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Foreword 

Most of the originally planned volumes of the series The Chemistry of  the Func- 
tional Groups have appeared already or  are in the press. The first two books of the 
series, The Chemistry of Alkenes (1 964) and The Chemistry of the Carbonyl Group 
(1966) each had a second volume published in 1970, with chapters not included in 
the plans of the original volumes and others which were planned but failed to 
materialize. 

This book is the second of a set of supplementary volumes which should include 
material on more than a single functional group. For these volumes a division into 
six categories is envisaged, and supplementary volumes in each of these categories 
will be published as the need arises. These volumes should include ‘missing chapters’ 
as well as chapters which give a unified and comparative treatment of several related 
functional groups together. 

Supplement A:  The Chemistry of Double-Bonded Functional Groups (C=C; 
C=O; C=N; N=N etc.). 

SupplementB: The Chemistry of Acid Derivatives (COOH; COOR; CONHz etc.). 

Supplement C: The Chemistry of Triple-Bonded Functional Groups ( G C ;  C N ;  

-N E N  etc.). 
Supplement D: The Chemistry of Halides and Pseudohalides (-F; -C1; -Br; -1; 

-N3 ; -0CN; -NCO etc.). 
Supplemen? E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and 

their Sulphur Analogues. 
Supplement F: The Chemistry of Amines, Nitroso and Nitro Compounds and 

their Derivatives. 

The planned division is as follows: 

+ 

In the present volume, as usual, the authors have been asked to write chapters in 
the nature of essay-reviews not necessarily giving extensive or encyclopaedic cover- 
age of the material. Once more, not all planned chapters materialized, but we hope 
that additional volumes of Supplement B will appear, when these gaps can be filled 
together with coverage of new developments in the various fields treated. 

SAUL PATAI Jerusalem, May 1979 
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The Chemistry of Functional Groups 
Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to  cover in each volume 
all aspects of the chemistry of one of the important functional groups in organic 
chemistry. The emphasis is laid on the functional group treated and on the effects 
which it exerts on the chemical and physical properties, primarily in the immediate 
vicinity of the group in question, and secondarily on the behaviour of the whole 
molecule. For instance, the volume The Chemistty of the Ether Linkage deals with 
reactions in which the C-0-C group is involved, as well as with the effects of the 
C-0-C group on the reactions of alkyl or aryl groups connected to  the ether 
oxygen. It is the purpose of the volume to  give a complete coverage of all properties 
and reactions of ethers in as far as these depend on the presence of the ether group 
but the primary subject matter is not the whole molecule, but the C-0-C 
functional group. 

A further restriction in the treatment of the various functional groups in these 
volumes is that material included in easily and generally available secondary or  
tertiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, 
various ‘Advances’ and ‘Progress’ series a well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research institutes) should 
not, as a rule, be repeated in detail, unless it is necessary for the balanced treatment 
of the subject. Therefore each of the authors is asked not t o  give an encyclopaedic 
coverage of his subject, but t o  concentrate on the most important recent develop- 
ments and mainly on material that has not been adequately covered by reviews or 
other secondary sources by the time of writing of the chapter, and to  address 
himself to  a reader who is assumed to be at a fairly advanced post-graduate level. 

With these restrictions, it is realized that no  plan can be devised for a volume 
that would give a complete coverage of the subject with no overlap between 
chapters, while at the same time preserving the readability of the text. The Editor 
set himself the goal of attaining reasonable coverage with moderate overlap, with a 
minimum of cross-references between the chapters of each volume. In this manner, 
sufficient freedom is given to each author to  produce readable quasi-monographic 
chapters. 

The general plan of each volume includes the following main sections: 

(a) An introductory chapter dealing with the general and theoretical aspects of 
the group. 

(b)  One or more chapters dealing with the formation of the functional group in 
question, either from groups present in the molecule, or by introducing the new 
group directly or indirectly. 

ix 



X Preface t o  the Series 

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of deter- 
mination including chemical and physical methods, ultraviolet, infrared, nuclear 
magnetic resonance and mass spectra: a chapter dealing with activating and direc- 
tive effects exerted by the group and/or a chapter on the basicity, acidity or 
complex-forming ability of the group (if applicable). 

(d) Chapters on the reactions, transformations and rearrangements which the 
functional group can undergo, either alone or in conjunction with other reagents. 

(e) Special topics which do not fi t  any of the above sections, such as photo- 
chemistry, radiation chemistry, biochemical formations and reactions. Depending 
on the nature of each functional group treated, these special topics may include 
short monographs on related functional groups on which no separate volume is 
planned (e.g. a chapter on ‘Thioketones’ is included in the volume The Chemistry 
of the Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume The 
Chemistry of Alkenes). In other cases certain compounds, though containing only 
the functional group of the title, may have special features so as to be best treated 
in a separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage, or 
Tetraaminoethylenes’ in The Chemistry of the Amino Group. 

This plan entails that the breadth, depth and thought-provoking nature of each 
chapter will differ with the views and inclinations of the author and the presenta- 
tion will necessarily be somewhat uneven. Moreover, a serious problem is caused by 
authors who deliver their manuscript late or not at  all. In order to overcome this 
problem at least to some extent, it was decided to publish certain volumes in several 
parts, without giving consideration to the originally planned logical order of the 
chapters. If after the appearance of the originally planned parts of a volume it is 
found that either owing to non-delivery of chapters, or to new developments in the 
subject, sufficient material has accumulated for publication of a supplementary 
volume, containing material on related functional groups, this will be done as soon 
as possible. 

The overall plan of the volumes in the series ‘The Chemistry of Functional 
Groups’ includes the titles listed below: 

The Chemistry of Alkenes (two volumes) 
The Chemistry of the CarbonyI Group ( two  volumes) 
The Chemistry of the Ether Linkage 
The Chemistry of the Amino Group 
The Chemistry of the Nitro and Nitroso Group ( two  parts) 
The Chemistry of Carboxylic Acids and Esters 
The Chemistry of the Carbon-Nitrogen Double Bond 
The Chemistry of’the Cyano Group 
The Chemistry of Amides 
The Chemistry of the Hydroxyl Group ( two  parts) 
The Chemistry of the Azido Group 
The Chemistry of Acyl Halides 
The Chemistry of the Carbon-Halogen Bond (two parts) 
The Chemistry of Quinonoid Compounds (two parts) 
The Chemistry of the Thiol Group ( two parts) 
The Chemistry of Amidines and Imidates 
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The Chemistry of the Hydrazo, Azo and Azoxy Groups 
The Chemistry of Cyanates and their Thio Derivatives (two parts) 
The Chemistry of Diazonium and Diazo Groups (two parts) 
The Chemistry of the Carbon-Carbon Triple Bond ( two parts) 
Supplement A:  The Chemistry of Double-bonded Functional Groups (two parts) 
Supplement B: The Chemistry of Acid Derivatives ( two parts) 

Titles in press: 
The Chemistry of Ketenes, Allenes and Related Compounds 
Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and 

The Chemistry of the Sulphonium Group 
their Sulphur Analogues 

Future volumes planned include: 
The Chemistry of Organometallic Compounds 
The Chemistry of Sulphur-containing Compounds 
Supplement C: The Chemistry of Triple-bonded Functional Groups 
Supplement D: The Chemistry of Halides and Pseudo-halides 
Supplement F: The Chemistry of Amines, Nitroso and Nitro Groups and their 

Derivatives 

Advice or criticism regarding the plan and execution of this series will be 
welcomed by the Editor. 

The publication of this series would never have started, let alone continued, 
without the support of many persons. First and foremost among these is Dr Arnold 
Weissberger, whose reassurance and trust encouraged me to  tackle this task, and 
who continues to help and advise me. The efficient and patient cooperation of 
several staff-members of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to  thank them by name). Many 
of my friends and colleagues in Israel and overseas helped me in the solution of 
various major and minor matters, and my thanks are due to  all of them, especially 
to Professor Z. Rappoport. Carrying out  such a long-range project would be quite 
impossible without the non-professional but none the less essential participation 
and partnership of my wife. 

The Hebrew University 
Jerusalem, ISRAEL 

SAUL PATAI 
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CHAPTER 12 

Radiation chemistry of acids, esters, 
anhydrides, lactones and lactams 

0. 1. MI616 and 0. S. GAL 
Boris KidriE Institute of Nuclear Sciences, VinEa-Belgrade, Yugoslavia 
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1. Ion-molecule reactions . . 757 
2. Neutral free radicals . 757 
3. Stable products . . 759 

B. Radiation Chemistry of some Carboxylic Acids . . 759 
1. Aceticacid . . 759 
2. Oxalicacid . . 760 
3. Oleic acid . . 762 

C. Aqueous Solutions . - 763 
1. Reactions with radicals of water . - 763 
2. Reactive intermediates . * 766 

a. OHandHadducts . * 766 
b. e&, Adducts . * 768 

111. ESTERS . . 769 
A. Mechanism of Decomposition . - 769 

C. Oxidation of Methyl Oleate . . 771 
D. Aqueous Solutions . . 772 

IV. ANHYDRIDES . . 773 
V. LACTONES . . 773 

A. Aqueous Solutions of Ascorbic Acid . . 774 
1. Reactions with OH radical . 774 
2. Reactions with eiq radical . 775 
3. Reactions with H atoms . . 775 

VI. LACTAMS . . 777 
VII. REFERENCES . . 778 

B. Products . . 770 

I. INTRODUCTION 

T h e  radiolysis of carboxylic acids and their derivatives has been investigated less 
extensively than the radiolysis of water, hydrocarbons and alcohols. However, the 
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general features of radiation-chemical decomposition of these compounds are 
known. The radiation chemistry of these compounds is essentially the chemistry of 
free radicals coupled with the formation of several important intermediate species. 
Absorption of high-energy radiation creates ionization and excitation followed by 
ion-molecule reactions, charge neutralization and dissociation of the resulting 
molecules into free radicals. 

The radiolysis of carboxylic acids is simpler than that  of esters, anhydrides, 
lactones and lactams. This is understandable, since the presence of an  additional 
group gives rise to another combination of elementary reactions. The acids and 
esters have been studies for two reasons. Firstly, these compounds are widely 
spread as natural products and are present in almost all biochemical materials. The 
effect of radiation on  biological macromolecules is rather complex, therefore 
information about radiation decomposition mechanisms of their components such 
as acids and esters is very important. Secondly, in the course of irradiation, a 
number of intermediates are produced whose nature and kinetical behaviour are of 
interest in  free-radical chemistry. 

As energy sources high-energy photons and high-energy particles are used. The 
pulse radiolysis techique is used to  create free radicals which are then monitored by 
optical absorption or  electron spin resonance spectroscopy, electrical conductivity, 
etc. Continuous irradiation, for which gamma rays from 6oCo are mostly used, is 
suitable to study the nature and the overall yield of chemical change. Radiation 
chemistry yields are usually expressed as G-values, the number of molecules 
formed o r  destroyed per 100 eV of energy absorbed by the systems. 

Radiation studies of acids and esters are generally carried out in the liquid state, 
although a certain number of investigations have been devoted to  ionizing radiation 
effects in the solid state. Most extensively studied are aqueous solutions, where 
modes of energy absorption differ from those in pure compounds. In very dilute 
aqueous solutions practically all of the energy is deposited in the water and the 
chemical reactions which occur are caused by interactions of reactive species 
originating from the water. 

This review is predominantly concerned with the radiation chemistry of acids 
and esters. Anhydrides, lactones and lactams have been investigated to  a lesser 
extent, lactones and lactams mainly in connection with some complex compounds 
containing these functional groups. 

II. ACIDS 

A. Ionization-initiated Reactions 

Studies dealing with a number of irradiated organic compounds show that the 
main primary reaction induced by ionized radiation is the creation of a positive 
hole produced by the ejection of an electron. A molecular anion is then produced 
by the capture of the ejected electron'. Other intermediates stabilized in the solid 
state or  detected by pulse radiolysis are believed to  be secondary products origin- 
ating from such positive and negative primary species. 

During the past two decades carboxylic acids have been extensively investigated. 
The interaction of an energetic charged particle with the molecules of a carboxylic 
acid in the irradiated medium leads to  ionization (reaction 1). The ionization is 

RCOOH ........ RCOOH -w.-- RCOOH ........ RCOOH* + e- 

I1 1 
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followed by a rapid train of processes involving different intermediates which can 
be ions or neutral radicals. Radical intermediates have been investigated by e.s.r. at 
low temperatures and by optical pulse radiolysis a t  room temperature. Various 
techniques have also been applied to  the identification of the stable products 
formed by reactions of different intermediates. These studies have subsequently 
improved our  understanding of certain features important for the radiolysis of pure 
carboxylic acids. 

7. Ion-molecule reactions 

Irradiation of a carboxylic acid yields anion radicals produced by the capture of 
an ejected electron (reaction 2).2 The capture of the electron by a COOH group is a 
faster process than its solvation. 

. /o-  
H0 ___. 

RC\OH 
e- + RC, 

OH 

(2) 

The po>itive hole (1) formed in reaction ( 1 )  decomposes into a carboxylic 
radical RCOO. There is evidence that irradiated single crystals of unsaturated 
carboxylic acids and their salts, such as maleic acid3 and potassium hydrogen 
maleate4 *’ or fumarate6 give carboxylic radicals produced by proton tunnelling 
from the positive primary species (1) to  the neighbouring carboxyl oxygen atom 
through the intermolecular hydrogen bond. A similar radical is formed in succinic 
acid7. The transfer of the proton is enhanced by the existence of hydrogen-bonded 
dimers. As a result of this transfer the dimer dissociates as shown in reaction (3).  

’0 (3) 

The unpaired electron is localized mainly on oxygen atoms7. Minakata and 
Iwasaki6 have obtained experimental evidence for the loss of the acidic proton and 
its transfer to the neighbouring molecule and propose the tunnelling model for the 
mechanism of the formation of the carboxyl radical 3. 

2. Neutral free radicals 

It has been found that the carboxyl radical formed by the proton transfer 
reaction (3)  dissociates into an alkyl-type radical, RCHz (4), and a COz mole- 
c ~ l e ~ . ~  (reaction 4). When a saturated carboxylic acid is irradiated at room 
temperature, or when the specimen temperature rises after irradiation, a 71 radical 

(5) is produced by abstraction of the hydrogen atom from the carbon atom 
adjacent to  the carboxylic group of the neighbouring molecule8 (reaction 5). T 

Radicals are also produced in unsaturated compounds by addition of H or R to a 
double bond3. 
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R k H 2  + RCH2COOH - RCH3 + RbHOOH (5) 

( 5 )  

Beside the neutral radicals 3 , 4  and 5 formed by decomposition of the primary 
positive ions, neutral acyl radicals (6) are formed by CO bond scission from the 
negative primary species9 9' (reaction 6). 

./" , 
RC=O + OH- 

(6) RC, O H  

The radiolysis of ionic salts of carboxylic acids might produce the COG ionic 
radical. It seems that significant differences exist in the radiation behaviour of a 
neutral molecular system and an ionic salt system. Thus, there are indications that 
the COT ion could be formed by fragmentation from positive primariesS. Pre- 
viously it was assumed that the CO; ion radical was created in the process of 
decomposition of the anionic species apparently formed by trapping an electron in 
reaction (2)' . However, later observations of the C hyperfine couplings in 
irradiated malonic acid9 *1  * and of the ultraviolet and infrared spectra of irradiated 
succinic acid' have shown that only reaction (6) is produced by negative primary 
species. 
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3. Stable products 

a consequence of the instability of the RCOO radical in reaction (4). The yield of 
carbon dioxide is for the higher homologues of acids in fair approximation inversely 
proportional to the total number of electrons in the molecule. In all acids carbon 
dioxide is liberated on irradiation, leaving as principal organic product the saturated 
hydrocarbon with one carbon atom less than the organic acid, and /or forming a 
saturated hydrocarbon by dimerization of the radical. 

