already been destroyed by the butyl lith ium  To terminate the polymerization a 
weak add must be added In a separate step— water w l  do.

^  • -

When thb polystyrene sample b  analysed. It b  found lo  consist o f a remarkably narrow 
range of chain lengths—almost a l the chains are thr same Such polymers are known as now» 
disperse Thb result must mean that ай thr ItulJ molecules must add Immediately to a styrene 
molecule and that chain growth then occurs at the same rate (or each chain « n il the styrene b  used 
“P

There b  a useful expansion ut thb Idea. Under the conditions of thr polymerization (before thr 
water b  added), these aimort identical chain lengths a l end with a carhanion If. instead of adding 
water, we add another monomer bay. 4 chlocustyrene) It too w «  add to thr end o f the chain and 
polymerize until N b  used up. prefacing new chains again of about the same length Thb w fl be the 
situation after the second polymerization

And stifl the polymer b  active towards further polymerization Indeed, theae polymers are caled 
liv ing  polymers' because they can go on powing when a new monomer b  added The final m ult, 
after as many monomen have been added as b  required and the th ing polymer has been quenched, 
b  a polymer wtth blocks of one monomer folowed by blocks o f another These polymers are cafcd

Cationic polyn
I Cationic polymerization b  used only for afcenes that can five a tertiary carbocation on protonatlon 

r  or lor vinyl ethers that can pve an oionium й л  In other words, the ration intermediate must be
"  ___ quite stable I f  II bn t. the chain b  terminated loo quickly by lam of a proton

The Initiator for bobulene (t-methytpropene) polymerization b  usually a Lewb add with a 
We d

«V X * 1 ---- » / 4 j ,  tabuttn. Hym nm nor »ith ‘i -  /  ___  _ в  » /

Tht IfCtbty («ЪосаПоп Я П К 1 »  W.itrnphlW and « a c t  th> d m  lo  b n  i im h n  
IrnUry cartjocatlon of U m l»  ш Ш )  and naclMqr lo  I h  h a .  So 1Ы polyiix tiaUon со» 
ttnun

—  >OCk
The termination w tt be the Ion of a proton to farm an alkene (an El reaction) Providing that thr 

tertiary carbocation b  reasonably stable. this w il bea slower procem than chain elonga 
айу as there are no good bases around, and long polymer chains may result

5oa. -  444.-
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T h t polym erization o f vinyl e ilie n  fo llo w  much tlie  same mechanism, using Ihe oxonium  ion as 
an interm ediate Instead o f the te rtia ry carbocation. Term ination m ight again be by lo ts o f a proton 
or by picking up a nucleophile at the oxonium  Ion centre.

— 4 4 ri'” 4 rU
One o f Ihe best polym en foe building strong rig id  heal-resistant objects b  polypropylene but th it 

can be made by none o f the metlmds we have examined so (ar . We need now lo  look at the polymer
ization o f alkrnet In the coordination sphere o f a transition metal.

Z ieg lc r-N atta  po lym eriza tion  gives Isotactic polypropylene
Propylene can be polymerized by •  titanium /alum inium  catalyst developed by Ziegler and Natta. 
The mere b e t that polym erization is possible Is 
remarkable, but thb  polymer also has stereo- Tlcl4
regularity and can be botanic The overall ^  
process b  sliown on the right.

The mixed metal compounds react to  form  a titan ium  a  complex that b  the true catalyst for 
the polym erization An alkyl group b  transferred from  alum inium  to  titan ium  In exchange fa r а

■''ihrtr
ТЮ1«♦ A M , c i, i C l,n -----R

o ,ti— и

The a lkyl-T I a  complex can 
form  a *  complex w ith  the lin t 
molecule o f propene and then 
сагту out a rarbo-tftanation o l 
the X bond Thb establbliet the 
firs t C -C  bond.

Insertion o f the next propene by a repeat o f the previous step now starts the polym erization Each 
new C-C bond b  form ed on tlie  coordination spline o f Ihe T i atom by transform ation o f a *  com
plex In to  a О complex. Repetition o f thb  process leads lo  polym erization. We have shown the poly- 
mer w ith  botactk stereochemistry, and thb  control over the stereochemistry reflects the dote 
proxim ity o f Ihe new propene molecule and the growing polymer.

One im portant elastane polymer (hat can be made by polym erization in  a Ziegler-Natta fashion Ls 
rubber Natural rubber b  a polym eric terpene (Chapter S I) made from  mevalonic acid and has a 
branched structure w ith  regular trisubstituted alkenes. which are a l in  tlie  Z-configuration

This I» a simplification as the 
catalyst la a solid and tha active 
TI atom afcnoat certainly ТЦМ) 
rather then ТЦУУ) os we heve 
shown here. The third Cl Nfand Is 
In fact shared with other Ti atoms 
to the crystal. Coordination of the 
active ТЦ111) atom must be such 
that eech о compiea la a 16- 
electron species «лве the к

In fact, the reaction can leed 
either to isetectk: or ayndiouctic 
polymer depending on the 
detailed structure of the catalyst.

looked at as a polymer, rubber b  made up o f C j units jo ined together by C -C  bonds. We 
slm uld naturally expect to  make a hydrocarbon polymer from  alkenes. so if  we separate tliese 
C j units we find  that they are dienes rather than simple alkenes. I f  you have read Chapter 51. they 
m ight be fam iliar to  you as tlie  isoprene units from  which terpenes were orig inally supposed to 
be made.
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Wee* at ГФв кочМ Ц  M M l l k m i l l f l n

^  у/ ^  у/ ^  yj
11» afl-dr structure d  natural rubber b  vital to Us rU ukttv  H i t  a ltra m  compound b  known 

and И к  hard and brittle Though dienes n id i а* Uoprene can tadlу be polymerized by cationic 
methods the resulting rubber Is not a l dr and has poor elasticity and durability However. Р°*У 
merizallon d lanprene la ihe Zte^rr-Natta way g tm  an all rh  (*0  »S% al least) pdytaopretie very 
similar lo  natural rubber

( umpiei g lm  an f)1 allyl com plri still maintaining thr cfrronAguratton Thr n r i l  dkn r then addi to 
for in  a new r)* diene coni(4ei. couples lo  the aByt complex. and ao on. A< the chain grows. each & enr 
is added as an i\* complex and an aB-dspolymer results

C o -p o ly m e riz a tio n
s polymertat  to give a I

I t  an example 
sequence aod precbefrom nature amino adds art polymerized stepwise to give proteins d  precise 

length We can do the same tfdng chemkaly providing that we do N In a 
discuss thb later In  moat саам, chemkal со polymerization cannot be prtdaely ordered 
gives useful remits

t
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►
A polymer Ш •  chemical eompourx) 
«*«1а a plastic Is a mixture of в 
polymer end other substance*

It may liave surprised you. w lien you read tlie  fine p rin t on packaging, lhat some quite different 
m aterials are made out o f the same polymer. PVC. fo r example, is widely used in  clothing, v in y l' 
floo r and seat coverings, pipework, taps, and lab stopcocks. Some o f these applications require 
strength and rig id ity : others fle x ib ility  How Is this possible w ith the same polymer? Some variation 
can be achieved by the addition o f plastlrizers—additives that are blended Into the polymer m ixture 
but are not cliem kally bonded to  It. A notlier approach is to  use a co-polymer w ith a smaller amount
o f a different (but often sim ila r) monomer bu ilt random ly In to  the growing polymer chain Thb b  etc.). « • * * aHowRjoba used tn » 
quite different from  tlie  alternating co-polymers that we saw under carbonyl substitution polymer- селатмв» 
i/a t ion. such as nylon 1.1 or the block со-polymers we met a page or two back.