Figure 1 shows the dependence of G ( C 0 2 )  and G(RH) of normal carboxylic 
acids on the chain length' '. There is some difference between decarboxylation in 
the liquid and in the solid state: G ( C 0 2 )  values are independent of temperature for 
acids in the liquid s ta te la ,  whereas G(C02) of solid acids are temperature- 
sensitive' 9 .  Moreover, crystalline acids have generally higher G(CO2) than liquid 
acids' 9 .  In the solid state, acids of odd chain length are more sensitive towards 
ionizing radiation than those of even chain length' 9 ,  and, quite generally, the 
radiolysis of carboxylic acids can be related to  their densities. The depressed 
decarboxylation of the dense short-chain carboxylic acids support this rule' *?'. 

The hydrogen yield increases with molecular weight of the acids whereas the 
opposite is true for carbon dioxide. Some acids have a high radiolytic yield of 
water' 6 .  Very often a process of dimerization occurs during the course of radioly- 
sis. There is no general rule concerning which products are formed in the de- 
composition of acids. In the present review only major and common products are 
mentioned although many other stable species are roduced in small amounts, the 
yields depending on the structure of the acids". In the following section we 
shall describe the radiolytic decomposition of some carboxylic acids, which, either 
for theoretical or  practical reasons, have been extensively and thoroughly invest- 
igated. 

Decarboxylation is one of the major reactigns in the radiolysis of acids' -' , as 

B. Radiation Chemistry of some Carboxylic Acids 

1. Acetic acid 
The radiolysis of acetic acid in both the liquid' , 2 2  --2 and solid state2 6i2 has 

been extensively studied. Transient species have been identified by e.s.r. techniques 
following gamma radiolysis at low temperatures2 72 or by pulse radiolysis com- 
bined with optical spectrophotometry at room temperature2 5 .  Important features 
of the reaction mechanism can be described as follows. 

Taking into account the high yield of anion radical, G(CH3 COOH-) = 4.96, 
found in crystalline acetic acid at 77 K2', it can be assumed that the primary effect 
of the absorption of radiation is ionization: 

CHJCOOH CH3COOH+ + e- 

Xonization in the condensed state is immediately followed by the ion---molecule 
reaction through the hydrogen bond: 

CH3COOH+ ....... CH3COOH - CH3COOH; + CH3COO 

The CH3CO0 radical is very rapidly decomposed: 

CH3COO ---.-+ CH3 + C02 
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For the CH3 COO radical no significant corresponding singlet has been found in 
the e.s.r. spectrum at 77 K. Stable products are formed by reactions (7)-(9). 

CH3 + CH3COOH - 
CH3 + CH3 C2H6 

CH3 + CH3tO - CH3COCH3 

CH4 + CH2COOH 

The high yield of methane (C = 3.9) compared to  the small yield of ethane 
(C = 0.48) and acetone (G = 0.45) indicates that under the conditions imposed by 
gamma radiolysisZ 7 ,  reaction (7) is more efficient than (8) and (9). 

During gamma radiolysis, CH2 COOH radicals disappear by the reaction ( 10) 
giving succinic acid with a yield C(CHzCOOH)2 = 1.7428. 

CH~COOH + CH~COOH - ( C H ~ C O O H ) ~  (1 0)  

The fate of the thermal electron is capture and formation of the unstable ahion 
radical CH3COOH- (reaction 1 1) which dissocciates immediately (reactions 12 and 
13). 

e- + CH3COOH - CH3COOH- (11) 

CH3COOH- - CH3CO + OH- 

CH3COOH- - CH3COO- + H 

Reaction (1 3) is considerably less frequent than ( 1 2)2 v3O and this is supported 
by the high yield of. CH3C0 radical (G = 5 . I z 5 )  and the small yield of Hz 
(C = 0 ~ 5 ~ ~ ) .  The CH3CO radicals disappear by recombination (reaction 14) giving 
biacetyl with C(CH3 CO)z = 2.202 . 

CH3k0 + 6H3CO - (CH3CO)z (14) 

The reactions of hydrogen atoms in liquid acetic acid are the following: 

H + H  - H2 
H + CH3COOH - H2 + kH2COOH 

H + CH3COOH - H2 + C H J C O ~  (1 5) 

Reaction (15) was proposed as an explanation for the U.V. photolysis of a 

The yield of C 0 2  may also indicate the yield of positive ions, i.e. 
solution of Hz S in CH3COOH at  77 K when only CH3 radicals were formed2 '. 

G(CH3COOH') = C(CO2) = 5.40, although G(C02 1 should be sompwhat higher 
since the reaction (15) also indirectly produces C 0 2  through CH3COO. The sum of 
the yields of COZ and CO can be compared to the sum of the yields of CH4, C2H6 
and CH3COCH3. 

The yield of negative ions can be-estimated as the sum of the yields of C H 3 d 0  
radicals and H atoms, where G(CH3CO) should be equal to the sum of the yields of 
CH3COCH3, CO2 and (CH3CO)z. The established material balance is satisfactory 
for stable products formed from both positive and negative ions. Some other 
products present in small amounts have been detected2 8 ,  but their formation does 
not affect the proposed reaction mechanism. 

2. Oxalic acid 

and this fact 
is largely used in radiation dosimetry where the decomposition constant depends on 

Oxalic acid is decomposed radiolytically by a first-order process3 
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the type of radiation. The decomposition yield for gamma rays is about 73 2-34, this 
value being more certain for the anhydrous than for the dihydrated form, where the 
published values differ considerably3 . 

The main product of decomposition is COz, which is formed directly in the 
radiolytic process, and not in subsequent side-reactions. The chemical analysis of 
irradiated acid has shown that CO and Hz as well as small amounts of other 
compounds are formed3 z .  

An important factor in the decomposition of the substance is the presence of the 
hydrogen bonds. By analogy to the mechanism originally proposed for oleic acid3 5 ,  

a scheme for dicarboxylic acid decomposition has been suggested3 6 .  It is assumed 
that the primary radiation damage might occur in any part of the molecule, but the 
defect precursor is in a very short time localized at the double-bonded carboxylic 
oxygen, i.e. near the hydrogen-bond link between two adjacent molecules in the 
crystal: 

0.  ..... ... ... 
c-c 4 HO, 

,c-c 
... O/ 'OH ...... O4 'OH ... 

(7a) (7b) 

Instead of electron transfer, a transfer of hydrogen can occur (owing to  the 
presence of the hydrogen bond): 

Radical 9 decomposes at room temperature by a first-order process3 (reaction 16). 

HOOC-COO' - C 0 2  + 6OOH 

(9) (10) 

This reaction is in accordance with the ratio C ( C 0 2  ) /C (decomposition of 
acid) = 1 found in the radiolysis of anhydrous oxalic acid3 and of  malonic and 
succinic acid as well36. The radical 10 is relatively stable3' and it probably 
disappears by the reaction (17). The ionic species 8 can yield the parent molecule 
by reaction with a mobile electron (reaction 18). 

.COOH CO2 + H 

(10) 

HOOC-C(OH~)+ + e- - ( C O O H ) ~  + H 

Carbon monoxide, found in small amounts, could be formed from the radical 

In the homologous series of dicarboxylic acids, the resistance toward radiation 
Od--COOH, whose presence is also indicated3 

increases with the length of the aliphatic chain3 6 .  

l3  9 .  
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3. Oleic acid 

The interest in the radiolysis of oleic acid is connected with its abundance in 
lipids of living ~ r g a n i s m s ~ O - ~ ~  Oleic acid is not resistant towards radiation: its 
radiolytic yield of alteration in the absence of air is found to be 1 73 5 .  Irradiation 
causes polymerization, cis-trans isomerization, decarboxylation and hydro- 
genation, in order of decreasing intensity. All alterations are considered to  occur 
through reactions of highly reactive intermediates produced in primary processes of 
ionization or covalent-bond homolysis, o r  via direct cis-trans isomeri~ation~ . 

0. I. MiCiC and 0. S. Gal 

oleic acid" + e- 

oleic acid loleic acid)' - CH3(CH2)7CH-CH-CH(CH2)~coOH + H' 

\ . .  elaidic acid 

The allylic radicals formed by primary homolytic and hydrogen-atom abstract- 
ion processes attain a relatively high steady-state concentration (due to their 
resonance stabilization) and might react with a second radical of the same type to  
give unsaturated dimers with two double bonds, e.g. reaction (1 9). 

CH3 (CH2)7- CH=CH-CH-ICH~)BCOOH 

CH3(CH2)7-CH=CH-CH-(CH2)6COOH 
2 CH3(CH2)7CH-CH-CHlCH2)6COOH ----+ I 

119) 

The presence of polymer molecules having a single double bond demonstrates 
that polymerization of the+ ion-radical also takes place. In this case, a primary 
cationic radical. -CH2CH=CHCH2- (formed by localization of a hole on the 
unsaturated group), reacts with an intact olefinic molecule, ultimately producing 
polymers with either vinylic or allylic branching. 

Cis--trans isomerization of oleic to elaidic acid is of considerable importance for 
radiation yields. The mechanism of isomerization is assumed3 to proceed through 
a direct route (a) (subionization excitation processes) and/or an indirect route(b), 
via an intermediate of ionized oleic acid: 

lCH2)7COOH CH31CH217 lCH2)7COOH 
CH3(CH2)7, , \ : /  

/"-"\ 
H 

c=c - 
-e 

H H -.*HvL* H 
/ \  

H 
C H ~ I C H Z ) ~ ,  / 

lCH2)7COOH 

CH31CH2)7\6..F c=c 
H ' 'H H' ' lCH2)7COOH 

The decarboxylation process is initiated by the ionization reaction and follows 
the proton transfer (reaction 3). In the overall stoichiometry of the reaction three 
molecules of the acid are consumed, creating one monomeric hydrocarbon and a 
fatty acid dimer of the diallyl type: 

3RCOOH - RH + CO2 + H2 + dimer 

Hydrogenation of oleic acid is a minor process, but it can be easily demonstrated 
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by the presence of stearic acid and dimeric hydrocarbons. Hydrogen atoms, pro- 
duced principally by CH bond homolysis may be attached to  the double bond: 

+R H li + - C H = C H -  - - c H ~ - C H -  - - C H ~ - C H * -  + 

Experimental data obtained by GLPC and i.r. measurements as well as by gas 
analysis, show that the main radiolytic products are dimers, double or single 
unsaturated hydrocarbons, elaidic acid and gaseous C 0 2  and H2 

There are significant differences between the radiolysis of oleic acid in the liquid 
and in the solid state regarding the extent of changes occurring and in the yield and 
chemical characteristics of the products4 . Radiolysis in the liquid state produces a 
more extensive decomposition; the oligomers have a carboxy content lower than 
that of pure oleic acid and a different degree of unsaturation and yield of COz 
exceeds that of CI7 hydrocarbons by almost a factor of 3. Among the factors 
which contribute to these differences are: stabilization of the molecular ions by the 
crystalline matrix, the decrease of the overall radical yield caused by cage effects 
and the influence of the lattice geometry. 

v 4  . 

C. Aqueous Solutions 

1. Reactions with radicals of water 

The radiation chemistry of simple aliphatic carboxylic acids in aqueous solution 
has been extensively studied. Some of them, such as formic acid, have been among 
the more thoroughly investigated systems in radiation chemistry. 

In fact, all products in aqueous solutions are produced by the reaction of the 
acids with the reactive species formed in the radiolysis of water. When an aqueous 
solution is irradiated by highenergy radiation most of the radiation energy is 
absorbed by water and various primary radicals and molecules are formed (reaction 
20). The values in parentheses represent radiation-chemical yields of the primary 
species formed in water. 

H 2 0  -..- e&(2.6) + H(0.50) + OH(2.65) + H2(0.45) + H ~ o ~ ( 0 . 7 )  (20) 

TABLE 1. Rate constants for the reaction of some carboxylic acids with H, eaq and OH radicals 

k( l  mol-' s-' ) 
- 

Acid H Ref. eiq Ref. OH Ref. 

Formic 7.4 105 
Acetic 8.4 x lo4 
Propionic 6.4 x l o 6  
Glycolic 1.8 x 10' 
Lactic 2.2 x 10' 

Succinic 3.5 x l o 6  

Maleic 6 x  l o 9  
Benzoic 8.5 x 10' 
Phenylacetic 6 x  10' 

oxalic 4.1 105 
Malonic 4.2 105 

Fumaric 9 l o 9  

44 
44 
44 
44 
44 
44 
44 
44 
52 
52 
44 
47 

1.4 x 10' 46 
1.0 x 108 29 
2.2 x 108 48 
4.3 x 10' 48 
6.7 x 10' 48 
2.5 x 10" 49 
1.4 x l o 9  48 
8.6 x l o 9  48 
7.5 109 a 45 
i . 6 x  l o 9  a 45 

3 x 1O'O 50 
5.1 x 10' 50 

2.5 x 10' 51 
1.4 x 10' 51 
4.6 x 10' 51 
4.0 x 10' 51 
4.3 x 10' 51 

8 x l o 6  51 
1.7 x 10' 51 
1.2 x 108 51 
- -. 

- - 
2.1 109 51 

5 109 a 51 

'Anion formed. 
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Primary radicals of water such as hydrated electrons, hydrogen atoms and OH 
radicals react with an acid RCOOH forming different intermediates depending on 
the nature of R and on the pH of solution. The rate constants for the reactions of 
some acids with H, OH and eiq radicals are presented in Table 1. 

The H and OH radicals abstract a hydrogen atom from the alkyl group of 
saturated aliphatic acids (reaction 2 1). 

C,,HB+lCOOH + OH(or H) C,,HaCOOH + HZO(or Hz) (21 1 

The rate constants for carboxylic acids with H atoms are close to  the rate 
constants for the hydrocarbons of the chain R52.  Thus, methane, acetic acid and 
malonic acid all have rate constants about l o 5  1 m o l - ' ~ - ~  and ethane, propionic 
and succinic acid (2-6) x lo6 1 mol-* s- l .  

Acids containing a double or a triple bond are very reactive toward H atoms as 
seen from Table 1. Most unsaturated compounds add H atoms with a rate constant 
of about lo9 1 mol-'s-*. The 30% difference between maleic and fumaric acid is 
indeed expected and demonstrates a small steric-effect on the rate of addition. 
Unsaturated aliphatic acids as well as aromatic acids add H and OH radicals on  the 
double bonds forming different radicals: 

&OOH 
The rates of addition are several orders of magnitude faster than the rates of 
abstraction5 ' . 

The hydrated electron reacts in the first step by addition of an electron to  the 
carboxylic group, producing an anion radical (reaction 22). In the case of formic, 

acetic and propionic acid the decomposition of this anion radical proceeds in two 
parallel first-order processes with comparable rates5 (reaction 23). H atom is 
formed as a product in one of them. 

H + RCOO- 

OH- + RCO 

RCOOH- 

Rate constants are quite different for  the carboxylate anion and for the undis- 
sociated carboxylic acid. Reactions with OH and H are faster with the former 
species, while those with eaq are slower. The reaction of eaq with oxalic acid is a 
good example: the rate constants for the reactions of the acid, and its uni- and 
divalent anion are 2.5 x 10" 4 9 ,  3.4 x 10' 4 9  and lo7  lmol-' s-l 5 4 ,  respec- 
tively. 
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r-- O C6 H5 

xcoo- 

/ CHo 

CH, COO- 

CH3CH(OH)m 

0 C6 H5 CH, 

XCOOk 

I I I I 

0 1 2 

FIGURE. 2. Rate constant data for acids RCOOH with hydrated 
electrons according to Taft’s equation. Data taken from References 
46(0), 48(0), 49(x), 50(0), and 56(m). 

Owing to the localization of an electron on the carboxyl group (reaction 22) ,  the 
effect of a substituent attached to that group and the degree of dissociation of the 
acid is important for the formation and decomposition of the RCOOH- radical. 
Thus the logarithm of the rate constant, log k (reaction 2 2 ) ,  for a series of acids 
with various substituents increases linearly with the parameters T& of the Taft 
equation for those substituents, over four orders of magnitude (see Figure 2 ) .  In the 
case of dicarboxylic acids the statistical factor is taken into account and half the 
value of the rate constant is plotted on the diagram. The large positive slope, 
1.8 * 0 . 2 ,  and the linear dependence of log k and rg  indicate that the inductive 
effect of a substituent R is the most important factor influencing the rate constant 
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of the reection of a hydrated electron with the undissociated carboxyl group. The 
positive value of the slope is in accordance with the reaction mechanism by which 
the hydrated electron is attached to the positive centre of the carboxyl group. 

Glyoxalic acid seems to belong to the same reaction series fitting well the line in 
Figure 2. This is not surprising since the aldehyde group shodd be practically fully 
hydrated. The behaviour of dicarboxylic acids with a negatively-charged substituent 
R is in accordance with the known irregularity of these substituents in other 
reaction series and with doubts about the universal application of 7; parametersS '. 
In the case of benzoic acid, resonance interaction is involved and the rate constant 
is higher than predicted by Taft's equation. The deviation is very small for 
phenylacetic acid where the resonance effect is considerably reduced since the 
phenyl group is separated from the reaction centre by a -CHz - group. 

2. Reactive intermediates 

a. OH and H adducts. Both H atoms and OH radicals are considered to  
dehydrogenate carboxylic acids and their ions in a similar way, (reaction 21), 
forming carboxyl radicals. In a number of cases' the nature of the transient 
species produced in the radiolysis of these monocarboxylic acids has been 
established by pulse radiolysis. 

There are many experimental data for radicals formed in reactions with various 
acids. Optical characteristics and pK values of some of these radicals are given in 
Table 2. For all monocarboxylic acids except formic acid the dissociated forms of 
radicals, C,Hz,,COO- (reaction 21), have absorption maxima in the region of 
325-350 nm practically independent of the number of carbon atoms in the alkyl 