We w ill choose the example o f elastane film s fo r food wrapping— C lin g film  . These can be made V ‘  9  
from  poly(vtnyiidene dkh lo ride ) (th b  b  p o ly d .l dlchloroethene)) In to  which a small amount o f 
v in y l chloride b  ro  polymerized The method b  radical polym erization and the In itia to r usually a 
peroxide In aqueous suspension.

'Ь' ГМК* run*.**» »

Polym erization continues adding vinyl chloride or vinytldene dkhloride more or less al random. 
A t A nt. several dkhloroalkene molecules « К  add. sim ply because there an  n o n  o f them.

Every now and then a vinyl chloride adds In. followed again by a number o f dkhloroalkenes to 
give the co-polymer

Eventually, polym erization w ill be term inated by tlie  usual m etliods and the fina l co-polymer w ill 
have a random m ixture o f dkhloroalkene (m ostly) and monochloroalkene. roughly In  proportion to 
thek availabilities In  the polym erization m ixture. The precise properties o f the resulting polymer w ill 
depend on the ra tio  o f the two monomers.

Synthetic rubbers can be made by  co-polym erization o f alkenes and dienes
Radical co-polymerization o f styrene and butadiene produces a m aterial tlia t b  m y  like natural rub
ber The Initiator b  a one-electron oxidizing agent, and a th io l (RSI I) b  used to  start the polym eriza
tio n  process T lie m ixture b  about 3:1 butadiene styrene so there are no long runs o f one monomer 
in  the prodact. We w ill use butadiene as the starter unit.

■Ah' " ,  --- -
tta W u rd  a**»c radkal

The first radkal b  an a lly lk  rad ica l stabilized by conjugation w ith  the rem aining alkene in  the old 
butadiene nalecule. Addition could now occur lo  another butadiene or to  styrene.

VtjiMltied rndk-Bi

H ie  product b  tlie  stabilized benzylk radkal w ith tlie  more stable (raredouble bond. Stabilization 
o f radkab a a lly lk  and benzylk groups b  about the same, so the two monomers wiB react roughly In
proportior. о their conc entration. T lie  fina l product w ill be a random co-polymer o f about 3:1 buta-
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diene to styrene wtth mostly f-alkenes It к  an elastomer uaed for lyra  aial othrr applkaUoas where 
ataurfiaadleidble rubber к  nredrd

Cross lin ke d  po lym ers
Maay linear polymers arr too flexible to be of us* In making everyday objects because thry lack thr 
strength, thr rigidity. or thr elastk Ky for thr job. Linear polymers can be stiffened and strengthened 
by bonds between thr chalm. Tills process Is knowa as cross hnklag and wt wtil look now al soair 
ways In whkh this can be achieved

All thal Is rraly needed к  a ro-polymer with a small amount of a compound similar to thr main 
monomer but with at least one more functional group than к  strictly necessary lo form a linear paty- 
raer. For example, a small amount of 1.4-dtvkiytttruene co-polymerl/ed wkh styrene leads lo a Ha- 
car polymer In which some of the phenyl rings carry a 4 -vinyl group

9 §

poly iw rtadon n(M»,SICI, m  had m o  p o M  (thr n n  c h h r t»  atonal on each ■
To fH  t n a  ttaUaf от агп! a t l * 4  рлоЬЫ by (a aaai ааюнм aA MrflCb
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Cross-linked polymers

The four-arm ed cross-llnklng agenl known as penlaerythrilol Is made from  acetaldehyde and 
formaldehyde In aqueous base. The four arms are arranged In a tetrahedron around a quaternary 
carbon atom.

Co-polym erization o f pentaerythrltol and two other monomers—an unsaturated add and ben 
zene 1.3 d irarboxylk add—gives a network o f polymer chains branching out from  the quaternary 
carbon atom at the centre o f pentaerythrltol. The reaction Is sim ply ester form ation by a carbonyl 
substitution reaction at high temperature (> 200 *C). Ester form ation between adds and alcohols Is 
an equilibrium  reaction but at high temperatures water Is lost as steam and the equilibrium  is driven 
over to  the right. ^  e

^чч^- • -оСГ» ■»Д Х ,
v------------------------- v ------------------------- '

“V
(twnolteMWtebya
р Г ' т н 37*

The black pentaeiythritol at the centre o f the polymer is shown w ith two each o f the ester side 
chains, though thb  need not be the case, o f course. The green pentaerythrltol molecules are the 
growing points o f die network o f polymer chains. It b  obvious why the benzene dkarboxyllc acid b 
helpful in  linking growing points together, but what b  tlie  point o f the loog-chaln unsaturated add?
These are naturally occurring adds as described In Chapter SI and the alkenes are used fo r further 
cross linking under oxidative conditions as described In the next section. Such polymers are called 
alkyd resins' and are used In paints. They form  emulsions in  water (‘emulsion paints') and the ester 

groups do not hydrolyse under these conditions as water cannot penetrate the polymer network. As 
the paint dries' It b  cron-linked by oxygen In the air.

It b  not necessary to  have quite such a highly branched cross-linking agent to  make a network o f 
polymer d  tains. A trip ly  branched compound b  the basb for one o f tlie  strongest polym en know n- 
one that we lake fo r granted em y tim e we use tlie  kitchen. It b  made by a very sing le reaction.

Melamine
You saw a carbonyl addition reaction form ing a polymer right at the beginning o f the chapter—the 
polymerization o f formaldehyde. I f  an amine b  added to  formaldehyde, condensation to form  lmlnes 
and im ine salts occurs readily. These Intermediates are themselves electrophilic so we have the basb 
for Ionic polym erization dectrophllk and nudeophilic molecules present In the same m ixture 
Reaction w ith a second molecule o f amine gives an aminal. the nitrogen equivalent o f an acetaL т^и и м н ч км м ^о п м

■-■ОД, —-
MwrnchiMctioft ChapUf 2 7 . °

growth polfW* to t

There are now two nudeophilic atoms In the molecule. Each can read w ith formaldehyde to  form 
more C -N  bonds and so on. making two growth points fo r the polymer.

We do better if  we have two or even three nudeophilic amino groups present In the same 
molecule. W ith three amino groups we w ill produce a branching polymer o f great strength
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■ Nriwi—mK

r mart к а р а и м  Ы  tl«  trtamlms к  mebmkie T hk confound к  itself produced by the 
ration a t t  simple compound. cyaiumide IlfN -C N . and has 0ven Ms name to a group a i

Z - f -
Wbaa the tr iim lm  rtacta \rtlh formald'hyd' branch'd pulynm laaHon can orrur by th* aaait 

n x h a n kn i a<thc O ra m  drew above (ос Ample am lnn  F axhn condensations W h  laciruldrhyd* 
allow amkm la  b . attach'd la many placet n d n H i n  amlra H olt acbb many nr» r « 4
potau. Aa n n p te o a ly  « п а |  p o ly m  m aks

Reactions o f  po lym ers
We h m  so for given lb» impression thal a l polymen ar* formed A lly  armed, м  к  were. from 
monomers already having Ihe correct functionality Thk k. Indeed, often the caw because it can be 
very difficult to persuade polymers to cany out any reactions— reagents cannot penetrate their Inte
r im . Polyester fabrics can be washed without any at the ester linkages being hydrutysed In Ihe wash-

-ХХХГ.. JJJJ



Reactions of polymers

convert the polymer product Into po*y(viny1 alcohol). The most common method o f doing thb  
b  to  use radical polym erization o f vinyl acetate, the enol ester o f acetaldehyde. and hydrolyse tlie

V in y l  a

И п * acetate «пмпиСасЬаа* an *1 а ф  «cat* by taw n

nag h ft-a yp w —

The polym erization o f Ihe end acetate goes In (he usual way.