TABLE 2. Optical characteristics and pK values of  radicals produced by pulse radiolysis of 
aqueous solutions of some acids 

~~~ ~~- 

e(1 mol-' pK of pK of 
Acid Radicals Amax cm-') radical acid Reference 

Formic 

Acetic 

Propionic 

Trimet hyl- 
acetic 

Glycolic 

Lactic 

Oxalic 

Malonic 

Benzoic 

COOH 
c0,- 
&H,COOH 
CH. COO- 
CHI,CHCOOH 

CH,C(CH,), COOH 
CH,C(CH,),COO- 
HOCHCOOH 
HOCHCOO - 

HOC(CH,)COOH 

CH,CHCOO- 

-0CHCOO- 

HOC(CH,)COO- 
-OC(CH,)COO- 
60CCOOH 
6OCCOOH- 

-0OCCHCOO - 
C, H (0H)COOH 
C,H,(H)COOH 

HOOC~HCOOH 

240 
240 
320 
350 
300 
335 

<240 
240 

245 
25 5 

<245 
245 
27 5 
24 5 
255 
340 
340 
350 
350 

<245 

1050 
1900 
650 
800 
700 
950 

1800 

5700 
5400 

5100 
5800 
1800 
2600 
-400 
1000 
3800 

<4200 

1 p 3.17 63 

4.5 4.16 58 

4.9 4.88 58 

4.8 5.02 58  

4.6 3.83 59 
8.8 

5.3 3.87 59 
9.8 

1.25 62 
4.28 

5.7 2.86 59 
5.7 

4.4 4.2 60 
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group, and with absorption coefficients of 800-950 1 mol-1 cm-1 5 8 .  The undis- 
sociated radicals C,H2 ,COOH show similar absorption spectra with maxima shifted 
to lower wavelengths. The P-carboxyalkyl radicals have absorption maxima above 
240 nm with absorption coefficients considerably higher than those of the Q radi- 
cals. 

The carboxy-hydroxyalkyl radicals have Lax at  about 250 nm and the absorp  
tion coefficients are about 5000-9000 1 mo1-l cm-' 9 ,  higher than those of 
alcohols6 and simple carboxylic acids' The absorption spectra of fhe poly- 
carboxyalkyl radicals depend on the length of the alkyl group. The -0OCCOOH 
radical does not belong to the same reaction series because of the abstraction of a 
hydrogen atom from the hydroxyl group6 2 ,  whereas malonic and succinic acid 
radicals are similar to the monocarboxyalkyl radicals5 

The pK values for the dissociation of the monocarboxyalkyl radicals are equal to 
those of the parent acid while for  the carboxyl group in the hydroxy-carboxyalkyl 
radicals the p K  values are  higher than those of the parent acids and close to  the pK 
values of the non-substituted acidss9. An exception is the COOH radical which has a 
pK value much lower than that of formic acid6 3. This does not seem unreasonable 
since the electron deficiency on the carbon atom in the radical will tend to  weaken 
the OH bond through a n  inductive effect and COOH should be a stronger acid than 
HC02 H. However, in radicals formed from higher aliphatic acids, the electron- 
deficient centre is separated from the carboxyl group by one or  more methylene 
groups so that its effect is likely to be less pronounced. 

Carboxyl radicals can recombine. The rate constants for the recombination of 
the monocarboxyl radicals are of the order of 1 O9 1 mol-I s-l 5 8 1 5  : 

. 

R2CCOOH + R2CCOOH - Product 

The recombination of two R2kCOO- ion-radicals is approximately half as fast 
since the reactants are species having the same charge. The triple-charged radicals 
formed from hydroxy and polycarboxylic acids decay at  rates lower than 
106 1mol-'s-' 5 9 .  

There is no  rule governing which type of product is formed in the reaction of 
recombination. For COOH and CH2COOH radicals the products are oxalicS4 and 
succinic acid2 respectively. The formation of radicals depends on many factors, 
such as the type of solute, the nature of the carboxyl radicals, the concentration of 
the acid, the pH of the solution, the dose rate, etc. 

The y-radiolysis of acid solutions saturated with oxygen have been extensively 
investigated in order t o  obtain more information in the primary radicals formed in 
water6 4 .  Nevertheless, the observations on peroxycarboxyl radicals 
-00R2CCOOH, produced in oxygen-saturated solution of acids are very scarce. In 
the presence of oxygen, carboxyl radicals react either by forming 0; radicals or 
peroxycarboxyl radicals as in reactions (24) and (25). It was found that the transient 

co; + 0 2  - coq + 02 (24) 

CH~COO- + 0 2  - OOCHzCOO- (25) 

optical absorption spectra of the intermediates produced in the presence of oxygen 
are distinctly different from those observed in absence of oxygen. Peroxycarboxyl 
radicals from acetate, lactate and glycolate have maxima of optical absorption 
spectra at or below 250 nm65.  It was also found that the ionization constants for 
peroxy radicals, OOR2 CCOOH OOR2 CCOO - + H', originating from 
lactate and glycolate, are much lower than those for R2CCOO- radicals. The 
transients formed in oxygenated aqueous acetic acid solutions have recently been 
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studied extensively. It has been found that peroxy radicals, -0OCH2C00- de- 
compose by a second-order reaction 6 .  

b. e& Adducts. Little is known about the products of the reactions of eiq with 
acids. Exceptions are unsaturated aliphatic and aromatic acids, whose products 
were determined by optical pulse radiolysis and e.s.r. techniques. 

The product of the reaction of eiq with formate ions has been investigated and 
is found to be the hydrated formyl radical6 (reaction 26). The HC(OH)2 radicals 
have also been identified as the product of the CO + elq reaction6 '. 

H20 

k = 2.4 lo4 I mot- ls - l  

HCOO- + e& - HC(OH)n + 2OH- (26) 

Three different anionic forms of eiQ adduct of oxalic acid have been identified 
and these are -C(O-)OH COOH, -C(O-)OH COO- and -C(O-)zCOO- '. Each of 
them decomposes by a first-order process and forms the OCCOOH radical. 

CH3CO radicals have been found in aqueous acetic acid solutions. The anionic 
form of the radical CH3COOH-, produced in the first step of the eiq attack, is very 
short-lived and eliminates the OH- group in less than 1 ns30, forming CH3C0 
radical. 

In aqueous solutions radicals produced by the reaction of eiq with a number of 
unsaturated carboxylate ions have been investigated. The acid-base equilibria of 
these radicals have been followed and protonation is found to occur on the 
carboxyl groups6 - 7 2 .  In an e.s.r. study of irradiated aqueous solutions of fuma- 
rate ions70 and fumaric acid72 the formation of uni-, di- and tervalent anions of 
the eiq adduct was found. Two forms of the monovalent anion [H02CCH= 
CHCOz HI -, differing in the location of the proton on the carboxyl oxygens, were 
found. All forms of the ecq adduct are in equilibrium with the pK values shown: 

HO2CC=CC(OH)2 * [IHO2CC=CCo2H]. [HO2CC=CCO? - 
H 

U 

' 1- 
c 

H H 
I p K = 3  I pK = 8.1 

I 
H 

I 
H 

I 
H 

'I' I p K = l O E  

H 

The corresponding radical from maleic acid has also been investigated7 The main 
difference between the eiq adducts of fumaric and maleic acid is in the formation 
of a hydrogen bridge in the case of maleic acid. In acid solution this radical exists in 
two tautomeric forms7 : 

H H H 
/ 

H 

Radical anions produced by the reaction of hydrated electrons with aromatic 
carboxylic acids have been also studied73 9 l4 ,6 O .  The acid-base properties of these 
radicals have been analysed. All protonations of the radical anions are found to take 
place on the carboxyl groups and not on the ring. For benzoic acid, the optical 
pulse r a d i ~ l y s i s ~ ~  and conductivity data74 show that two equilibria for eaq- 



12. Radiation chemistry of acids, esters, anhydrides, lactones and lactams 769 

adducts exist: 

PK * 5.3 p K = 1 2  
C6H5C(OH)2 CgHgC02H- C ~ H ~ C O ~ ' ~  + H+ 

Two ortho-carboxyl groups attached to a benzene ring form a strong hydrogen- 
bonded bridge (1 l) ,  which in the case of the radical produced from phthalate ions 
does not dissociate even a t  pH 14. 

(11) 

111. ESTERS 

A. Mechanism of Decomposition 

The radiation chemistry of esters is much more complex than that of the 
corresponding carboxylic acids. The investigation of intermediates in the radiolysis 
of a number of simple esters clearly shows this difference. Early studies of e.s.r 
s p e ~ t r a ~ ~ s ' ~  in a number of Y-irradiated esters reveal the existence of radical 
anions and secondary radicals which can be formed by abstraction of hydrogen from 
the parent ester. Recently Ayscough and O ~ e r s b y ' ~  investigated by using e.s.r., the 
intermediates formed in the radiolysis at 77 K of 12 simple aliphatic esters and the 
changes induced by thermal annealing. Their suggested general mechanism of 
decomposition is shown in reactions (27) and (28). Trapped electrons are observed 

R'COOR' - tR'COOR21+ + e- (27) 

e- + R'COOR' - CR'COOR'I- (28) 

in several esters (methyl acetate, n-propyl acetate and some others) whereas radical 
anions [R' COOR2 I - are detected in all acetates and propionates. 

[R'COOR']+ + R1COOR2 - [R'C(OH)OR21' + (R'COOR'' or R"C0OR') (29) 

IR'COOR21- - R'COj  + R' (30) 

R'CO? + [R'C(OH)OR']' - R'COOH + R'COOR' (31 1 

or 
k'COOR2) as radical prFdructs and R' CqOH as a yolecular product. The nature of 
the secondary radicals R' COOR2 and R ' C 0 0 k 2  is determined by the fact that 
hydrogen can be abstracted either from the R' or the R2 group; thus, propionates 
and isobutyrates give k' COOR2 radicals' whereas. ethyl and isopropyl esters give 
R' C o o k 2  radicals7 '. To explain the presence of R' radicals an alternative mode 

The reaction sequence (29)-(31) leads to  the formation of k2 and (R' 



770 

of decomposition of [R'COOR' I- has been suggested7': 
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[R'COOR21- - R ' i O  + [OR2]- (32) 

[R'C(OH)OR2]+ + [OR2]- - R'COOR2 + R'OH (33) 

R'kO - U' + CO (34) 

I t  is also possible that these radicals are formed from a molecular cation by 
recapture of an electron followed by decomposition: 

[R'COOR21' - R' + C02 + RZ (35) 

(R ' 'COOR~ or R'COOR~' )  + H (36) 

It appears that the predominant mode of decomposition of the molecular anion 
is by reaction (30) in the case of acetates and propionates and by reaction ( 3 2 )  in 
the case of higher carboxylic acids. However, the mechanism given by the  reactions 
( 2 7 1 4 3 6 )  seems to be a gross oversimplification when compared with the wide 
range of products found in the liquid phase after irradiation. The competing 
decomposition reactions (30) and (32) and possibly (35) depend on the tempera- 
ture and the nature of the solvent. 

B. Products 

The stable radiolytic products of carboxylic esters are Hz, RH, R'H, RCOOH, 
R'OH, C 0 2 ,  CO and hydrocarbons produced by combination of R' and RZ, 
together with smaller amounts of ethers, aldehydes and ketones. If saturated esters 
are irradiated in the pure state, under air-free conditions, a major product is the 
corresponding acid. 

Methyl acetate is one of the esters which has been investigated extensively and 
the distribution of its radiolytic products has been examined in the liquid and 
gaseous phase over a wide temperature range, with and without radical scaven- 
g e r ~ ~ ~ .  The main products are Hz , COz , CH4, CO, Cz H6 and CH3 OCH3. At room 
temperature, radical scavengers reduce the yield of CH4 by 7576, that of H2 and CO 
by about 20%, but have little effect on other products. These results are in 
agreement with the mechanism proposed above in equations ( 2 7 ) - ( 3 6 ) .  

The radiolysis of phenyl acetate 77 K has been investigated by analysis of stable 
products and by observation of reaction intermediates using optical and e.s.r 
spectroscopy7 9 .  The main products of the radiolysis are anisole, phenol and 
o-hydroxyacetophenone. The G-values of products depend upon the aggregate 
state and/or structure of the irradiated phenyl acetate. Thus the G-value of anisole 
in polycrystalline samples is double the value obtained in the glassy samples, while 
the G-value of phenol in polycrystalline phenyl acetate is half that of the value 
obtained in the glassy state. In the radiolysis of liquid phenyl acetate the G-value of 
phenol amounts to 1 -5, whereas anisole is negligibly small. 

I t  is assumed that anisole can be formed by CO elimination from an excited 
phenyl acetate molecule (reaction 3 7 ) .  Phenol may be formed by a process 
independent of the formation of anisole. 
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Diethyl succinate has been irradiated with Y-rays” and 20 different products 
have been found. Among them the most abundant are ethanol, ethyl propionate, 
ethane, hydrogen, carbon monoxide, acetaldehyde and carbon dioxide. This abun- 
dance of products again shows that the radiolysis of esters is a rather complex 
process which incorporates various intermediate reactions. 

The products formed in the irradiation of liquid isopropyl acetate at room 
temperature have also been determined. Products having G-values higher than 0.5 
are acetic acid, hydrogen, carbon monoxide, methane, ethane, propylene, carbon 
dioxide, acetaldehyde and acetoneEo. The presence of a double bond in the case of 
isopropenyl acetate strongly modifies the response to  irradiation: acid formation is 
markedly reduced and the main effect is the formation of a polymer of molecular 
weight 3 60. 

C. Oxidation of Methyl Oleate 

Methyl oleate is an important compound for food lipids and the oxidations of 
pure methyl oleate and its water emulsions, induced by Trays, have been exam- 
ined in details s E  2 ,  

The high G-value for oxygen consumption indicates that the reaction has a chain 
mechanism. The oxidation of many organic liquids induced by ionizing radiation 
under suitable conditions proceeds through a peroxide chain mechanism. 

The radical processes shown in reactions (38)-(40) probably occur in the 
radiolysis. For  the sake of simplicity, the radiolysis is expressed as a process in 
which only R and RH2 type radicals are formedE 

RH-• R + H  

H + RH RH2 

H + R H -  R + H 2  

The transient H atoms either undergo addition to  or take part in abstraction from 
methyl oleate. In both cases they produce radicals which may be subsequently 
scavenged by 02. 

The oxygen is quantitatively converted into the peroxide radical in the initial 
stage of the oxidation process, before the normal propagating sequence takes place: 

R (or RH2) + 0 2  - R 0 2  (or RH202) (41 1 

ROz (or RH202)  + R H  - ROOH (or RH200H)  + R (42) 

The chain-termination stage is shown in reaction (43) with an unsaturated 
ketone as the final product. 

2 1 3 0 ~  - R ’ C H = C H C O R ~  + ROH + o2 (43) 

It has been found that H 0 2  radicals, which might be formed by scavenging 
hydrogen atoms, do not contribute to  the initiation of the reaction since the yield 
of radiolytic hydrogen is G = 1 so that methyl oleate is unaffected by the presence 
of 0281. The above reactions therefore present a simple mechanism of methyl 
oleate oxidation induced by Y-irradiation. 

The kinetics of radiolitically-induced oxidation of an emulsion of methyl oleate 
in waterxz, stabilized by sodium oleate, has been also investigated. Water dispersed 
in form of droplets in methyl oleate has no influence on the oxidation rate, but 
when the ester is dispersed in excess of water its rate of oxidation increases. The 
rate of oxygen consumption is proportional to the square root of the dose rate, as 
in pure methyl oleate, and increases with the ratio of water t o  methyl oleate and 
with the concentration of the emulsifying agent. 
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D. Aqueous Solutions 

Data on the radiolysis of aqueous solutions of esters are rather scarce. In 
aqueous solution the behaviour of esters is essentially similar to that in the pure 
state: the radiolysis is more complex than that of the corresponding acids. The 
reaction with eZq involves the addition of an electron to  the carbonyl group and 
the formation of a radical anion.(reaction 44). The latter may rapidly accept a 
proton producing the radical R1 COHOR2. Another alternative is the dissociative 
electron capture and the formation of a radical (reaction 45). 

(44) 

0. I. MiCik and 0. S. Gal 

eiq  + R ' C O O R ~  - ( R ' ~ o o R ~ ) -  

- 
ea + R ' C O O R ~  - R ' ~ = o  + R ~ O H  + OH- (45) 

The carbonyl group is reactive towards e iq ,  but its reactivity is somewhat 
influenced by the nature of adjoining groups, so that various simple carboxylic 
esters have rate constants varying from 10' to  several times 10' 1 mol-' s-l. Hart 
and coworkerss3 studied the effect of the substituents on the reactivity of the CO 
group with ea; for a number of compounds including esters, aldehydes, ketones, 
carboxylic acids and oximes. They found that the electron from e iq  is placed in an 
orbital of the carbonyl oxygen atom and that a relationship exists between the rate 
constants of esters and the parameters of Taft's equation. 

For reactions with OH and H radicals no similar analysis exists. Only for methyl 
acetate is it assumed that reactions with OH and H may involve abstraction of 
hydrogen atom from acyl and alkoxyl groups, leading to the formation of 
cH2C02  CH3 and CH3 COz e H 2  radicalss4 (reactions 46 and 47). Unfortunately, 

OH + CH3C02CH3 - kH2C02CH3 (or CH3C02kH2) + H 2 0  (46) 

k = 7 x lo7 I rnol-ls-' 

H + CH3C02CH3 - kH2C02CH3 (or CH3C02kH2) + H2 (47) 

k = 6 x  l o 4  I rnol-'s-' 

there is no direct experimental evidence on the formation of intermediates in the 
reactions with e iq ,  H and OH radicals. In the y-radiolysis of aqueous methyl 
acetate solutions radical reactions lead to complex products such as ethylene 
diacetate, dimethyl succinate, methyl p-acetoxypropionate, t o  cite only those 
which have been identified. Acetic acid, methanol and small yields of methane and 
formaldehyde have been found as wells4. Acetic acid is formed to  a great extent 
only in the reaction with eiq. 

Elimination of the acid in the radiolysis of aqueous solutions of esters may occur 
through different mechanisms. Thus in the radiolysis of 2-hydroxyethyl acetate, 
acetic acid is eliminated from a primary radical produced by the reaction of the 
ester with a OH radical (reaction 48). The primary radical undergoes fast fragment- 
ation into acetic acid and formylmethyl radical (reaction 49). The kinetics of 
reaction has keen followed by pulse radiolysis. At higher concentration the ester is 
attacked by CH2 CHO and produces through a chain decomposition acetic acid and 

OH + CH3C02CH2CH20H - H 2 0  + CH3C02kHCH20H (48) 

CH3C026HCH20H CHjCOOH + kH2CHO (49) 

k = 8.5 x lo8 I mol-' s-' 

k = 5 x 1 0 5  Irnol-'s-' 
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acetaldehyde. This elimination of acetic acid may serve as a model for the elim- 
ination of carboxylic acids in the free-radical degradation of diglycerides, carboxy- 
lic acid esters of ceullulose and related substances. 

IV. ANHYDRIDES 

The radiolysis of carboxylic acid anhydrides is considerably simpler than the 
corresponding process for acids and esterse 6 .  This is attributed to the absence of 
intermolecular hydrogen bonds in anhydrides. Unfortunately, the overall effects of 
y-radiation on anhydrides are uncertain since relevant analyses of stable products 
are not available. Therefore radiolysis of these compounds can only be discussed in 
terms of the results of e.s.r. studies related to the trapped radicals at cryogenic 
temperaturee 6 .  

There is evidence that carboxylic acids and esters, after y-irradiation at 77 K, 
can capture thermal electrons to  form radical anions which might be subsequently 
stabilized. In the case of four anhydrides studied, acetic, propionic, N-butyric and 
isobutyric, there is no evidence of such an event. Intermediates trapped at 77 K are 
either alkyl or acyl radicals and secondary aliphatic radicals formed by loss of a 
hydrogen atom from the parent anhydride. 

A mechanism has been suggested for the early radiolytic stage of acetic anhyd- 
ride. It follows closely the sequence postulated earlier for acetic acide6 (reactions 

(CH3C0)20  - (CH3C0)20+  + e- (50) 

(CH3C0)20+  + ( C H 3 C 0 ) 2 0  - (CH3C0)20H+ + CH2COOCOCHj (51 l 

e- + (CH3CO)zO __* (CH3CO)2O- (52) 

50-52). Reaction (52) is extremely rapid and seems to  take place immediately 
after ionization. The failure to observe radical anions is partly due to the rapid 

kHg + (CH3CO)pO - CH4 + kH2COOCOCH3 (55) 

dissociation (reactions 53-55) and partly to the possibility that another proton 
transfer can take place (reaction 56). 

( C H 3 C 0 ) 2 0 &  + CH3CO5 __f CH3COOH + (CH3CO)zO (56) 

This scheme predicts the formation of C H 3 e 0 ,  dH3 and kH2COOCOCH3 in 
y-irradiated acetic anhydride. These radicals have been, indeed, observed in acetic 
anhydride. Similar radicals have been identified in other anhydrides. Differences 
between the behaviour of the four anhydrides studied are attributed to the greater 
stability of the higher acyl radicals and to the more facile abstraction of H atoms 
from higher anhydrides. Thus alkyl radicals are not observed in normal and 
isobutyric anhydrides. 

In the absence of other information about products, these e.s.r. data on acyl 
radicals and radicals formed by loss of a hydrogen atom are insufficient to postulate 
a specific mechanism for the radiolysis of carboxylic acid anhydrides. 

V. LACTONES 

Radiation-chemical studies of lactones have been mainly focused on aqueous 
solutions of ascorbic acid and related compounds. Ascorbic acid is a typical 
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representative of a large group of lactones known to be very radiation-sensitive in 
aqueous solutions 

A. Aqueous Solutions of Ascorbic Acid 

When irradiated in aqueous solution, ascorbic acid (AH2) is oxidized to dehydro- 
ascorbic acid (A) through the formation of a radical intermediate (AH-) (reaction 
57). A G-yield of 7.8 has been found for the loss of ascorbic acid in an 

w 
AH2 - A i  - A + H20 (57)  

air-saturated solutiona7 and owing to this high yield it has been suggested that in 
addition to OH radicals, H02 and probably also organic peroxy radicals participate 
in the overall oxidation. However, no indication has been obtained that oxygen 
takes part in a chain reaction. Analysis of the products and the decay kinetics of 
the free radical AH- suggest a disproportionation mechanism (reaction 5 8). 

A i  + A h  A + AH;! (58)  

From a biological viewpoint the redox reaction is the most important chemical 
characteristic of ascorbic acid and therefore the nature of its free radicals and the 
mechanism of their formation are the main subjects of investigation. In fact, 
whatever radical is formed by irradiation of water, it  will produce an oxidized 
ascorbic acid radical, AH., a transient intermediate of an oxidation level in between 
ascorbic and dehydroascorbic acid. Ample evidence of its presence is furnished by 
e.s.r. and optical spectroscopya8 - g  3. 

1. Reactions with OH radical 

Ascorbic acid reacts with an OH radical by electron transfer to the latter o r  
indirectly by addition of OH to the double bond at either the C(2 ) or C(3 position, 
followed by loss of wateraa*89. Pulse radiolysis experiments show that this reaction 
is completed within a millisecondag. 

In the region of pH 1-13 the radical 12 has been identified by e.s.r. and optical 
pulse radiolysisa8-93. This radical is an anion with the unpaired electron spread 

(12b) 
pH = 1 

over a highly conjugated tricarbonyl system. Its existence over such a large region 
of pH suggests an extremely acidic character. It protonates, indeed, with a pK value 
of 0.4589, which means it is by four orders of magnitude more acidic than ascorbic 
acid itself whose first ionization corresponds to a pK1 value of 4.1. 

In the region of pH 0-6 another radical ( 1  3) is produced in addition to radical 
12, most probably by addition of OH to  the C(2)=C(3) double bondg0. Its 
protonation equilibrium has a pK value of 2.0. In  fact, owing to the two tautomeric 
forms of ascorbic acid the mechanism is more complex and several precursor 
radicals can be formedg3. 
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.. ,c--c pK = 2.0 

(13a) (13b) 

The rate of reaction of OH with ascorbic acid (Table 3) suggests an almost 
diffusion-controlled process. This high rate is due to  the fact that the acid easily 
undergoes reversible oxidation at the point of unsaturation, the C(OH)=C(OH) 
group being dehydrogenated to -CO-CO-94. 

2. Reactions with eiq radical 
Characteristics of the highly oxygenated parent anion AH- present in aqueous 

solutions of ascorbic acid and similar compounds can be deduced from their 
reaction with hydrated electrons. 

Experiments with a-bromotetronic acid show that hydrated electrons react 
with this model compound producing bromide ion and tetronic acid with a high 
efficiency. Optical and conductometric pulse radiolysis studied8 indicate that the 
radical anions resulting from bromide elimination, after electron capture, protonate 
very rapidly forming an intermediate, neutral entity: 

AH-. DH 7 

Protonated radical 

I t  is important to note that in the above system the initial radical is an oxyanion in 
which thc unpaired electron is coupled to  oxygen through an ethylene linkage, 
-C(O-)=C-, so that it protonates very rapidly at the radical site. The protonated 
form, being 3 i r  radical, should abstract hydrogen from a hydrogcn donor relatively 
slowly: 

relatively slow 

H donor 
Protonated radical 

3. Reactions with H atoms 

Hydrogen atoms react with ascorbic acid in aqueous solution principally by 
addition to the double bond and to a lesser extent, by hydrogen abstraction from 
the hydroxylated side-chaing5. The rate constant depends on pHg6 (Table 3), 
owing to the ionic dissociation of ascorbic acid, and this is usual when acid-base 
equilibria are involved. Its value is only about lo8 1 mol-' s-l , i.e. 10 times lower 
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than the rate constants of other unsaturated acids, which indicates a strong 
deactivating effect of OH groups on the addition of H atoms t o  the double bond. 
The yield of molecular hydrogen is considerably greater than G(H2) originating 
directly from water. This higher yield supports the assumption that hydrogen atoms 
are abstracted from ascorbic acid. 

VI. LACTAMS 

Interest in the radiation-chemical behaviour of antibiotics has stimulated 
investigation into the effect of radiation on the lactam ring in various compounds. 
Studies of the Y -radiolytic stability of penicillinsg ' - l o  O ,  which contain a fused 
p-lactam thiazolidine ring in their structure, show that the p-lactam part is most 
susceptible toward irradiation. Spectroscopic data of the radiolytic products iso- 
lated from irradiated penicillins show that in almost all the products no absor tion 

The main gaseous product of radiolysis of a series of penicillins was found to be 
CO, which also suggests that decomposition of the f3-lactam ring occurs''. Data 
obtained with y-irradiated aminobenzylpenicillins show that the presence of water 

bands corresponding to  frequencies of the p-lactam ring can be found' P , l o o  

C6 H5 CHCO N HCH -CH 's'c,cH,), 
I I I I 

I 
CCOOH x n H 2 0  

I I 
NH2 C0-N- 

Arninobenzylpenicillin 

of crystallization can be very important. Thus, Y-irradiated hydrated amine  
benzylpenicillin exibits an e.s.r. spectrum which is assigned to  the presence of an 
unpaired electron on the nitrogen atom of the p-lactam ring; but a similar 
spectrum has not been found in the dehydrated samples after irradiations. It is 
assumed that an interaction between the OH radicals from the water of crystal- 
lization and the P-lactam ring leads to  the formation of the above mentioned 
radical with an unpaired electron on the nitrogen. An unpaired electron on the 
carbon atom formed by a C-N bond cleavage should be rapidly paired upon 
addition of the OH radical, so that instead of the p-lactam a COOH group appears. 

An investigation dealing with the radiolysis of penicillins in aqueous solution' I 

has provided more information about the radiation susceptibility of the lactam 
group. The radiolytic yield of degradation of benzylpenicillins after irradiation in 
aqueous solution is rather high. The C(-benzylpenicillin) is 3.8 in mol 
solutions, indicating that both e;lq and OH from water radiolysis participate in the 
degradation. The rate constants for the reactions of benzylpenicillin with eaq- and 
OH radicals, obtained by the pulse radiolysis technique, are 2.7 x lo9  1 mol-' s-l 

and 3.4 x lo9  1 mol-' s-' respectively. The radiolytic products are supposed to  
originate from an attack of OH and/or e iq  in the p-lactam ring. Thus, the major 
degradation product, benzylpenilloic acid, has similar yields in argon and N2 0 
saturated solutions, 1.5 and 1.2, respectively. This product could be formed from 
an attack of eiq on the carbonyl group of the p-lactam ring in benzylpenicillin, 
followed by a loss of carbon monoxide. On the other hand, the hydrogen atom at 
C(6) is activated by the 6-amido group, so that abstraction of this hydrogen atom 
by O H  would further weaken the already strainedb-lactam ring leading t o  cleavage 
of the C-N bond. Subsequent loss of CO would again produce benzylpenilloic acid. 
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1. INTRODUCTION 

The past fifteen years have seen a tremendous expansion in the area of organic 
electrochemistry. With the advent of readily available, and relatively inexpensive, 
electronic equipment for carrying out  electrochemical experiments, synthetic and 
physical organic chemists have gradually adopted electrochemical techniques for 
both synthetic and mechanistic organic studies. From the other extreme electro- 
chemists have turned their attention to organic problems and have begun to  unravel 
the intricacies of organic electrode processes. 

With the expansion in this area has come an abundance of literature in the form 
of both b0oksl-l * and review articles 12-' 5 ,  and papers describing electro- 
chemical synthesis are more and more frequently found in non-electrochemical 
journals. 

Carboxylic acids and derivatives have played an important role in the develop- 
ment of organic electrochemistry, notably through the Kolbe oxidation of carboxy- 
lates, an extensive subject in its own right which has already been reviewed in this 
seriesL6 and in a recent book3, and is covered annually as part of a broader 
reviewI2. For the purposes of this review, therefore, we shall concentrate on  
cathodic reductions of carboxylic acids and derivatives in a n  attempt to redress the 
balance. 

For each type of  compound we shall consider two different types of reaction. 
Firstly, reactions in which the carboxyl group is electroactive and is transformed as 
a result of the electrochemistry and, secondly, reactions in which the  carboxyl 
group exerts an  activating or modifying influence, so that the actual transformation 
occurs in some other part of the molecule. In certain cases both types of reaction 
may occur in competition with one another. Consideration of the second type of 
reaction will, hopefully, accomplish the goal of giving a broader survey of reaction 
types. 

The aim of this review is to demonstrate the wide range of electrochemical 
syntheses to be found in this area, bu t  not at the expense of excluding mechanistic 
considerations. Wherever electroanalytical data are available, they will, of course, be 
included in the discussion. It is assumed that the reader is familiar with electro- 
chemical techniques, such as controlled potential electrolysis, cyclic voltammetry, 
polarography, etc. These have been adequately described in the litera- 
b r e 4  , 5 . i  6 a.17 

I I .  CATHODIC REDUCTION REACTIONS 

A. Carboxylic Acids 

The cathodic reduction of carboxylic acids is an area that has been studied 
sporadically since the beginning of the century and is documented in Fichter's 
classic survey of early organic electrochemistry' and in more recent reviews' p 3  9 ' .  

Cathodic reduction, however, is the lesser studied of the two aspects of carboxylic 
acid electrochemistry and has not received as much attention as carboxylate 
oxidation. To some extent the carboxylic acids which undergo efficient cathodic 
reduction and those which undergo the Kolbe reaction fall into groups which are 
complementary to  one another, as will become apparent. 

I t  has been amply demonstrated that the reduction of the carboxylic acid group 
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may take place in four different ways: 

RC02H - 

RCHO + H 2 0  (2)  

6H+ RCH20H + H 2 0  (3) i-: 
L+ 6 H  RCHj  + 2 H 2 0  (4) 

Successful utilization of the reactions shown in equations ( 2 ) ,  (3) and (4) is 
dependent primarily on being able to avoid the  trivial reaction (1). The outcome of 
the reaction, reduction of the proton or  the carbonyl group, depends on the nature 
of the group R. Unless the C=O double bond is activated towards reduction, either 
by conjugation with an aromatic or  heterocyclic ring, or by  a neighbouring 
electron-withdrawing group, then, with few exceptions, hydrogen evolution will be 
the major reaction. 

Even if the  structure of the carboxylic acid is such that an efficient cathodic 
reduction may be predicted, the experimental variables must be carefully con- 
trolled. Firstly, the cathode material must be a high hydrogen overvoltage material, 
typically mercury or lead, so that hydrogen evolution does not occur at low 
potentials, masking the desired reaction. 

Secondly, the  pH of the solution is an important factor, Strongly alkaline 
solutions will lead to  formation of carboxylate ion which is even more difficult 
to reduce than free acid. Carboxylic acid reductions are, therefore, normally 
carried out in slightly alkaline or acid solution where the free acid is available 
for reduction and, in some cases, in stfongly acidic solution where the  posi- 
tively charged, protonated acid, RC02 H2 , is probably the electroactive species. 
The acid structure, the pH of the solution, the temperature, the electrode material 
and the use of added complexing agents or  extracting solvents may all affect the 
relative contributions of equations (1)-(4) to the overall reaction, and, thus, the 
nature of the isolated products. 

The basic difficulty which has to  be overcome in isolating an aldehyde (equation 
2) from the reduction of a carboxylic acid is that the aldehyde is generally far more 
easily reducible than the acid from which it is formed. Looking at equations (2) and 
(3),  then, one would predict that at the potential necessary to reduce the acid the 
reaction would go right through to  the alcohol stage. However, equation ( 2 )  is an 
oversimplification of the reaction pathway. The first step in the reduction is 
actually the formation of the hydrated aldehyde (equation 5). the hydrated 
aldehyde is not electroactive. Loss of water (equation 6 )  leads to  the reducible 

(5) 

OH 
/ 

\ 

Z e  
RC02H 2H+ * RCH 

OH 

- - RCHO + H2O 
/OH 

RCH 
\ 

OH 

(6) 
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aldehyde. The hydrated aldehyde may escape from the diffusion layer around the 
electrode and into the bulk of the solution depending on the rate constant for 
equation ( 6 ) .  Once in the bulk of the solution, the rate and equilibrium constants 
for equation ( 6 )  determine whether a substantial concentration of free aldehyde 
builds u p  in the solution during the electrolysis. If the free aldehyde concentration 
builds up, then the aldehyde will diffuse back to  the cathode and be reduced t o  the 
alcohol. In this case the aldehyde must be trapped, either by complexing o r  with an 
extracting solvent. Where the hydrated aldehyde is stable, the electrolysis may be 
run to  completion with no alcohol formation. 

Once the reduction product is formed, it normally has to be protected from 
reoxidation at the anode. This is accomplished by carrying out  the reaction in a 
divided cell where the anode and cathode compartments are separated either by a 
porous membrane e.g. ceramic, sintered glass, or by an ion exchange membrane. 

These general considerations will now be illustrated by reference to  three types 
of acids-aromatic, heterocyclic and aliphatic. 

7. Aroma tic acids 

The cathodic reduction of benzoic acid to  benzaldehyde 
was reported as long ago as 1908 by Mettler' 9. The electrolysis was carried out  
using a mercury cathode in an undivided cell and a solution of sodium benzoate, 
sodium sulphate and boric acid in water. Benzene was used to  extract the benz- 
aldehyde from the electrolysis solution as it was formed and yields of 30-50% were 
claimed (equation 7). This method was revised by Wagenknecht2 who studied the 

a. Aldehyde formation. 

reduction of a series of carboxylic acids to the corresponding aldehydes. There were 
several differences from Mettler's procedure. Ammonium carboxylates were used in 
a divided cell with a mercury cathode and a constant current density of 
10 mA/cm2 ; the pH was controlled at 6 k 0.2. Systems with boric acid, ammonium 
dihydrogen phosphate or no added buffer were investigated. Benzene was used to  
extract the aldehydes as they were formed, and analysis of the benzene solutions by 
gas chromatography at 5% theoretical conversion gave the results shown in Table 1. 

Table 1 serves to illustrate some of the generalizations made earlier. Firstly, the 
effect of structure may be seen. Benzoic acid, with a conjugated carboxyl group, 
gives a reasonable current efficiency for aldehyde formation, whilst the non- 
conjugated phenylacetic and phenoxyacetic acids give no reduction at all. Electron- 
donating substituents in the aromatic nucleus cause a marked decrease in yield, 
except in the special case of salicyclic acid and its derivatives which will be 
discussed later. Electron-withdrawing fluoro and cyano substituents cause very little 
change in aldehyde yield. 

Parallels may be drawn between the pK, values of the conjugated aromatic acids 
and reduction efficiencies, with a maximum pK, value of about 4.40 for reduction 
to  occur under these conditions. A better correlation exists between yields and 
polarographic half-wave potentials of the methyl esters of the acids. If the ester has 
a reduction potential more negative than -2.20 (vs. SCE), then reduction of the acid 
is likely to  be very inefficient. 

The aldehyde hydration equilibria and efficiency of extraction of the aldehyde 
into benzene are such that very little alcohol was formed in any of these reactions. 
In an experiment taken to  50% conversion of salicylic acid an 80% chemical yield 
of salicylaldehyde and only 4% of the alcohol, saligenin were obtained. The type of 
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TABLE 1. Reduction of various carboxylic acids to the corresponding aldehydes' 

Current 
efficiency El/* vs 

Acid (%) Buffer PKa" SCEd 

Benzoic 8 None 
Benzoic 42 Phosphate 

salicylic Trace None 
Salicylic Trace Phosphate 
p-Hydroxybenzoic 3 H3B0, 4.48 -2.32e 
o-Methoxybenzoic 55 H W ,  4.08 
o-Methoxybenzoic 7 None 
o-Methoxybenzoic 43 Phosphate 
p-Methoxybenzoic 1.75 H3BO3 4.47 -2.31e 

Benzoic 55 H3 BO3 4.20 -2.124 

Salicylic 73 H3BO2 3.00 -2.02e 

0-Toluic 3 H3BO3 3.91 -2.21d 
P-TOlUiC 15 H3BO3 4.37 -2.20d. 
o-Acetoxybenzoic 41 H3BO3 3.49 

p-Cyanobenzoic 37 H3BO3 3.55 

o-Acetoxybenzoic 1.5 None 
o-Acetoxybenzoic 3.5 Phosphate 

o-Fluorobenzoic 41 H3BO3 3.27 
o-Fluorobenzoic 14 None 
o-Fluorobenzoic 46 Phosphate 
Vanillic 5 H3BO3 4.48 
Phenylacetic None H3BO3 4.31 
Phenoxyacetic None H3BO3 3.17 

'Reprinted with permission from J. H. Wagenknecht, J. Org. Chetn., 37, 15 13 (1 972). 
Copyright by the American Chemical Society. 
bTo the corresponding aldehyde. 
'Values taken from Handbook of Tables for Organic Cornpound Identification, 3rd ed., 
Chemical Rubber Co., Cleveland Ohio, 1967. 
%slues determined for the methyl esters in 50% ethanol containing 0.1 M Et,N+C10,-. 
eValues taken from T. Arai, Nippori Kagaku Zasshi, 89, 188 (1?68), were converted to 
the numbers shown by addition of -0.42 V as determined from the two overlapping 
compounds, methyl benzoate and methyl p-toluate. 

buffer system used for the  reduction caused significant changes in results. For 
benzoic acid either a phosphate or boric acid buffer led to  reasonable aldehyde 
yields, whilst in t h e  solution with no added buffer the pH at t h e  cathode surface 
became very highZ and reduction inefficient, hydrogen evolution presumably 
accounting for most of t h e  current. Since free carboxylic acid is not likely to exist 
under these very basic conditions at  the cathode surface and benzoate anion shows 
no polarographic reduction waveZ 2 ,  it was proposed that reduction of an  ion pair 
was taking place in the unbuffered solution. 

This same type of variation in yield with different buffer systems was observed 
for o-fluorobenzoic acid but not for salicylic acid and its methyl and acetyl 
derivatives. In these cases formation of a borate complex occurs and the complex is 
more easily reducible than the  free acid. 

The cathodic reduction of salicylic acid (equation 8) has probably been more 
intensively studied than any other carboxylic acid reduction. The  desired product, 
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salicylaldehyde, is used in the synthesis of coumarin for perfumery and other 
purposes. 

2 2 e  H+ B acHo + HzO 

OH 

(8 )  

The reduction was first carried out by WeilZ3 and by MettlerI9 using Mettler’s 
method described above for benzoic acid. Yields of 30-50% were claimed. How- 
ever, Tesh and Lowy24 were able to  obtain only a 20% yield using this method. 
Using a modified procedure, whereby sodium bisulphite was added to the catholyte 
to trap salicylaldehyde as a non-reducible bisulphite compound, the yield of 
aldehyde was increased to  55%. Kawada and YosidaZ5 improved upon this figure 
still further, obtaining an 80% yield of aldehyde using a catholyte containing 
sodium sulphate, bisulphite and salicylate, boric acid and borax. 

substantiated the results of Tesh and 
Lowy but were not able to obtain the high yields claimed by the Japanese 
workers2 and thought the attainment of higher yields improbable, even though 
they did not investigate Kawada and Yosida’s exact conditions. 

More recently, Udupa and Dey have studied this reaction using amalgamated 
copper cathodes and have shown that, whilst stationary cathodes give only a 10% 
yield of ~alicylaldehyde~ ’, rotation of the  cylindrical cathodes at 1800 r.p.m. 
increases the yield28 to 55-60%, possibly because of better pH control at t he  
cathode surface. 

Some twenty years later May and Kobe2 

Dissolver 

Salicyl 
aldehyde 

! 
_____.-____ - - - - - - -  - - A  

__-_ Dotted lines show 
the course of the pmcess 
after every fourth reuse 
of the electrolyte 

r---- 

; concentmtion 

Cooler Salicylic 
ocid 

L ____________..___._________ L _ _ _ _ _ _ _  * _ _ _ _ - _ _  

I I  

FIGURE 1 .  Flowsheet for the electrolytic production of salicylaldehyde. Taken from 
K.  S. Udupa and coworkers, Itid. Chern, 39, 238 (1963). Reproduced by permission of 
Processing (IPC Industrial Press Ltd.). 
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Using this technology Udupa and coworkersZ9 have constructed a 300 A cell 
which can produce one  kilogram of salicylaldehyde in about four hours. With the 
exception of the cathodes, the conditions are basically the same as those used by 
other workers. Boric acid is used to  promote the reduction at pH 5.5-5.7, about 
15°C and 12-15 A/dm*, with sodium bisulphite to  stabilize the product. Lead 
anodes were separated from the catholyte by microporous rubber and later30 
asbestos diaphragms. The salicylaldehyde was steam-distilled from the catholyte 
without acidification and the catholyte reused after makeup with salicylic acid. The 
average of four runs with the same batch of electrolyte gave a yield of 80% and a 
current efficiency of 3 5%. 

In Figure 1 a flowsheet is given for a semicontinuous production unit capable of 
producing 50 kglday of salicylaldehyde. 

A pilot-scale unit has also been built by Fioshin and coworkers, in this case with 
a mercury cathode3 l .  They have claimed that a small electrochemical unit with a 
capacity of 10-1 5 tonslyear would produce salicylaldehyde at 40% of the cost of 
the chemically produced material. To put these figures in perspective the 1974 
United States annual sales of salicylaldehyde amounted to  3.99 million pounds3 
(about 1800 tons), so that both of these units are a long way from commercial 
production size. Significant changes would have to  be made to  make either process 
truly commercial. 

The preparative results on salicylic acid reduction are summarized in Table 2. 
The preparative features of this reaction are, thus, well established and more 
recently attention has been turned to  mechanistic questions. The specific effect of 
boric acid on salicyclic acid reduction has been known for seventy years and 
complex formation postulated' but not pursued electrochemically until Eke1 
and coworkers undertook a polarographic investigation3 3. It was shown that the 
proton reduction wave of boric acid in aqueous tetraethylammonium iodide was 
replaced by a bigger wave at less negative potentials as small amounts of salicylic 
acid were added. The size of the wave could not be accounted for by the separate 
components and was, therefore, ascribed to  the reduction of the hydrogen atom in 
a complex with a higher degree of dissociation than the original acids. However, no 
second wave due to  aldehyde formation was observed. 

went further and prepared mono- and disalicyl- 
borate complexes by a known method3 * . Tetrabutylammonium disalicylborate (1 ) 

Robertson and collaborators3 

TABLE 2. Cathodic reduction of  salicylic acid to salicylaldehyde 

Conditions" 
Chemical Current 
yield (%) efficiency (%) Reference 

Hg cathode, benzene extraction 30-50 - 
Hg, 6 A/dmZ, 15-18°C; NaHSO, 

Hg. 2 A/dm2. borax added; 8-13°C; 80 - 

Repeat of Reference 2 4  50 47 
Cu-Hg cathode, 12-15 A/dm', pH 5,  80 35 

Hg; 10 Aldm'; 20-22°C; NaHSO, 
Hg; 2 A/dm2; pH 6; 10°C; benzene 80 50 

55 - 

complex 

NaHSO, 

4-5,7; 15°C ; NaHSO, 
- 52 

extraction 

19 
24 

25 

26 
29 

31 
20 