^4T-
The complete polymer may now be attacked by reagents that cleave the eUn groups W ater к  a 

possibility. but m ethanol penetrates the polym er better and eater exchange In aftallne solution gives 
poly(vlnyl alcohol).

.jq jqx — ОфС]Л
P olylvlnyl alcohol) U soluble In water, unlike almost all other polymers, and d ia l gives И many 

uses In glues and even as a solubllzlng agent In chemical reactions to  make other polym en. 
Polylvlnyl acetate) b  used In paints.

C ross-linking o f  p re fo rm e d  polymers
We have already discussed cross- Ib iklng during polym erization but cross-linking b  often carried out 
ifte r the In itia l polym er b  nude. You saw earlier how poly<dlmethyls&>xane) can he crou llnked by 
Io-polym erization w ith  M eS C I, An alternative way o f . ru ts-linking Ihe linear polym er uaes radical 
reactions lo  convert А са не  o il Into s ilk  one putty. Peroxides an  uaed In thb  process

M e , М \ /  м . ,

v«a»Mte4 а» 
рЫу<с1а<«1Ь,гЬ*Аагч>1

A sim ilar sort o f reaction occurs during the cross Unking o f alkyd res!»  (or paint o a n u fa c lin . 
You may recall that the alkenes are Incorporated In these resins b r  a reason not yet made dear. Now 
hese alkene units come k ilo  their own Oxygen b  lire reagent and U works by radical dlm erlzatkm  o f 
4e chains laee overleaf)

The most Im portant o f a l o f these types o f reactions b  Ihe vulcanization o f rubber. O riginally. 
<K raw lubber was Just healed w ith  su lfu r (S.) and crosa-knklng o f the polylaoprene chains 
e ltlt slm rt chains Ы su lfur atoms gave It extra strength w ithout destroying the elasticity Nowadays. 
I vulcanizing in itia to r, usually a th io l o r a simple disulfide, b  added as w e l. Some examples are
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ihown In the margin The thiols j0v* sulfur radl- *
X V A  с A  with oxygen and the duulhdes cleave easth ~  У ~ \  %  *  \

> —  M l as Ih* S-S hood te weak (about 140 k J ro l 1 In '  [ T  -------►  T T
Sa). We w fl write all thu * as RS* Thr Initiators \  /*  \  / '
either attack thr nsbber d tm tiy  or attack sulfur W

к и г т м м у а м  to uprn thr S, ring
/ X  Thr newly released sulfur radkal can bttt back on to thr m Vw  ch/ten and doat a ring af S- 7 sulfur 

atom, rrleasing a short chain » .
/ Л ч к ^ 1 / ^ Ч / / /  of sulfur a tom  attarhrd to thr ? .  .

U  ^  — i - O
Now thr attack on rabbet ^  J  •  •

-  can atari W t know that vul *
cantard rabbrr has many £  alkenes. whef ras unvulcanUed rubber te a l 2 - i k n t i  This suggests that 

nr, **» adfur radicals do not add to the alkene* but rather abatrart alyifc hydrogen a tom  Writing only 
a small акйон of rubber, w t h m

—  v  -
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T ills  sulfur t id k jl can attack another chain lo  Jive a cross-link or M e back t  
Ihe same chain Many different sulfur links are (tinned and Ihe next diagram su 
the vulcanized rubber struc
ture. There Is some license 
here: In  reality the links 
«Mild not be as dense as 
this, and more than Mm

> give a lin k  w ith in  
nmarizes a part o f

Notice Ihe two clialns joined 
by one crosslink. tha Inter 
nai cross link In the black 
chain. Ihe attachment o f the 
in itia to r (RSI to  the peen 
chain, and Ihe (EB-dienes 
In  both chains

We have not given compositions 
o f complete plastics in  general but 
you m ight like lo  know the typical 
com position o f a m otor tyre. Notice 
tha l the ra tio  o f sulfur lo  rubber b  
about 1 4#—that gives an Idea o f how 
many cross links there are. Notice 
also lhat Ihe rubber contains a peal 
deal o f carbon lo  Improve the wear o f 
the rubber The rales o f the other 
m aterials are explained In Ihe table.

This makes only M  4% In  total ■
and there are sm all amounts o f o ilie r m aterials such as antioxldatits to  prolong die life  o f the rubber.

Though synthetic diene polymers have now replaced natural rubber In many app lica tion , they 
loo  need lo  be cross linked by vulcanization using essentially the same reactions, though the details 
vary from  product to  product and from  company to  company.

Chemical reactions o f cellulose
We met cellulose, the bulk polysaccharide o f woody plants. In  Chapter 4» It b  a strong and flexible 
polym er but no use b r  making fabrics a r film s as It cannot be prnraaaad One solution to  thb  prob
lem b  lo  carry out chemical reactions that transform  Iu  properties. Add-catalysed acetylatiun w ith 
acetic anhydride gives a triacetate w illi most o f Ihe free OH groups converted Into esters

AA \ " ~  A.
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T l*  nartlng niatatd la  t l *  ргосеаа to wood pulp. doth. or paper waste and tht acetic add b added 
f i r t  to 'w dT d«  nulrtia l and alow к  to take up ih r reagents better Organk solvents often do thb to 
polymers Tbe anhy*1dr now «antes out the addcetalysad acatyladon a id  thr cefcdoae triacetate. ш« 1  
thr cefciloae. dbanlves In Ihr reartlun mixture Thr i m  polymer b  «dim known bn^ ly  a> a< rta lr' 

Another cHhdoar product la rayon ТЫ* b realy crluioar Hard temporarily nodtfWd to that H 
can be dissolved and processed to give filnu or fibres Thr starting material (from wood cloth or 
paper) la Impregnated with concentrated KaOH solution Addition of CS* alkiwi some a t thr OH 
gruups to read to  give a xanthate sak that b  auluble In water

_____ _  - y ----------------------------------
Injection at the vbcaus solution of crlhdosr xanthate Into an arldk (H^SO*) bath regenerates thr 

celulaar bу thr revrrae at thb reaction, as a film or a fibre drpendlng on the procras The reauk b 
known as cdophane' If M b  a (Mm or viscose rayon If И b  a fibre

Biodegradable polymers and plastics
It b  necessary to taka only a short wait In moat cltlas to art that рЫОса are not w ry easth dreaded 
biologically, and И b  becoming more important lo  design plastic a. for packaging al кем!, that have 
budl-ln ausc eptlbdity lo  bacteria or fungi Natural polymers baard on proteins and potyucchvldes 
do have that advantage, and one approach b  to use a near natural polymer, poly(hydrorybutyrate) 
or P(J-HB) Thb compound b found hi some microorganisms as massive (by microorganism stan
d a rd )  wfiltUli granules occupying substantial parts of thr ca l—up to Ш% of Ms thy welglit o f the 
c e th  seems that И baaed as a storage compound 0 *e  starch or (al to owcaar) far tac a» carbohy

-  AJUJUXU-
A со-polymer o f P(S-IIB) and polyfhydroxyvaleratr) P(J IIV ) b  alao found In microorganisms 

and performs die same function Thb pulyetf er forms the basb for a good strong but flexible plastic 
for containers such as todetrtea. and b  produced by ICIundrv the name ПОРОГ Microorganisms 
must be able to degrade both P(S-HB) and MOPOL since they themselves use them to store energy

XL aJUJOJUJ
and P(S IIV ) are manufactur'd by fwmentatton 

They can also be produced chemically by thr pedymrrt o don o f a four-membered lactone (ft-butyro- 
lactone). Tbe polymerization b  Initialed by a water molecule thal opens thr first lactone r b *  Tbr 
reaction b  catalysed by Et»AI and contbnias by repealed e*ertfiratton of thr released O il poup.