~~~~ ~ 

"All solutions contained sodium sulphate, salicylate and boric acid. 
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was purified and studied by a.c. and d.c. polarography and cyclic voltammetry in 
anhydrous DMF-tetrabutylammonium iodide. Two consecutive, reversible one- 

N (C4 Hg 1: 

(1 1 

electron transfers were observed, a t  -2.07 V and -2.36 V (vs. Hg pool), respectively, 
corresponding to  equation (9). The reducibility of the complex, relative to the non- 

13) 

reducibility of the free acid, was attributed to a lowering of charge density on the  
carboxyl group resulting from complex formation. Both 2 and 3 were stable on the 
voltammetric time-scale (3 V/s), but, as water was added to the system, the first 
reduction wave increased in size and the second disappeared, indicating that 2 was 
being protonated and further reduced at the first wave. At concentrations of water 
beyond 50% the current for the first wave approached the value for a four electron 
transfer (two electrons/mole salicylate), presumably leading to salicylaldehyde 
although no product studies were made to  confirm this. Mechanisms may be drawn 
for the decomposition of the reduced complex to salicylaldehyde. 

Thus, the electrochemical behaviour of a known borate-salicylate complex has 
been demonstrated, albeit under conditions somewhat different from those used in 
synthesis, and this gives some explanation of the specific effect of boric acid on 
salicylic acid reduction. 

Similar studies have not been made to  determine the electron transfer behaviour 
of non complexed acids, and it is doubtful that they would prove particularly 
fruitful. On the basis of carbonyl compounds which form stable anion radicals3 6 ,  

and the work described above, one may postulate an ECE (electrochemical, 
chemical, electrochemical) sequence for carboxylic acid reduction (equation 10). 
Detection of the carboxylic acid anion radical, even in an aprotic solvent, is 
unlikely, since the carboxylic acid itself is a good proton donor. 