“ О —  7 Г

wa T lis  haffjens eActendy wMh wry lew palymrrs (becauae Miaae anvymaa do not adal) and b, af 
r. thr reason that they are uatd people tolerate \ф  plastic window fra
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One way In which most polymers do decay Is by the action o f oxygen in  tlie  a ir and o f ligh t. You 
w ill be fam iliar w ith the way that some polymers go yellow after a tim e and some become b rittle .
Coloured plastics, in  particular, absorb ligh t and oxygen-induced radkal reactions follow . The poly
mer becomes too cross-linked and loses fle x ib ility . One Ingenious application o f thb  natural process 
helps to  degrade tlie  polythene rings that hold cans o f beer In packs. These are often discarded and 
decay quite quickly because some carbon monoxide lias been Incorporated in to  the polyethylene to 
make it more sensitive to  photolysb '  * - J f

Chemical reagents can be bonded to polymers
We have le ft th b  subject to  the end o f the chapter because It uses a ll o f the principles we have estab
lished earlier on. It requires an understanding o f radical polym erization, co-polym erization, cross- 
linking. funrtlona lira tlon  o f polymers after they have been made, and so on. Thb b  a rapidlv 
grow ing subject and we can only outline the basks.

I f  you are already wondering why anyone would bother to  attach reagents to  polymers, just th ink 
o f the problems you have had in  the lab in  separating the product you want from  the other products o f 
the reaction, often the spent reagent and inorgank by-products. I f  the reagent b  attached to  a poly
mer. the work-up becomes easier as the spent reagent w ill s tffl be attached and can Just be Altered off.
Polymer-supported reagents can often be reused and thek reactions can even be automated.

You may already be fam iliar w ith ion-exchange resins and we w ill start w ith  them. They are com
m only based on the co-polymer o f styrene and 1.4'-divinyl benzene we dbcussed earlier The polymer
ization b  carried out in  an emulsion in  water so that the organk molecules are In tiny droplets. The 
resulting polymer forms as more 
o r less spherical beads o f less than 
a m illim etre In diameter. They 
can be put through a series o f 
sieves to ensure even sizes If 
required The surface o f eadi bead

(attached to the polymer back
bone) that can be sulfonated In 
the p an  position just like toluene.

A good proportion o f tlie  rings become sulfonated. and the outside o f each bead b  now coated w ith 
strongly acidk sulfonic arid groups. H ie polymer b  an addk reagent that b  not soluble in  any normal 
solvent. It can be packed Into a column or sim ply used as a heterogeneous reagent. In  any case, whatever 
reaction we are doing, there b  no 
d ifficu lty  In separating tlie  organk 
product from  the acid.

A useful bask polymer b 
made by co-polym erization o f 4- 
v lnyl pyridine and styrene.

These polymers are reagents in  themselves, but a new style o f chem btry b  being developed around 
the idea o f attaching reagents to  the polymer. Poly 4-bromostyrene (or a co-polymer w ith  styrene 
itself) allows a number o f different groups to be attached In the place o f the bromine atom. One ex
ample b  a polymer-bound W ittig  reagent The pliosphine can be Introduced by nudeophiUc db- 
placement w ith  P h jP -lJ. an excellent nucleophile, by the addMkm-eMmlnation mechanism (Chapter 
» )
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Though we have shown only о м  bromine Mom and hence only on* Ph,P group on the polymer, 
almost a l o f thr benzene rings In po iy tfym * can be functkmalted If the bromopotymer к  made by 
bromination o f potystyrrnr In thr presence of a Lewis add. Now (hr phosphine can br afcyiated wtth 
an alkyl halide o f your chnlre lo  form a phnaphonlum lalt. « I I  on thr polymrr

Treatment o f thr polymer with BuLi and then th* aldehyde gives a Wittig traction (Chapter SI)

Tbr phosphine oHdr can br reduced back to thr phosphine (for rxamplr. wtth СДОН) w h ir  still 
bound to thr polymer and thr polymer bound rragent can be uard again Separation of Ph,P-() 
from al к r nr products after a Wittig reaction can be quite a nuisance so thr га» of work-up alonr 
nukes th k  an attract*» procedure

It к  no» nrceaury to attach the hincttonal group dkrctly to thr brnzrnr ring Thrrr ar* aome 
advantages In separating thr reartlon from thr polymer by a (pacer . normaly a chain o f allphatk 
carbon atoms. It may alow rragents to approach more easily and It may allow a higher loading of 
functional group* per bead Even a spacer of on* C l l j  group makes Э Д  reactions not only possible 
but favcMrahle at the benzylk position and the moat important of these spacers к  Introduced by 
cMaramethyiatian. Reaction o f the croas-hnked polystyrene wtth McOCHfO and a Lewk add gives 
the beruytlc chioridr vta the Khrr



Г Chemical reagents can be bonded to  polymers 

Autom ated peptide synthesis uses polym er-bound reagents
Automated polymer-based syntliesb comes In to  its own w lien a stepwise polym erization b  required 
w ith  precise control over the addition o f particular monomers In a specific sequence. Thb b  almost a 
de fin ition  o f pepUde syntliesb. Nature attaches eadi am ino add to  a different polym er' (transfer 
RNA) and uses a com puter program (the genetic code) to  assemble the polymers in  the right order 
so that the am ino adds can be jo ined together while bound to  another polymer (a ribosome). No 
protection o f any functional groups b  necessary tn thb  process.

Chemical synthesb o f peptides uses a sim ilar approach but our more prim itive  chem istry has not 
yet escaped from  the need fo r fu ll protection o f all functional groups not Involved In the coupling - 
step. The Idea b  that tlie  firs t am ino add b  attarlied to a polym er bead through Its carboxyl group 
(and a spacer) and then each \-pro tected am ino add b  added tn tu rn . A fter each addition, the N- 
protection must be removed before tlie  next am ino acid b  added. The growing peptide chain b  
attached to the polymer so that all waste products, removed protecting groups, excess reagents, and 
Inorganic rubbish can be washed out after each operation.

•Ufts' 1 jrtljw rT K N  of Ihe 11Л» (C tfirrinM i апмм> jces

*' 1475

Q
PO - , A c o , H

wash out « re t Ии**

ramowal of tha ?
ft** ammo I

NHa
N rw t

Stage I involves two chemical reactions—link in g  the firs t am ino add to  the polymer and remov
ing the ^-pro tecting  group—and two washing operations These four steps would take tim e I f  every
th ing were In solution but. w ith  the compounds attached to  polystyrene beads, they can be carried 
out sim ply by packing the beads in to  a colum n chrom atography-styie and passing reagents and sol-

Stage 2 Involves the addition o f the second ЛГ-protected am ino add w ith  a reagent to  couple It to  
the free am ino group o f the am ino add already tn  place. Removal o f the protecting group from  the 
new am ino add b  needed, fottowed by washes, as in  stage 1.