- 

(1 0) 
OH -,OH /OH 

0 
l e  

RC, ___, ti+ Re< - RC\ 2 RCH 
~e - /  //O 

RC 

\OH OH OH OH ‘OH 

Other mechanistic studies have been made. Harrison and Shoesmith3 carried 
out controlled potential reductions of benzoic and substituted benzoic acids in 
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aqueous buffer solutions at an amalgamated copper rotating disc. Since the reaction 
of interest is occurring in the hydrogen evolution region, controlled potential 
reduction does not offer the advantage that it does with more easily reducible 
compounds. Analysis of current-potential curves yielded little useful information. 
However, analysis of product (aldehyde and alcohol) vs time curves for controlled 
potential electrolyses did allow calculation of approximate rate constants for the 
dehydration step (equation 6). 

Cyclic voltammetry at a hanging mercury drop was also used. The buffer 
solution showed a reoxidation peak for sodium amalgam after sweeping into the 
background current region. This peak was decreased significantly when benzoic acid 
was added to the solution. The two possible explanations for this are that, firstly, 
the benzoic acid could be reduced indirectly by the sodium or, secondly, the 
benzoic acid is absorbed on the electrode and inhibits the sodium reduction. The 
latter explanation was favoured since tetramethylammonium electrolyte gave in- 
creased product yields vs. a sodium electrolyte and tetramethylammonium amalgam 
formation at the potentials used was considered unlikely. However, reduction of 
aromatic acids by sodium amalgam has been demonstrated3 and it is possible that 
during large-scale preparative electrolyses both direct and indirect reductions are 
occurring. 

These voltammetric studies were extended39 and it was claimed that the volt- 
ammetry of benzoic acid in aqueous tetramethylammonium chloride at a mercury 
electrode showed a peak for the reduction of an adsorbed layer of tetramethyl- 
ammonium benzoate to benzaldehyde hydrate. No such reaction was observed at 
lead and no products were obtained from a preparative-scale electrolysis at a lead 
cathode. Failure to  observe any reaction was attributed to lack of benzoic acid 
adsorption at a lead cathode. 

Tin, zinc and carbon cathodes, in addition to lead and mercury, were used in a 
study of 2-chlorobenzoic acid reduction in aqueous solution40. It was hoped that 
introducing the chloro group would be an additional guide to the mechanism of the 
electrode reaction. Whilst no particularly novel mechanistic conclusions were 
reached, some interesting observations were made. Reduction at tin and zinc 
cathodes occurred at much lower potentials than on lead or mercury, and, in 
addition to the expected reduction products, dechlorinated and decarboxylated 
products were observed (equations 11 and 12). These were only very small-scale 

electrolyses in terms of amounts of product formed, but the use of tin and zinc 
cathodes would seem to  offer some interesting possibilities for synthetic work if 
each of the different reaction types could be optimized. Reduction of the chloro 
group might be expected at either the acid or aldehyde stage. But cathodic 
decarboxylation is certainly novel although a similar chemical reaction is known4 * . 

In summary, the cathodic reduction of aromatic carboxylic acids to  aldehydes 
has been studied mainly from a synthetic angle, using fairly crude electrochemical 
techniques. More recently, electroanalytical studies have been made but have been 
severely hindered by the hydrogen evolution reaction which occurs in the same 
potential region as carboxylic acid reduction. 
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The cathodic reduction of aromatic acids at high over- 
potential cathodes in strongly acidic solution generally leads to the corresponding 
alcohol (equation 13). 

b. Alcohol formation. 

e.g. Pb, EtOH--H2SOo 
ArC02H b ArCH20H (13) 

Like the two-electron reduction, this reaction has been studied since early in the 
century and is well documented4 2-4 6 .  Mettler4 was apparently the first to carry 
out  this reaction, reducing benzoic acid in 30% sulphuric acid in ethanol, with a 
lead cathode. Benzyl alcohol was obtained in about 85% yield. S ~ a n n ~ ~  later 
investigated various cathode materials for this reaction, using conditions similar t o  
Mettler’s. It was found that only lead and cadmium were suitable, lead being 
preferred; Surprisingly, mercury did not give any reduction. 

studied the reaction in aqueous sulphuric acid and confirmed that lead 
was the most suitable cathode material, Current efficiency was shown to increase 
with temperature up to  92% at about 8OoC for reduction at a rotating lead cathode 
in 10% sulphuric acid. Current density had little effect in the range 10-40 A/dm2 
but increasing sulphuric acid concentration beyond 10% led t o  a decrease in current 
efficiency, possibly because of decreased benzyl alcohol solubility in the higher 
strength acid leading to electrode coating. 

This reaction (equation1 4)  provides a fairly general synthesis of benzyl alcohols 

Udupa4 

Pb.1  A/dm*+ ulzoH 
15% 

Chemical yield = 69-78% 
Current efficiency = 28-32% 

and anthranilic acid reduction has been described in Organic Syntheses4 7 .  Hydro- 
gen evolution is the major cathode reaction, but the chemical yield is good. 

The effect of carboxylic acid structure is less critical in these strongly acidic 
solutions than it was in neutral or  slightly acid solutions. Thus, o-anisic acid gives 
the anisyl alcohol in 70% yield48 and phenylacetic acid may be reduced to  
2-phenylethanol in ethanol containing 50% aqueous sulphuric acid at a lead 
cathode4 (equation 15). Substituting a platinized platinum cathode results in 
hydrogenation of the aromatic nucleus, leaving the carboxyl group intact (equation 
16). 

C6 H 5  CH2 C H 2  0 H 
Pb. EtOH-50% aq. H2S04 

r Chemical yield = 30-50% I Current efficiency = 10-20% 

GH11 CH2C02H 
Chemical yield = 82% 

CgHgCH2C02 H 

Current efficiency = 47% 

Mechanistic information in this area is even more scarce than it was for the 
two-electron reduction, most of the work having been done before controlled 
potential electrolysis was in common use. Once again, however, the usefulness of 
controlled potential reduction is reduced by hydrogen evolution. 

It is quite probable that the electroactive species in these reactions are pro- 
tonated carboxylic acids, RC02 H2+, although there is no  direct evidence to  that 
effect. One would expect the reduction of the positively charged, protonated 
species to be less susceptible to  structural electronic effects than the reduction of 
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the neutral molecule and this seems to  be confirmed by the observations. In cases 
where alcoholic cosolvents are used the reaction is probably further complicated by 
ester formation. 

The dehydration reaction ( 6 )  is acid-catalysed3 ; the free aldehyde, therefore, 
forms rapidly, possibly in the diffusion layer, and is reduced, again possibly in the 
protonated form5 O ,  t o  the alcohol. Aldehydes are, therefore, not isolated from 
reactions carried out  under these conditions. 

The reduction of salicylic acid to  salicylaldehyde has already been described in 
detail, and the necessity of adding boric acid in order t o  carry out the reduction in 
an aqueous electrolyte was pointed out. However, using isopropanol as the solvent 
and tetraethylammonium bromide as the electrolyte this reduction has been carried 
out giving a good yield of the alcohol in the absence of boric acid5 * (equation 17). 

Pb-Hg; i-PrOH-NEt4Br 

Chemical yield = 67% 
Current efficiency = 58% 

Controlled potential electrolysis was used to study the reduction of pentafluoro- 
benzoic acid in several different aqueous solutions5 . this work contained some 
interesting observations and some apparent contradictions. 

The two different reduction pathways observed are shown in equations (1 8) and 
(19). The competition between these pathways was studied using different electro- 
lytes. In neutral, aqueous tetraethylammonium tetrafluoroborate solution, fluoride 

[C6F5CHO] - CgFgCH20H (18) -c P - H C ~ F ~ C O ~ H  - [p-HC6F4CHO] - P - H C ~ F ~ C H ~ O H  (19) 

CgFgC02H 

cleavage was the predominant reaction, as shown in Table 3. In 10% aqueous 
sulphuric acid both pathways were observed, fluoride cleavage predominating at 
low potentials. Dilute aqueous perchloric acid gave similar results to sulphuric acid, 
but in concentrated (50%) perchloric acid reduction of the carboxyl group was the 

TABLE 3. Reduction of pentafluorobenzoic acid at a mercury cathode' 

Product (% yield) 

Conditions p-HC, F, CO, H p-HC, F,CH, OH C,F,CH,OH 

-1.20 V (VS SCE), 73 20 6 

-1.30 V, aq. H,SO, - 48 24 
aq. H,SO, 

-1.50 V, aq. H,SO, - 33 45 
-2.00 V, aq. NEt,BF, 40  55 - 
-2.00 V. 50% aq. HCIO, - < I  70 
-2.00 V, 7% aq. HCIO, - 38 40 

~~ ~~ 

'Data taken from F. G .  Drakesmith,J. Chetn. Soc., Perkin I ,  184 (1972). Reproduced by 
permission of the Chemical Society, London. 
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major reaction. These results were rationalized in terms of equations (20) and (21). 

(4) ( 6 )  

In strongly acidic solution, reduction according to  equation (20) probably 
occurs. For simplicity, equation (20) is condensed after the hydrated aldehyde 
stage. 

In neutral solution, reduction to the anion radical as in equation (21) was 
postulated with subsequent protonation on the aromatic nucleus, electron transfer 
and fluoride elimination, forming the tetrafluorobenzoic acid. Reduction of the 
tetrafluoro acid via a combination of equations (20) and (21) would then give the 
tetra fluoro alcohol. 

In solutions of intermediate acidity, however, the results are not easily recon- 
cilable with equations (20) and (21). The authors1 simply says 'mechanism I1 
(equation 21) operates at less negative potentials in a given medium than does 
mechanism I (equation 20)'. One would, in fact, expect just the opposite to  occur. 
Reduction of the protonated acid should occur at lower potentials, Therefore, if 
the protonated acid were the electroactive species in these media, the product trend 
should be reversed. If the neutral carboxylic acid is the electroactive species, one 
has to  postulate a competitive protonation of anion radical (4) at the carboxyl 
group or  the nucleus, leading to  5 or 6 ,  respectively. If for some reason the site of 
protonation changes with potential, then this would account for the results. 

The diffusion layer around the electrode should become less acidic with in- 
creasing cathodic potential (current). this, again, would produce the opposite 
product vs. potential trend observed. 

It appears, therefore, that in dilute acid media either the reduction occurs by a 
mechanism not accounted for in equations (20 )  and (21) or the site of protonation 
of the anion radical vanes with potential. 

Dibasic aromatic acids provide an example of a different 
type of reaction--selective hydrogenation of one double bond in the aromatic 
nucleus. Phthalic acid reduction was again originally studied by Mettlers 3 ,  but has 
been investigated more recently by Beck, Nohe and coworkersS4 at  BASF. 
Mettler's original synthesis used hot (85°C) 5% sulphuric acid as the solvent, with a 
lead cathode. The high temperature led to  isomerization of the initially formed 
product. 

c. Other react iom. 

C02H 2 e , 2 H + .  aco2" A (22 )  acOzH Pb, H2S04 C 0 2  H 

(71 

To develop a commercial synthesis of 3,5-cyclohexadiene-1,2-dicarboxylic acid 



13. The electrochemistry of carboxylic acids and derivatives 793 

FIGURE 2 .  Flowsheet for the continuous electrolytic production of 3,s-cyclo- 
hexadiene-l,2-dicarboxylic acid. A: stripper, B: crystallizer, C: centrifugal filter. 
Taken from F. Beck, Elektro-organisclie Chemie, Verlag Chemie GmbH, Weinheim, 
1974. Reproduced by permission of Verlag Chemie GmbH, Weinheim. 

(7) to be used in  polymers, plasticisers, etc., dioxane was used as a cosolvent for 
this reaction, the  resulting solubilization of phthalic acid allowing high current 
densities to be used at low temperatures' 5 .  Using lead cathodes in a mixture of 
phthalic acid (20%), dioxane (55%), water (20%) and sulphuric acid ( 5 % ) ,  a 
chemical yield of up to  9Wo with a current efficiency of 83% is attainable for the 
desired dihydrophthalic acid (7). This process was scaled-up to  a unit producing 50 
tons/month, the flowsheet for which is given in Figure 2. 

The same reaction has been applied to  substituted phthalic acids". For 
instance, tetrachlorophthalic acid gives the dihydro derivative in 98% yield with 
79% current efficiency. 

Reduction of phthalic acid at a mercury cathode in potassium hydroxide 
solution, presumably at a more negative potential, gives further reduction to  the 
tetrahydrophthalic acid' 7 .  

Hg. KOH 

CO2H 
(23) 

78% yield 

Terephthalic acid54 behaves in the same way as phthalic acid, but with the 
carboxyl groups meta  t o  one another in isophthalic acid, eight-electron reduction 
to  the diol was observed' 3. 

- a'""" Pb,aq. I42504 

I 
C02 H 

I 
CH2OH 

82% yield 
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There is, thus, a delicate balance between the carboxyl groups activating the 
aromatic nucleus towards reduction or the nucleus activating the carboxyl groups. 
Changing the substitution pattern is sufficient to tip the balance one way or  the 
other. This balance is also affected by pH. Benzoic acid which gives benzaldehyde 
or benzyl alcohol, in neutral or acidic solutions, respectively, gives cyclohexene-2- 
carboxylic acid in strongly alkaline solution5 

The reduction of aromatic carboxylic acids to  the corresponding methyl com- 
pounds (equation 4) does not seem to occur. We will, therefore, conclude the 
section on aromatic carboxylic acid reductions with a novel reaction which was 
observed with a semiconducting germanium cathode in ethanolic sulphuric acid. 
One-electron reduction occurred, yielding benzil5 . 

PhCOCOPh Gs. Alcm2 
80% EtOH, 0.1 N HzS04 ' PhC02H 

At the moment this has little more than curiosity value, but  it does serve to  
show, along with Harrison's work with tin and zinc cathodes4 O ,  that interesting 
results are to  be found when cathodes other than the classical mercury or lead are 
investigated. 

2. Heterocyclic acids 

In discussing the cathodic reduction of heterocyclic carboxylic acids we shall be 
concerned mainly with N-heterocyclic acids, and most of the work we shall 
consider has been carried out within the last fifteen years. Electroanalytical tech- 
niques, particularly polarography, have been applied more extensively, and more 
profitably, in this area since certain of the heterocyclic acids are reducible at 
potentials less cathodic than that at which background electrolyte discharge occurs. 
the media used for these reactions are again aqueous solutions. 

a. A Zdehvde formation. Following some polarographic investigations by 
other workers", Lund, one of the major contributors to this area, undertook a 
study of the electrochemistry of isonicotinic acid (8) and its Ne thy l  derivative 
( 9 ) 6  l .  

The N-ethyl compound (9) shows a polarographic reduction wave which varies in 
potential from -0.74 V (vs SCE) in strongly acidic solution to  -1.22 V in alkaline 
solution. From the plot of E l  / 2  vs pH, which may be approximated by three lines 
with changes of slope at pH 2 and pH 7,  it was concluded that at pH greater than 
seven the reducible species was in the carboxylate anion form, whilst at Ph less than 
seven an undissociated carboxyl group was present. Since the pK of 9 was shown 
spectroscopically to  be 1.75, a recombination reaction at the cathode was postu- 
lated to  explain the results in the pH range 2-7. 
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Isonicotinic acid shows similar behaviour, explained in terms of equation (26). 
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(10) (11) (12) 

In strongly acidic solution 10 is the electroactive species, whilst the first 
dissociation gives the zwitterion 11. At pH greater than 8 a splitting in the 
polarographic wave, not seen with 9 indicates that the anion 12 is present. 

Small-scale preparative electrolyses were carried out with a mercury cathode at 
-1.0 V (vs SCE) in acid solution. The electrolyses were stopped after 2 F/mol of 
acid had been consumed and the products were analysed. The corresponding 
aldehyde was shown to be the major product in both cases-by isolation of the 
phenylhydrazone for pyridine4aldehyde and by polarography for the Ne thy l  
aldehyde. 