^  f  ?famoval of th*
•g ro t ro u p4  aa*f*  pw p

I x rvatfdM I .  I wwan (MrtHi j .

— '.ГХ4—V _Y
UCM* и ЯШ.ШШ
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This process must now be repeated untU all o f Die amino acids have been added Finally, a ll tlie  
side chain protecting groups must be removed and the bond Joining the peptide chain to  the poly
mer must be broken to give the free peptide. That Is the process In outline, but we need now to look 
at some o f the chemistry Involved.

It Is obviously im portant that all reactions are very efficient. Suppose that the coupling step 
Joining tlie  second amino add on to  tlie  first goes In 80% yield. Ib is  may not seem bad for a 
chemical reaction, but It would mean that 20% o f the chains consisted o f only the first amino 
acid while 80% contained correctly both first and second Now what happens when the th ird  amino 
add Is added?

m u )

f0-.«0**04
iUMJ
75*.

The diagram shows that four out o f five growing chains w ill be lig h t (1-2) after the first coupling 
step, but after the second (we have put th is one at 75% yield fo r convenience) only three o f the five 
are correct (1 -2 -3). One o f tlie  otliers has the sequence 1-2 and the other 1-3. This situation w ill 
rapidly deteriorate and the fina l peptide w ill be a m ixture o f tliousands uf different peptides. So. fo r a 
start, each reaction must occur in  essentially 100% yie ld  This can be achieved wtth effident reactions 
and an excess o f reagents (w hkh are not a problem in  polymer-supported reactions as tlie  excess Is 
washed away).

Now some detail—and we w ill discuss the M enifie ld version o f peptide synthesis. Spherical croe 
linked polystyrene beads o f about SO цш In diameter are used and attached to  various spacers of 
w hkh the simplest is Just a C llj group from  the chlorom ethybted polystyrene we have Just db 
cussed. The caesium (Cs) salt o f the amino add is used to displace the chloride as It is a better nucle- 
op liile  than tlie  Na or К salts. A better alternative is ‘Pam* (shown In the margin) It can be used as 
the nucleophile to  displace the chloride first The amino add is then added after purifica tion No 
chloromethyt groups can remain on the polymer w ith this spacer.

T lie  next stage b  to  lin k  tlie  carboxyl group o f tlie  second am ino add on to  the amino group o f the 
first. The Boc group (Chapter 24) b  usually used for am ino group protection In the M enifie ld  
method and DCC (dkydohexykarbodlim ide) b  used to  activate the new amino add Here b  a sum 
mary o f thb  step, using symbob again for polymer and spacer
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T V  d r u l i  of ih r reaction п к Ь м к ш  wtth ПСС « w  given Ih С Ц и  41. p. 000. and ran W 
shown mo»» rasdy H w t mark th r polymrr and фасет as T  and (hr cydohrKyf groupa ai R The 
DCT la protonalrd b j r t h f lm  carboxyttc add and к  thru attarkrd by Ih r carboiytair anion Thr 
IntrrmMRalr u  rathrr Mkr an anhydrtdr w tth a C*NR group rrpladitg on* of Ih r rarbonyl groups It 
к  attarkfd by Ih r amino group a t Ih r polyrarr bound amino add. T V  by prndurt It  «Rrydoheiy

Now the Roc poup must br r rnaowd with add (audi aa CFjCOiH  In O lfO * )  and warftrd off 
the column Iravtng thr free N l l j  group a t andno add number two ready for th r n r it  Hep »

ttdr к  rlravrd bum d r  t ir iu  u u J y  wtth HF In pyit i nr or CFjSOjOH In CFjCOjH and 0vwi a Anal 
purtfk adon front nnal amounts a t p*pOdrs a t thr twang авфипст by dvonw to^phy. unwly H F l£ .

T hk proem Is rauttitrty automaird In commrrdaRy avaRatdr marblnat. Sobktana o f a l o f i n  pro- 
Ird rd  amino adds m piked are alt wed In wporale с опЫ пгп  and a |rn p n iin ird  tn p rm  r a t с oupllng
and drprotrctfcin hath rapldty to t h r ..... .. рщЛЬЫ  *ф П * 1  I than Rn y a n  ие«Ы  far «b itfc»
d irm lalry Thr m o l dramatk «uakatlon o f th k  camr wtth Rw pubRcatton a l a hrrok traditional «у»н 
Rwakof b w kn  p— | r t koanar ia—  A ( »  mxfwm ntth  I I I  M dnn — Ц by Hbwtan — .Ш  by 
k d r wtth onr by M m lA rld  using AsnrttunaRard pohwyrmr aa wr h m  d n r tb rd  T V  tradttkmai

n  - . I Л - -  .1 * »-■ —Л----U -  — ■re p iю г iv n in n u  on poly atryumioe get
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operation. The polymer b  a polyacrylamide cross-linked w ith bb-acryian tides joined by 
-N C H « O i.N - em unt

Polar solvents such as water or DMF penetrate the beads, nuking them swell much more than do 
the polystyrene resins This exposes more reactive groups and Increases the loading o f peptide chains 
on each bead. The first amino acid b  attached through Its carboxyl group to  an amino group on the 
polymer, added during or after polymerization by Incorporating more 1.2-dlamlnoethane The 
favoured amino protecting group b  now Fmoc (see Chapter 24). w likh  has Ihe advantage tlia l It can 
be removed under bask conditions (plperidlne) which do not affect arid-labile side-chain protecting 
groups

M elliods like these have made polymer-supported synthesis lo  valuable a method that it  b  now 
being developed for many reactions old and new. A recent (1999) issue o f the Journal Prrtin 
Transactions 1 reported two syntheses o f natural products In which every step was carried out using a 
polymer supported reagent Polymers are v ita l to us In everyday Hfe In a m ultitude o f ways and new 
polymers an  being Invented afi Ihe tim e We have done no more than scratch Ihe surface o f thb  sub 
ject and you should tu rn  to  m on specialized books If you want to  go further

Problems
1- The monomer bbphenol A b  made by the follow ing reaction

crow n-5?
Melamine b  polymerized w ith  formaldehyde to  make form ica
Draw a mechanism for th r first step In thb  process

l l f f w i l  (SO « ytoM ) N H

1. Melamine b  formed by the trim erizatlon o f cyanamide and a 
h in t was given In the chapter as to the mechanbm o f thb  process. 
Expand that h in t In to  a K ill mechanism

4. An acidic resin can be made by the polym erization o f 4- 
vinyipyridine in itiated by AIBN and heat fallowed by treatment of 
the polymer w ith bromoacetate. Explain what b  liappening and 
give a representative pari structure o f the acidic resin



6 W lu l would I *  ihe advantage of (br polymer bound reagent ovei
«м  i / V  mmrndKCt

-  p v ш<У
%. An artlfk lal rubber nuy br nude by cationic polymerization o l "
bobutene using add Initiation «1th BF, and wafer W u 'I s  the «. A polymer that migte bind ̂ eclAcafty to metal ions asid be able
m«' hantom o i the polymer- .. lo  extract them from solution would be baaed on a crown ether
teatlon. and what к  the struc- J1 ___  How would you make a polymrr such as th k ’
tu rre t the polymer’

X X , -
C  When sodium metal Is dtanl 
THF. а р м а  aaftutfon ml a n i

co^--
to f h *  a living polymer What la the structure o f this polymer and 
why tsUcaBed '1Мпц ’

-CCpJ
T. W t IM inditcvdthf Id M o fa ^ a rw b r tw m a b fM n w rtn f  (laa 
polyXynM  in k , I  a d  a fu a n ta u l К а ц , to « a  d u p u t I f  i

i
polymer Is being designed to do W ittig  reactions, why wuuld It be И -  Why does polymeri sation oenw only si relatively low temper 
better to haw a pnup Joined dtrertty lo  the benaene rtng * * * ”  M**CT ttb a l occurs at Mghtr temperatures’
than lo  have a C H j spacer between them? Formaldehyde polym erim  only below about I И Х  but ethylene

stilpdym erlm uptoabautSaO 'C  Whythed

I X  M y fr ta y i chloride) (FVC) to used for rigid M c t s m  like 
window frames and gutters wtth only small amounts a l additives
s u c h a s p lp .e '*  t f  W C  IsuM d iB r f M M t t f t v f t t p l H f c k * .
about 19-39% o f dulkyl phthalates such as die compound below
are Inrorporaled during polymerisation. W liy Is this?

fc A useful rea rm  b r  the amUbtkm ml a lru M  Is T C C
(pyrldlnlum chlorochrumale). Design a polymeric (cr at least
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On Ih* le ft U •  lection o f normal protein w ith glycine and phenylalanine residues (Chapter I t )  In 
the m iddle i i  the Intermediate farmed «hen a molecule o f water attach Ihe amide carbonyl (roup. 
On Ihe right to a piece o f the H IV  protease in h ib ito r The amide nitrogen atom hat been replaced by 
a C H , group (ringed in  Ыаск) so that no tiyd ro lysb ' o f the C-C  bond can occur The in h ib ito r may 
bind but It cannot react

Enzymes Ideally bind thetr substrates strongly and the product o f the reaction much more weakly 
I f  they a rt to  accelerate the reaction they need to  lower th r energy o f the transition date (Chapters 13 
and 41) and they can do thb  by binding the transit ion state o f tlie  reaction strongest o f all We cannot 
lite ra lly synthesize a transition stale analogue because transition states are by defin ition unstable, bul 
Intermediate analogues can be synthesized. The Inh ib ito r above has one OH poup  instead o f the two 
In the genuine Intermediate but thb  turns out lo  be the v ita l one. Thb knowledge was acquired from  
an X-ray crystal structure showing how the enzyme binds the substrate T h t in h ib ito r binds wed lo  
Ihe enzyme but cannot react ю  R blocks the active rile

These compounds are a good deal more sophisticated than this simple analysis suggests For 
example. H IV  proteaae Is a dim eric enzyme and experience w ith  thb  class o f protease suggested cor 
rectly that more or less symmetrically placed heterocyclic rings (Chapters 42-44) would gready 
Improve binding. H err a rt two o f Ihe inhib ito rs w ith the active rite  binding portion framed in  Ыаск 
and the heteracyrkc binding portions framed b i green

These drveiopments looked so prom ising that Merck even set up a completely new research sla 
Host at West Point. Pennsylvania, dadkated to thb  work. The btochenrisl in  charge. D r Irving Segal, 
was one o f th t v ic tim  o f th t lockerb le bombing in  1988 but hb work lives on as Crtxtvan (indinavir) 
b  now one Ы th t cocktail o f three drugs (ATT and JTC. shown w ith the nudtoaldr it  im itates an 
the others) that has revolutionized the treatment ul H IV  Before thb  treatment moat H IV  victim s 
wen drad w ith in 2 yean. Now no one knows how long they w ill survtve as th t com bination o f the 
D m  drugs reduces Ihe amount o f v in e  below detectable Irm k

Crtxhran was not the Ant compound that Merck discovered Many others fe ll by Ihe wayside 
because they were not active enough, were too task, d id n 't last long tnough In th t body, o r fo r other 
reason». Crixivan was developed from  cooperation between biochemists, virologists. X-ray crystalo- 
graphers. and molecular raodetters as w e l as organk chemists. When the chokt o f Crlxlvan from  Ih t 
various drug candidates had been made and the chembis were trying lo  make enough o f It fo r trU k 
and use, Ih tin  was an exceptionally urgent task They knew that a k ilo  o f compound was needed lo  
keep each patient alive and weR (nr a year Merck bu ilt a dedkated plant for the manufacture of 
Crlxlvan at FBtlon, V irginia. In  IM S. W ithin I year, production was running at hiD blast and there 
are thousands o f people alive today as a result

The AIDS crlsb led to  cooptraUon bttween the pharmaceutical companies unparalleled since the 
development o f penkllUn during the Second W orld War Fifteen companies set up an AIDS drug 
development collaboration program m t and government agendas and universities have all Joined In
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The synthesis of Crlxlvan

П »  battle k n o t yet won. d  course. but the W V  р п к п к  Inhibitors arc being followed by a new fen 
шпЛт e l ■ f i i rti mHi t*m m  »— o » laac ШЫЫШх nt t r b  p ruH b i >ob«l—  —i t  lo  b— s. 
Aa example b  Ihe DuPont .Merck compound DMP-2SC. made at a single enantiomer and now

< ombtnation b  ncverthclesi a much dmpler compound than Crtatvan W cahal devotTmost of thi» 
final chapter to the svnthesU of the established and chemically more Interesting drug ( rtxtvan

Tht synthesis of Crixivan
Crtdvaa b  a formidable tyn th rtk  target I t  b  probably th r moat complex compound ever made In 

d m y  Urge amount* mud b r madr because one kilo b  needed per
patient per year. Tbr complexity largely aris
es from thc ilercochembtry. Tliere arc five

mean that three separate pieces Ы asym 
metric synthesis must be drvbed. There arc. 
•Т е м па , a b a a

The two black centres arc 1.2- related and wc have already discussed diem In part at the end of 
Chapter 41 The peen centres are 1.1-related and wc saw In Chapter 4S that thb  type o f control b  
possible tlmugh difficult The orange centre b  1.4-ceialed lo  the nearer green centre and must be

Or*
The challenge with Crtdvan. as with any drug, b  to  make M efficiently— high ybtdb. few steps.
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HjOa and M*CN react to gN« a 
c *c * f- th e C -H

of a *

centre (ringed in  tlie  disconnection diagram) would have to be made in  the enolate alkyiation step, 
so th is step w ill have to  be done diastereoselectlvely.

Let's take these three chiral synthons In turn. First, the simplest one: the central epoxide The 
reagent we need here w ill carry a leaving group, such as a toaylale. and It can easily be made from  the 
epoxy-alcohol. Thb gives a very good way o f making thb  compound as a single enantiomer—a 
S liarplee asymmetric epoxidation o f a llyl alcohol.

f-виООН, ТЦО>?)«

РЧ-) U rtfU

N ext the plperazlne fragment. Thb has two nucleophUk nitrogen atoms and they w ill both need 
protecting w tth different protecting poups to allow them to  be revealed one at a tim e It w tl also 
need to  be made as a single enantiomer In an early route to  Crtdvan. thb  was done by resolution, 
but enanttnselecttve hydrogenation provides a better alternative Starting from  a pyridine derivative.
•  norm al hydrogenation over palladium  on charcoal could be stopped at the tetrahydropyrazine 
stage. The two nitrogens In thb compound are quite different because one b  conjugated w ith the 
amide while one b  not (the curly arrows In the margin show thb). The more nudeophlhc nitrogen— 
the one oat conjugated wtth th r amide—was protected w ith  benzyl chlorofurmate to give the Cbz 
derivative. Now the less reactive nitrogen can be protected wtth a Boc group, using DMAP as a 
nudeophilic catalyst