CHO 
I 

HQ. -1 .O V (VI SCEI 

pH 2.85 

69% 

Hg, -1 .O V (VS SCEI 

pH 2.55 

I I 

(27) 

(28) 

c2H5 

75% 

Good yields of aldehyde were obtained even though no attempt a t  complexing or  
extracting was made. This is because these aldehydes, activated by the positive 
nitrogen, are strongly hydrated in acid solution, as can be shown by the abnormally 
low polarographic currents for these compounds in acidic media' '. At pH greater 
than five, the yield of pyridine-4-aldehyde decreased dramatically, and unidentified 
products were formed. Possibly formation of the carboxylate anion at this pH, in 
contrast to the polarographic result, leads to  hydrogenation of the pyridine nucleus. 

A similar approach was used63 in a study of imidazole-2-ci1rbo~ylic acid (13) 
and l-benzylimidazole-2-carboxylic acid ( 14). These imidazole acids again illustrate 

(13) (14) 

the effects of structure and pH on carboxylic acid reduction. Imidazole-4- 
carboxylic acid shows no reduction in aqueous solution, but the 2-isomer (13) is 
sufficiently activated that it is reducible in certain pH regions. Figure 3 shows the 
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FIGURE 3. Limiting currents (MA) and half- 
wave potentials vs pH for imidazole-2-carboxylic 
acid (0) and 1-benzylimidazole-2-carboxylic acid (+). 
Taken from P. E. Iversen and H. Lund, Acra G e m .  
Scand., 21, 279 (1967). Reproduced by permission 
of Acta Chem. Scand. 

half-wave potentials and limiting currents vs. pH for 13 and 14. In strongly acidic 
solution 13 shows a reduction wave which merges into the background in the pH 
range 2-5. The reduction is then discernible until about pH 6 when the non- 
reducible anion is formed. The 1 -benzyl compound (1 4) shows similar behaviour 
except that it is reducible at slightly less negative potentials and the reduction is, 
therefore, observable throughout the pH range. The decreased limiting current in 
Figure 3 for 14 vs 13 is caused by a combination of lower concentration and lower 
diffusion coefficient for 14. Similar protonation equilibria exist for these com- 
pounds as were discussed for isonicotinic acid. 

Small-scale, controlled-potential reductions were carried out, giving the alde- 
hydes (equations 29 and 30). Strong hydration of the aldehydes in acid solution is 



1-5 

>, 1.0 

$!! 
oO000-0 
0.5 

+\+++, 

again responsible for the high yields. Figure 4 shows how the limiting current for 
imidazole-2-carbaldehyde decreases in acid solution until only a very small, kineti- 
cally controlled wave, governed by equation (31), is seen. 

/H /H 

< L H o  + '20 = c L H ( O H ) ~  

(reducible) (non-reducible) 

(31 1 

The product yields in this work were determined polarographically, but, in a 
later paper6", the reductions were carried out on a larger scale (0.2 mole) and the 
products isolated. Isolated yields of aldehydes were typically 10--20% lower than 
the figures obtained from polarographic analysis. 

Thiazole-2-carboxylic acid (1 5 )  shows two polarographic reduction waves6 in 
the range -0.7 to  1.7 V (vs SCE), but the reduction is more complicated than in the 

1 

- 0 

O 0  

O 0  

O 0  + +  + +  + 

0 
- 4  

O0 r'. 

- 3  -F 

- 

oooo ++4t + 
0 ooo D 

- 2  

- 1  

+ + 

+.*+ ++ , I 

(15) 

imidazole series. Reduction at the first wave gave only a 25% yield of the aldehyde, 
and other unidentified products were formed. The nature of the second reduction 
was not elucidated, but reduction of the heterocyclic nucleus was mentioned as a 
possibility. 

Brown and coworkers66 set out to synthesize the 
corresponding alcohols from picolinic acid (16) and dipicolinic acid (17). In less 

b. Alcohol formation. 

a C 0 2  H QCOZH H02C 

(17) (16) 
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acidic solutions than those used by Lund6 four-electron reduction to the alcohol 
occurred (equations 32 and 33). 

a C O 2  H 

(16) 

H02C a 0 2  H 

Isolated yields of alcohols were not very high, 

Chemical yield = 46% 
Current efficiency = 52% 

a C H 2 0 H  HOH2C 

Hg, -1.3 V 

pH 4.8,65OC ' 

Chemical yield = 26% 
Current efficiency = 30% 

(32) 

(33) 

particularly for dipicolinic acid .reduction. This reaction apparently showed four- 
electron coulometry, not eight electrons as expected for equation (33). Whilst an 
aldehyde was detected during the reaction, no consideration was given to the 
possible intermediate carboxyaldehyde (1  8 )  or hydroxymethyl acid (19 )  which 
would, presumably, form during this reaction. 

OHC O C O z H  HOH2C a C 0 2  H 

(1 8 )  (19) 

Carrying out  the reduction of picolinic acid in two steps, the first, in acid 
solution, giving the aldehyde hydrate, and the second, after neutralization reducing 
to  the alcohol, gave very low yields of alcohol (< 10%) in contrast to Lund's 
work6 l .  It was shown that the first step was responsible for the low yield and 
hydrogenation of the nucleus was postulated. 

The isomeric pyridine dicarboxylic acids have been studied by polarography but 
no product studies made6 ' . 

In a follow-up to  the picolinic acid work Brown and Bhatti used the rotating disc 
and rotating ring-disc electrode techniques to study the hydration kinetics of the 
three pyridine aldehydes6 a .  

k' 

k 
RCHO + H 2 0  = RCH(OH);r (K = k/k') (34) 

The aldehydes were reduced a t  an amalgamated copper rotating disc in aqueous 
solution and from the plot of limiting current density ( i ~ )  vs the square root of 
rotation speed (LI~'~) the kinetic current (ik) at zero rotatipn speed was extra- 
polated. From the kinetic current the rate constants k and k may be determined 

i k  = nfD"2Kk1'2C(hydrate)C(H20)-''2 135) 

(equation 35), where 11 is the number of electrons involved, F is the Faraday, D is 
the diffusion coefficient and C(i) are concentrations of species i. The diffusions 
coefficients were calculated from the slopes of the i~ vs o1 l 2  plots and the 
equilibrium constants ( K )  were measured spectroscopically. The hydration equilib- 
ria were shown to  be independent of acidity below pH 2. 

Using the rotating ring-disc electrode, picolinic and isonicotinic acid were 
reduced at  the disc and the corresponding aldehydes detected at the ring, set at the 
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TABLE 4. Dehydration rate constants for hydrated pyridine 
aldehydes in neutral (pH 6.65) solution" 

k (s-' ) 

Aldehyde K (moll-' ) Rotating disc Rotating ringdisc 
~ 

Picolinic 86 0.049 0.102 
Nicotinic 500 0.008 - 
Isonicotinic 65 0.137 0.42 

"Data taken from M. ud Din Bhatti and 0. R. Brown, J. Elecfroanal. 
Chem., 68,85 (1976). Reproduced by permission of Elsevier 
Scientific Publishing Company. 

reduction potential of the aldehyde. Nicotinic acid gave only catalytic hydrogen 
evolution. The dehydration rate constant k determines how much free aldehyde is 
formed as the solution moves from the disc to  the ring. From the variation in disc 
and ring current with rotation speed k may be calculated69. Table 4 shows rate 
constants calculated by the two methods. 

Differences between the rotating disc and ring-disc methods were attributed to 
inaccuracies in measuring the kinetic current ( i k )  and for isonicotinic acid to the 
non-quantitative formation of aldehyde in the ring-disc method. Three-electron 
coulometry was observed for isonicotinic acid, instead of four-electron coulometry 
which was observed for picolinic acid. 

Finally, from log i vs E plots (Tafel plots) for picolinic acid reduction, it was 
shown that the first electron transfer is reversible (fast) and the ratedetermining 
step is probably the subsequent electrochemical step. The following mechanism was 
proposed: 

RC02H - RCO? + H' 

R C O ~ H  + H+ + e e R C ~ O H ) ~ ~ ~  (36) 

Rk(OH12 + e RC(OH12 E: + RCH(0H)z 

c. Other reactions. To complete the description of the pyridine acids six- 
electron reduction of picolinic (equation 37) and isonicotinic acids to the corre- 
sponding picolines was observed by Wibaut and Boer7'. Isonicotinic acid gave a 

Pb. 25% H2S04 ocOzH inEtOH-H20 ' CH3 

(37) 

33% 

3 1% yield of 4-picoline, but nicotinic acid gave a mixture of unidentified products, 
probably hydrogenated in the nucleus as claimed by Sorm7 l .  Nuclear hydrogena- 
tion was observed for thiophene-2-carboxylic acid7 (equation 3 8). Similarly, 

76% 15% 



800 James P. Coleman 

furan-2,5-dicarboxylic acid was reduced with sodium amalgam to give the dihydro 
compound' 

3. Aliphatic acids 

Cathodic reductions of aliphatic acids, in 
contrast to anodic oxidations, are very limited in number since the unactivated 
carboxyl group is extremely difficult to reduce. The most. widely studied acid in 
this category has been oxalic acid in which the carboxyl groups activate one 
another. There has been a lot of effort described in the old German patent 
l i t e r a t ~ r e ~ ~ ,  and more r e ~ e n t l y ~ ~ n ~ ~  , dir ected at synthesizing glyoxylic acid. In 
one of the latest studies oxalic acid was reduced at a lead cathode in aqueous 
solution76 (equation 39). This is a very efficient synthesis provided that the 

a. Reduction of the carboxyl group. 

Chemical yield = 92% 
Current efficiency = 83% 

temperature is kept low enough(<- 15°C) to slow down the dehydration of the 
hydrated aldehyde and subsequent reduction to  glycolic acid. A mathematical 
treatment for the purpose of process evaluation has been given7 7 .  

None of the other aliphatic acid reductions is of comparable synthetic utility. 
Lactic acid was claimed to give lactic aldehyde in unspecified yield by electrolysing 
the acid, containing a little water, between carbon rods in an undivided cell7 8 .  

Butyric acid gave n-butanol in 6.5% yield in 80% sulphuric acid and in 17% yield 
in aqueous sodium hydroxide7'. The latter result is somewhat unexpected. 

A surprising sixelectron electrocatalytic reduction was observed for trifluoro- 
acetic acid at a platinized platinum cathode in aqueous solution8 O .  

h-pt, 50 @/crn2 
CF3C02H 0 . 1 4 ~  vs SCE + CF3CH3 (40) 

Current efficiency = 96% 

b. Other reactions. Activation of the double bond by the carboxyl groups in 
maleic and fumaric acids leads to efficient cathodic hydrogenation, giving succinic 
acid. Elving8 studied this reaction polarographically, observing reduction in the 
region -0.8 to -1.6 V as the pH varied from two to ten. Formation of the 
carboxylate anion at high pH increases the reduction potential. Elving was the first 
to propose an ECE mechanism for this reaction. The preparative aspects of this - -  

reaction were studied 
an undivided cell. It 

by Udupan ', using lead cathodes and lead dioxide anodes in 
was shown that very high current efficiencies are possible, 

Pb, 10-20 Aldm' , CH2CoZH l or 
5% CHzC02H (41) 

Current efficiency = 99% 
/!OZH 

H02C 
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particularly with rotating cathodes. Acrylic acid, with a singly activated double 
bond, has been reduced with sodium amalgam. In aqueous diglyme or dioxane 
propionic acid was formed, but in aqueous DMSO adipic acid was the major 
product8 (equation 42). The direct electrochemical version of this reaction has 

2 CH2CHC02H H02C(CH2)4C02H 
Na-Hg 

DMSO-HzO ' (42) 

70% 

apparently not been pursued, although a similar reaction was observed for cinnamic 
acida4. The electrohydrodimerization (EHD) reaction will be discussed in more 
detail for carboxylic esters. 

Numerous other examples of double-bond hydrogenation in a$-unsaturated 
acids have been given in Reference 6 (p. 171) 

B. Carboxylic Esters, Lactones and Anhydrides 

The cathodic reduction of esters, lactones and anydrides has been studied less 
extensively than the reduction of carboxylic acids. Naturally there are many 
similarities between the two types of reductions, but there are also significant 
differences brought about by the absence of a labile hydrogen in this group of 
compounds. The most common reaction types are shown in equations (43)---(46). 

r" R1C02R2' 

R ~ C H O  + R ~ O H  

R ' C H ~ O H  + R ~ O H  
4 H+ 

(43) 

(44) 

(45) 

Equation (43), anion radical formation, is observed for certain conjugated aromatic 
and aliphatic esters and anhydrides in non-aqueous solutions. Aldehyde formation, 
equation (44), is again observed, and the same considerations apply to  aldehyde 
stabilization as were discussed before. Four-electron reduction leads to  either an 
alcohol or an ether, equations (45) and (46), depending on which C - 0  bond is 
broken. 

We shall also consider reductions which are activated by the carboxyl group(s) in 
the molecule, but in which the carboxyl group is unchanged. Since there is not an 
overabundance of material in this section, the results will be discussed according to  
reaction types and not split up further into different types of esters, etc. In the first 
part we shall consider reductions of the carboxyl function itself and in the second 
part reductions activated by the carboxyl function. 

1. Reduction of the carboxyl group 

Certain conjugated aromatic and aliphatic carboxyl 
compounds are capable of accepting one electron into the lowest unoccupied 
molecular orbital to form anion radicals which are stable for appreciable periods of 
time under suitable aprotic conditions. In these stable anion radicals the unpaired 
electron is typically delocalized over the whole conjugated system of the molecule, 

a. Anion-radical formation. 
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so that these reductions should perhaps be considered in the second part of this 
section. However, since anion radicals are thought to be the initially formed 
intermediates, stable or not, in most of the  reactions we shall consider, they will be 
included hers. 

The simplest aromatic ester, methyl benzoate,. gives an anion radical which is 
stable on the time-scale of cyclic voltammetryE 5 .  Figure 5 shows the behaviour of 
methyl benzoate in anhydrous DMF containing tetrabutylammonium perchlorate as 
the electrolyte with a platinum disc cathode. The processes occurring at  the three 
peaks are assigned in equation (47). The identity of the electrochemically generated 

psekn 
C ~ H ~ C O Z C H ~  - C6H5C02CHg [C6H5C02CH:] - produrn (47) 

psak C 

anion radical of methyl benzoate was confirmed by e.s.r. spectroscopy by 
HirayamaE6" Ethyl and isopropyl benzoates were also studied and in the e.s.r. 
spectra some splitting by the a-protons in the alkyl groups was observed, in 
addition to the expected splitting by the aromatic protons. Similar work was 
published by Russian workers at about the same timeE 6 b s  c .  

The reduction potentials for the formation of anion radicals from some other 
aromatic carboxyl compounds by cyclic voltammetry, in an analogous manner to 
Figure 5, are given in Table 5. The e.s.r. spectra of the electrochemically generated 
anion radicals of phthalic anhydride and other aromatic anhydrides have also been 
studiedE '. The reduction of isonicotinic acid was discussed previously. Under 

30 

20 
a 
" 

10 .. 

0 

FIGURE 5.  Cyclic voltammetry of methyl benzoaten 5 ,  using DMF 
-0.1 M NBu,CIO,; Pt cathode, 50 mV/s; positive feedback iR compen- 
sation.---- - - Voltage sweep revehed after anion-radical formation. 
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TABLE 5. Potentials for anion radical formationa from some 
aromatic carboxyl compounds' ' 
Compound Peak potential, E ,  (V) (vs SCE) 

Methyl benzoate -2.29 
Dimethyl terephthalate -1.68 
Phthalic anhydride -1.25 
Tetrachlorophthalic anhydride 4 . 8 0  

=In DMF-0.1 M NBu, C10, , Pt cathode, 200 mV/s. 

aprotic conditions the methyl and ethyl esters of isonicotinic acid also give 
relatively stable anion radicals8 a.  

Saturated aliphatic esters do not give anion radicals which are readily accessible 
by electroanalytical methods, but some unsaturated esters are more amenable to  
study. For instance, the cyclic voltammetry of diethyl fumarate in anhydrous DMF 
shows stable anion radical formation8 * . The more sterically crowded cis isomer, 
diethyl maleate, is some 250 mV more difficult to  reduce but gives the same anion 
radical, in the trans form, as may be shown by either cyclic voltarnmetrys9 or by 
e.s.r. spectroscopyg O . 