You met asymmetric hydrogenation using BINAP-m etal complexes in  Chapter 45 as a method 
fo r the synthesb o f am ino adds. The substrate and catalyst are slightly different here, but the p rin 
ciple b  the same: tlie  d iira l ligand, BINAP. directs addition o f hydrogen across the double bond w ith 
almoct perfect enantioselecttvtty and in  m y  high yield. In  Chapter 4S we described thb  as addition 
to  one enantiotopk face o f the alkene. A further hydrogenation step allowed selective removal o f the 
Cbz group, preparing one o f the two nitrogen atoms for alkyiation

The remaining chiral fragment b  a compound whose synthesb was discussed toi Chapter 41, and 
you should nun to  p. 000 for more detalb o f the mechanisms In the reaction sequence. It can 
be made on a reasonably Urge scale (600 kg) In one reaction vessel, starting from  Indene First, the 
double bond b  epoxidized, not w ith a peroxy-acid but w ith tlie  cheaper hydrogen peroxide In an 
acetonltrlle-m etlianol m ixture. Add-catalysed opening o f tlie  epoxide leads to a cation, which takes 
part In  a reversible Riner reaction w ith the acetonltrtle solvent, leading to a single diastereoisomer o f 
a lieterocydk intermediate which b  hydrolysed to  the amino-akohoL



И »  product b. Ы count, rarrm k but. aa It b  an ainitir. rwolutlon wtth an arid dmuid br straight •  
forward Crystallization a t Hi tartrate u tl far exarnplr. leads lo  thr required йпфе rnantfamrr In r*.a i 
И  «% ее Wtth mch cheap starting materials. resolution b  )ual about acceptable. m o  tlwugh R 
waates half thr matartd It would br better Ю uvldt» thc indrnr enanttuariecttveH and retain thr

h thr aaqurnrr: И b  indeed poasfale lo  carry out a u
asymmetric dtfmdraxytatton (Chapter IS) a t tndmr. and thr d id  arm s a  an rquaiy Rood atarttng 
material far thr Rttter traction Thr «rrragrnfc crutrr carrying th r p ren  hydroxyl group remains 
6rady in  p lan  thruugliuut tha routa. and con tro lilh r abauiute cwdfcuratfan ofthc Anal product

И

co-oS -'zoP *- oS-
nmetrtc dihydroiyiation ware n t t n d u l  In thr rywtheab a t 

Crbdvan but thc beat method b  one we d u ll keep till latae. Only one atereogenk centre remains. and 
Ita at emnelectlve formation tuma « i t  lo  be dw moat гетагйаЫг reaction o f the whole aynthesb The 
centre b  thr onr created In Ih r plannrd rmdalr alkyiation atrp

Thr obvious way to make thb centre b  lo  make Y a ddral 
could be used to arylale the auxflbry. wtdch would dbact a 
removed and rcfdacod wtth th r aanbin drnhal partfaat l u t  #w 
protected, haa a rrmarkablr abnilartty to  Evana okaaolldlnonr 
out thal thu amino-akofiol will function very aucceaafully as a



S3 ■ Organic chemistry today <

The reason fo r the ilereoelectfvtty b  not altogether dear, but we would expect tlie  bulky nitrogen 
substituents to  favour form ation o f the d> enolate W ith the am lno atrohol portion arranged as 
shown, the top face Is mote open to attack by electrophlles

T h t enolate also reacted diasterrosriecttveh w tth th t epoxytosylate prepared earlier T h t tp o i 
tde. bring more electrophilk than the tosylate Is opened first giving an alkoxide. which d a ta  again 
to  give a new epoxide

T h t absolute configuration al H it attreogenk centre In (he eposldt was. o f coun t, already 
file d  (by the eartkr m jnlkarkcttvr Sharpiess epoxidation) However к  abo turned out to  be poo l 
ble to  make this compound by a different route Involving a dlaXereoarfccffve reaction o f the alkyla 
lio n  product from  allyl bromide, again directed by Ihe am ino-akuhol-derived auxiliary The 
reagents make the reaction look Икс an lodolaclonlla llon and. Indeed, there are many rim llarities 
w ith the dlastere«selective kidnlactontzatlons o f Chapter 13 NIS (V  lodosucclnlm ldr. Ih t Iodine 
analogue o f NBSI provides ал Г  source, reacting reversible and nonsterroaelectlvtly w ith Ih t 
alkene. O f Ihe Iwo diaslereotsomerk lodoniuni Ions, o a t nuy cyd h t rapidly by intram olecular 
attack o f th t amide carbonyl group CyrltsaOon o f Ihe other diastereoisomer Is prrven ltd  by stark 
hindrance between tlie  parts o f Ihe m o itcu lt coloured green Opening o f the fiv t-m tm b trtd  ring 
gives a single diastereoisomer of Ihe kxioakohol. which was closed lo  Ih t epoxide by treat menl w ith
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The future of organic chemistry

tlie reactive elettruphlle 1 chlurotnethyl pyridine. and tlie Anal prochKt « a  rrystagtaed is  its sulfate

The future o f organic chemistry
Not a l org
AIDS drug. But the chemtatry used In thla project was Invented by i 
bad no Idea that it  would eventual? tw need lo  n u b  Crtxtva* The Sharpiae и р я  
1й>п. U *  catalytic asymmetric reduction. Ihe Ш гм к1 к1 1 п  enable alkyiatlan. and the

W in  drvrlofted by organic С
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T h t reaction ш  also succtssful for n i In titu l'd  salicylaldrhydts W htn Jacobsrn cu n t to  d ttrla p  
M l asym m ttric tpoxldatlnn. which. u n llk t th t Sharpltss asym m ttric rpoxldatlon works for slrnplt 
jlk rn r i and not Just for alM lc alcohols. h t choat salens as his catalysts, partly btcaust they could be 
m adt so raslh from  saHcylaldfhydts For rxam pir

Thb salen' b  (he ligand for manganese In the asymmetric epoxidation The stable brown M n (III) 
complex can be made from  it w ith  M n(O Ac),  in  excellent yield and thb  can be oxidized to the active

Jacobsen epoxidation turned out to  be the best large-scale method for preparing the rb-am lno 
indanol Гог the synthesb o f Crixlvan. Thb process b  very much the cornerstone o f the w liole synthe- 
sb During Ihe development o f tlie  first laboratory route in to  a route usable on a very large scale, 
many methods were tried and the fina l choice fe ll on thb  relatively new type o f asymmetric epoxida 
tlon. The Sliarpless asymmetric epoxidation works only fo r a llylic alcohob (Chapter 4S) and so b  no 
good here. The Sharpiess asymmetric dihydroxylatlon works less well on d *  alkenes than on tram- 
alkenes. The Jacobsen epoxidation w oriu best on rfe-alkenes. The catalyst b  the MnflTT) complex 
easily made from  a chiral diamine and an aromatic satkylaldehyde (a 2-hydroxybenzaldehyde)

The chiraHty comes from  the diamine and the oxidation from  ordinary domestic bleach (NaOCI). 
w lik li continually recreates the M n-O  bond as it  b  used in  the epoxidation O nly 0.7% catalyst b 
needed to  keep the cycle going efficiently The epoxide b  as good as the d io l In the R itter reaction and 
the whole process gives a S0% yield o f enantiom erically pure cb-am ino-indanol on a very Urge Kale.
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Connections
BuMIng on: Arriving at: lo o k ln *  forward t «

•  •  Нм«|и1(сЬмМ 1Т»п*1и4м •U m td M M

Modern science is based on interaction between disciplines
Organic > hernbtry  hm  tracwfarmed  thr materUh Ы everyday Hie , as we have f n  In Chapter Ы. but 
thb b  rarreiy a g ltm pv a t ib r future a l organic material» « 4 m  light entitling polymer*. polymers 
l lu l (ondad electricity. letf-reproduriM o tu n lc  с га м о и м к  in o lm le  that w ort (м и в  и ц |п н г  
Inft). and w n  molrcuirs that think may transform our wurbi In ways not yet Imagined. Three drvH - 

between organic chembts and phytidsta. engineers. material

lopmmtsal the beginning of the twenty llral century are new methods In 
in k  chemists and biologists (The biochemical hack 

pound b  sketched out In Chapters 49-SI.) Thr media s favour Hr a cure (or cancer И already not 
tun a ewe but hundreds Ы successful cures for the hundreds of diseases collectively caled cancer 
А newspaper beadfcu In 19И revealed thal there was asane chance Ы survival for a l known type  of

m e n lo f AIDS 1Ле th r treatment Ы cancer, ih li U a Mary that I i  only Jnal dan lug. bul m o u ^  b 
known to nuke N a U pp ing  йогу full o f hope

W w n AIDS (Acqufrfd Immunr Deficiency Synthon») Ant came Into the new  In the 1«№ ft w n  a

d and eventualy destroyed. The cause was IdentiAcd by fafafaptfs as a new vhuc HIV 
(H um *. Ь птиш иЬ Ь  km y V ln») and aitfMral drop. notably AZT (Chapter 4*). were nard - 
succam. These d rup  Imitate natural nudeculifcs (AZT Imitates deuiythynkknr) and M l  
from copying lb  RNA Into DNA Inside human ce ll hy InMbtdng the enzyme revene tramrr^itaar' 

These (h u p  also Inhibit our own enzymes and are very tonic fttofagbts then dbcovered an alter 
native point o f attack. An enzyme unique lo  the virus ruts up long proteins M o  smal plans aaaentlal 
far th r formation of new H IV  particles. I f  thb enzyme could be Inhibited, no new viruaM would be 
farmed, and the Inhibitor A m id  not damage human chemistry Several companies Invented HIV 
protease inhibit or v  which looked more Ike an a l pieces of proteins with thr weak In k  o f the amide 
bond replaced by a more stable C-C bond

Real peptides art nsualy poor drug» because we have our own peptidases which quickly cul up 
Ingested proteins Into their constituent amino adds hy hydndydt o f the amide lin k  Drugs Out knl 
tate peptides nuy  avoid thb Ignominious fair by replacing the amide bond with another bond has 
susceptible to  hydrolysh Thb part structure d  am  H IV  proteaar Inhibitor makes the putaL

..VjjG.
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In  (lie  same year (1990) that Jacobsen reported tils  asymmetric epoxidation. a group led by 
Tsutomu Katsuki at the University o f Kyushu In Japan reported a closely related asymmetric epoxl 
dation. The chiral catalyst Is also a salen and the metal manganese The oxidant is todoeobenzene 
(P h l-O ) but th is method works best for £  alkenes. It Is no coincidence that Katsuki and Jacobsen 
both worked for Sharpless. It Is not unusual fo r sim ilar discoveries to  be made independently in  d lf 
ferent parts o f Ihe wurid. 
the Ka*»uiu mm|«nne Mien romo*c»v>

» /  v ,
M«OAc)T 414*0 

О,

It d id not enter Caslraglil's wildest dreams that Ills  work m ight some day be useful In a matter of 
Ufe and death Nor did his four co-workers nor Jacobsen's more numerous co-workers see clearly the 
future applications o f the ir work. By Its very nature It b  Impossible to  predict the outcome or Ihe 
applications o f research. But be quite sure o f one tilin g  Good research and exciting discoveries come 
from  a thorough understanding o f the fundamentab o f organk chemistry and require chemists lo  
work as a team . The Ita lian work b  a model o f careful experimentation and a thorough study o f reac
tion  conditions together w ith  sensible explanations o f the ir discoveries using the same curly arrows 
we have been using. The I  larvard team probably had a dearer idea that they were Into something sig 
n ifkan t and worked w ith equal care and precision Jacobsen's name b  famous but both teams at 
Parma and Harvard Universities were needed to  make the work available to  Merck.

unit (not th* м т *  м  the 
Osmond «  of coutm *  pi

vrtnch might b« regarded

When Jacobsen s epoxidation was fu lly  described In 1998-99. the Casbaghl method was aban 
doned In favour o f an even older method discovered In the 1930s by D u ff The remarkable D u ff reac
tion  uses liexam etliylenatetramine. tlie  oligom er o f formaldehyde and ammonia, to  provide the extra 
carbon atom. The otherwise unknown D uff worked at Birmingham Technical College. Later in  1972, 
a W illiam  E. Smith, working In the GEC chemical laboratories at Schenectady. New York, found how 
to make the D u ff reaction more general and better yielding by u s lf*  CF jCOjH as catalyst Even so. 
thb  method gives a lower yield than the Casiraghl method but It uses no dangerous reagenb (particu
la rly no stoichiom etric tin ) and b  more suitable fur large-scale work When D uff was inventing hb 
reaction or Sm ith was m odifying the conditions, asymmetric synthesb was not even a gleam In any
one’s eyes. It b  impossible even fo r tlie  inventor to  predict whether a discovery b  im portant o r not.

CFaCO,»!
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Thr Sharpies* asymmetric dihydrocyiation works best far Iram  disubstituted if t r it tv  wldle (hr 
lacubaen epoxidatiun wurhs best far <k disubstituted alkenes E w « k ilh t t in u lm i, lt im k y M  
far better and m arr general methods Organk chemistry has a long way to go.

I f  you continue your ilu d lr t In organic rh rm U iy  beyond th r scope o f lb k> m k , you w ffl waul lo  
rrad o f modem work In m orr spec ialized a m * Your untversfcy library shoald haw a selection of 
books on topics such a  orbitab and chemkal reactions. NMR y ttn w a p y , enzyme mechanisms, 
nrganometallk chemistry, biosynthesis, asymmetric synthesis, combinatorial chemistry and molec
ular m odeling This book should equip you w ith enough fundamental organk chrm istry to  explore 
these topics w ith understanding and enj oyment and. perhaps, lo  discover what you want to  do far 
th r m l o f your Kir. A l o f the chemists mentioned la this chapter and throughout th r book began 
their careers as student! o f chemistry at unlventdes somewhere In th r world. You have th r good fo r
tune to study chemistry al a time when m orr Is understood about the auhfert than ever before, when 
inform ation Is easier 1a retrieve than ever before, and when organk chemistry Is more interrelated 
w ith other dbctpttnrs than ever before M l.  Sm ith and CariragN felt thenweivts part o f an Interna 
ttonal community o f organk chemists in Industry and universities but never has that community 
been so w r l founded as I I I  nowadays Travel to  laboratories In other < ountries is commonplace far 
students o f organk chemistry mow and even at home you can travel on the internet to  other coun
tries and see what к  going on In chemistry there You might try  th r web pages o f our institutions far 
•  sta ll: Cambridgr к  http 'VWW ch camec и к/ Liverpool Is http7/www llv  ar uk'Chem istry'. and 
Manchester к  http://www chnian ac.uk/. There к  a general Index to chemistry a l ovrr th r world on 
http://www.ch.cam.ac u t ChemSkesIndex Jitm l.
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