With four carboxyl groups in the molecule in  tetraethyl ethenetetracarboxylate 
(20 )  polarography shows two one-electron reduction waves9 , and cyclic volt- 
ammetry at  platinum in DMF-tetraethylammonium fluoroborate shows that both 
the anion radical and the dianion are stable9 2. The structures in equation (48) are 

(20) ( C Z H ~ O O C ) ~ E C ( C O O C ~ H ~ ) ~  (48) 

not meant to  imply an-/thing about the  electron distribution but are merely 
simplistic localized representations of the anion radical and dianion. In liquid 
ammonia at  -43OC, diethyl fumarate also shows a relatively stable dianion9 3. 

Diethyl oxalate, which is reduced polarographically a t  -1.85 V, gives an anion 
radical observable by e . ~ . r . ~ ~ .  However, it is not simply the anion radical of the 
parent molecule but is the result of the reactions shown in equation (49). The 

C2 H502CC02C2 H5 [C2 H502CC02C2 Hg] 

(11 2 e  
(21 -co 

C2H502CCOCOC02C2H5 C2H502CCOC02C2Hc 

(21 ) 

observed spectrum was identical with that of diethyl mesoxalate anion radical (21). 
For certain carboxylic esters and anhydrides, then, in contrast to  the corres- 

ponding acids, the initial products of the electron-transfer reaction are stable under 
aprotic conditions. When proton donors and other chemiciil reagents are added, 
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these intermediates will react to give a variety of products which will be discussed 
in the  following sections. 

Like the corresponding acids, activated esters will 
undergo two-electron reduction to give an aldehyde and an alcohol (equation 44). 
This reaction probably involves protonation of the anion radical, followed by a 
further electron transfer and protonation or elimination of alkoxide to  give the 
hemiacetal or the free aldehyde, respectively, depending on the reaction conditions 
(equation 50). 

b. Aldehyde formation. 

/OH 

R1C02R2 A R’CO:!R2z H+ l e  RcH/o- < ‘OR2 (50) 

‘OR2 R’CHO + R ~ O -  

Not too much attention has been paid to the synthesis of aldehydes from aro- 
matic esters. However, the monoaldehyde was observed polarographically during 
the reduction of dimethyl terephthalate to 4-carboxymethylbenzyl alcohol’ ’ . 

Of the heterocyclic esters ethyl 2-thiazolecarboxylate (22) was shown to give a 
72% yield of the aldehyde, in contrast to  the 25% obtained from the free acid65 
(equation 5 1). Strong hydration again prevents further reduction of the aldehyde. 

(221 72% 

Of the aliphatic esters diethyl oxalate is reduced to  the hemiacetal of ethyl 
glyoxylate in about 50% yield in ethanolic sulphuric acid’ ’. 

An interesting application of electrosynthesis to  carbohydrate chemistry is 
found in the reduction of lactones of polyhydroxy carboxylic acids to  the corres- 
ponding aldoses. These have been reviewed recently’ ’. 

Of particular importance is the synthesis of D-ribose (24) which is used for the 
synthesis of riboflavin (vitamin Bz ). Numerous investigators have looked at the 
electrochemical reduction of D-ribonolactone (23) (equation 52). It has been 

0 
II 

H-C-OH 

I 

20.2H+ 

CHO 

C-OH 

H-C-OH 

A-OH 

CH2OH 

I 
I 

I 

(52) 

(23) (24) 

shown that this reaction proceeds only on a mercury or an amalgam cathode. The 
optimum conditions are low temperature (1 O-20°C) and slightly acid solution, 
both of which suppress hydrolysis of D-ribonolactone to  non-reducible ribonic acid. 
Electrolytes used include ammonium salts’ with boric acid 
added as a buffer. Yields have been 75% and 87% respectively, Fioshin has shown 
that less expensive phosphate salts may also be used as buffers in this reaction with 
comparable results’ O 0 v 1  O 1 .  It is postulated that these reactions occur via electro- 

or sodium salts’ 
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chemical amalgam formation, and lack of reduction to  the alcohol, D-ribotol, is 
ascribed to formation of a stable, non-reducible cyclic hemiacetal. 

Four-electron reduction of activated esters t o  
alcohols is possible although there has been less interest in this reaction than in the 
corresponding acid reduction. 

Methyl benzoate was reduced in methanolic tetramethylammonium chloride to 
give a good yield of benzyl alcohol'02 (equation 53). 

c. Alcohol and ether formation. 

(53) 
Hg, CHJOH-NMe4CI 

C6H5C02CH3 * CsH5CH20H + CH30H 

91% 

Several dialkyl phthalates were studied polarographically in 60% ethanol and 
showed two reduction waves at about -1.7 and -2.1 V (vs SCE), respectively103. 
Controlled potential electrolysis at the first wave gave a 'good' yield of phthalide, 
resulting from four-electron reduction of one carboxyl group (equation 54). 

0 

Phthalide was also obtained in 29% yield from potassium ethyl phthalate reduc- 
tion104 and in 90% yield from phthalic anhydride' 0 5 .  The last reaction was 
carried out in aqueous ammonia or ammonium carbonate solution, so that the 
electroactive species were probably ammonium phthalate and phthalamatel . 
When ester reductions are carried out in strong acid solution at low temperature 
(< 25OC) at a lead cathode, a new reaction is observed' O ' 1 '  0 8 ,  The C=O group in 
the ester is reduced to a methylene group and alkoxy group is retained, giving an 
ether. The alcohol is also formed at the same time in a competitive reaction. Ethyl 
benzoate, for instance, gives both benzyl ethyl ether and benzyl alcohol' 
(equation 55). 

CgHgCH20C2Hg + CsH5CHzOH (55) 
Pb, 5Aldrn' 

C6H5C02C2H5 30% H2SO4 in EtOH--H20 ' 
40% 28% 

d .  Other reactions. The reduction of 2-alkyl-substituted acetoacetic esters in 
acidic solutions at a lead cathode gives rearranged products in which both the acetyl 
and the ester functions have been completly reduced' 09*' (equation 56). The 

* R(CH2)3CH3 + C Z H ~ O H  
Pb, EtOH-HzS04 

CH3CO HC02C2H5 7 
k 50-60% 

rearrangement, known as the Tafel rearrangement, has been attributed to  formation 
of a cyclopropane intermediate' l 2  such as 25 which>may ring open to  give the 
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P-diketone (26);  further reduction gives the hydrocarbon. Wawzonek has recently. 

L J 

confirmed the intermediacy of the P-diketone in the reduction of ethyl a-butyl- 
acetoacetate' ' 2 .  

The mode of formation of the  cyclopropane intermediate in this reaction is still 
the subject of conjecture. Eberson' ' ' favours cyclization via a carbanion formed 
from the acetyl group, whilst Wawzonek' ' postulates simultaneous protonation 
and one-electron redaction of both the acetyl and ester carbonyl groups, cycliza- 
tion then occurring through radical coupling. Other mechanisms may be drawn, but 
the evidence to  date does not conclusively support any of them. 

A different type of hydrocarbon formation was recently claimed by Russian 
workers' 3. Dimethyl adipate, when treated with electrochemically generated 
solvated electrons in hexamethylphosphoramide, either preformed or formed in 
situ, gave n-hexane (equation 59). Product identification was by g.c. retention time 
only, and no quantitative data were given. 

ewty, HMPA 
CH302C(CH2)4C02CH3 PC6H14 + 2 CH30H + 2 H20 (59) 

It could be argued that the acyloin condensation, equation (60 ) ,  should be 

OOH 

(60) 

considered as an electrochemical ester reduction. However, this reaction has been 
reviewed in depth very recently' ' and will not be treated here, especially since the 
acyloin reaction via electrolysis does not seem to have been observed. Acyloin-type 
products were observed as minor products in the reduction of naphthoate 
esters' 5 ,  and electron-transfer reduction of ethyl benzoate by naphthalene anion 
radical to  give benzil and benzoin was reported' ' (equation 61). With a 4 : 1 ratio 

I1 I 
2R1C02R2 a R'CCHR' 

of anion radical to benzoate, benzoin was obtained in 86% yield, whilst a 1 : 1 ratio 
gave benzil(38%) and benzoin (27%). 

Bearing in mind the apparent stability of aromatic ester anion radicals in the 
presence of quaternary ammonium salts, it appears that ion pairing with sodium 
must play an important role in the coupling reaction. 

2. Reductions activated by the carboxyl group 

a. The electrokydroditnerization (EHD) reaction. a,P-Unsaturated nitriles, 
esters and amides may be reductively coupled electrochemically as shown in 
equation ( 6 2 ) .  

2 CH2=CHX ::+ * X(CH214X (X = CN, C02R. etc.) (62) 
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This reaction had previously been carried out using amalgam reducing agents' 
but was demonstrated electrochemically for the first time by Baizer' 18i1 9 .  The 
reaction was developed for the hydrodimerization of acrylonitrile to adiponitrile, 
used to  manufacture hexamethylene diamine and ultimately Nylon-6,6. It now 
represents the most successful commercial application of organic electrochemistry 
and was responsible, in part, for the recent resurgence of interest in this field. EHD 
reactions have been reviewed previously' s3 v 6  ; only the major features will, there- 
fore, be presented here. 

Amongst the compounds studied in Baizer's early work was ethyl acrylate' ' 9 .  It 
was shown that reduction at  a mercury cathode in a concentrated solution of a salt, 
such as methyltriethylammonium p -  toluenesulphonate, gave high yields of diethyl 
adipate' ' (equation 63). The reaction has been extended to  include diactivated 

Hg. -1.85 V 
CH2=CHC02CzH5 MeNEts tosylate, DMF-H20 ' C Z H ~ O C O ( C H ~ ) ~ C O Z C Z H ~  (63) 

7 4 4 7 %  

olefins' ' 9 ,  cyclization of diolefins' 'O and cross-coupling with other Michael 
acceptor olefinst2 '. Representative examples are given in Table 6 and more 
numerous examples are given in Reference 1. 

The efficiency of the coupling reaction in aqueous, o r  partly aqueous, tetra- 
alkylammonium salt solutions has been attributed to  the formation of a hydro- 
phobic layer of adsorbed tetraalkylammonium cations on the cathode' ". The 
electrogenerated intermediates may, thus, react preferentially with other organic 
species, rather than with water which would lead to  dihydroproducts. 

The exact mechanism of the EHD reaction has been, and still is, the subject of 
considerable discussion. In the case of monoactivated olefins, such as methyl 
acrylate, the chemical reactions following the initial electron transfer are so rapid 
that electroanalytical techniques, such as cyclic voltammetry, do not yield much 

TABLE 6. EHD reactions of K, p-unsaturated esters 

Ester Product Yield (%) Reference 

Di-n-butyl maleate Tetra-n-bu tyl butane- 70 119 

CH 2 COz Cz H5 ca 100 120 
I 
I 

OCH=CHC02CzH5 89 120 
I C H ~ C O Z C ~ H ~  
CH2 

!::=CHC02C2H5 I C ' C H ~ C O ~ C Z H ~  

1,2,3,4-tetracarboxylate 

a CH=CHC02C2H5 

(CH2)3 

CHzCO2C2 H5 CH=CHC02C2H5 

121 
I 

CH, CH, CN I + symmetrical products 

+ 
CHz=CHCN 
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useful information. The two most likely mechanisms involve coupling of anion 
radicals (equation 65) or attack of an anion radical on a neutral molecule (equation 
64). The experimental evidence to date does not conclusively support either 
mechanism. 

CH2=CHX 
XbHCH2CH2cHX ;;+ X(CH214X (64) 

l e  * [CH2CHXIL c 
2 H+ 

CH2=CHX 

XCHCH2CH2CHX X(CH214X (65) 

(X = CN, C q  R, etc.) 

In the case of diactivated olefins, the initial anion radicals are more stable and 
the chemical reactions occur a t  a rate which is more amenable to study. From the 
results of both voltammetric and product studies, Baizer and coworkers con- 
cluded' 3-1 s that with tetraalkylammonium-supporting electrolyte the coupling 
reaction proceeds via attack of an anion radical o n  a neutral parent molecule (cf. 
equation 64). In the  presence of alkali metal cations the coupling reaction was 
accelerated dramatically and in this case was thought to  proceed via dimerization 
of two anion radical-metal cation ion pairs. 

Bard and coworkers then carried out  an extensive series of electroanalytical 
studies on  diactivated olefins. The first technique employed was double-potential 
step chronoamperornetry in a study of diethyl fumarate8 8 .  This method involves 
changing the cathode potential stepwise from a point where no reduction accurs t o  
a point where anion radical is formed a t  a diffusion-controlled rate. At a given time, 
t ,  the cathode potential is stepped back to  a point where diffusion-controlled 
reoxidation occurs. The cathodic and anodic currents at times t and 2 t ,  respectively, 
are recorded for  varying 1. Working curves for the current-time response may be 
obtained for various reaction mechanisms, by digital simulation, and compared with 
the experimental results. Using this approach it was concluded that the EHD 
reaction for diethyl fumarate, in DMF-tetrabutylammonium iodide, proceeds via 
second-order dimerization of anion radicals. 

This was substantiated by later rotating ring-disc electrode studies8 9 9 1  2 6 ,  and 
the effect of alkali metal cations on the coupling, again anion-radical dimerization, 
was quantified' a .  

To conclude the discussion of  EHD reactions, a n  interesting electrohydrocyclo- 
dimerization reaction was observed recently' 9 .  In this reaction (equation 66), 

CH=CHCO2CHj 
Hg. -1.25 V, DMF. NEt4 tosylate 

1.1 Flmol 

C02CH3 

(66) 

Ca. 47% 

which was carried out  at a potential slightly less cathodic than the peak potential 
for anion-radical formation, cyclization occurred through the a-positions. This is 
unusual and is probably caused by a combination of conjugation through the 
aromatic nucleus and steric constraints on cyclization through the P-positions. 
Coupling of benzylic radicals and protonation gives the final product. 

b. Cathodic carboxylation of a,P-unsaturated esters. The reduction of 
a$-unsaturated esters in the presence of carbon dioxide gives a variety of carboxy- 
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lated products. Methyl acrylate, for example, when reduced in low concentrations in 
acetonitrile, saturated with C 0 2 ,  gives trimethyl-l,1,2ethanetricarboxylate, after 
methylation to facilitate analysis and isolation‘ (equation 67). At higher acrylate 
concentration, coupling occurs prior to carboxylation’ * (equation 68). The yield 

Hg. -2.1 V 
CH2=CHC02CH3 ( t0 .1  M) CH3CN--NEt4 towlate-c02 ’ CH302CCH2CH(C02CH3)2 (67) 

(27)  

61% after methylation 

Hg, -2.1 V 
CH2=CHC02CH3 ( 1  32 M) CH3CN--NEt4 tosylate-c02 ’ (CH~O~C)ZCHCH~CH(CO~CH~)~ (68) 

(28) 

47% after methylation 

of 28 increases from zero to  47% on increasing the initial acrylate concentration up 
to 1.32 hf, whilst the yield of 27 decreases from 61% to 8%. Since these reactions 
were carried out at constant current density, this seems to  indicate that the 
coupling reaction probably occurs via attack of an anion radical on a neutral parent 
molecule. The reduction of C02 is not implicated since it occurs at a more negative 
potential than methyl acrylate reduction. 

- /COY 
CH2=CHC02CH3 & C C y k H C O 2 C H 3  A 02CCH2CH 

\C02CH3 (69) 
COP 

(CH2CHC02CH31- 
COP. e.CO2 

C H ~ = C H C O ~ C H S  CH302kHCH2CH2CHCO2CH3 

- 
OZC, ,COT 

CHCH2CH2CH (70) 

Dimethyl maleate shows two one-electron polarographic reduction waves in the 
presence of C02.  Reduction at the potential of the first wave gives the dicarb- 
oxylated dimer, hexamethyl-1 , 1, 2, 3, 4, 4-butanehexacarboxylate’ ’ , whilst at 
more negative potentials tetramethyl-l,1,2,2-ethanetetracarboxylate is formed’ O .  

Examples of carboxylative cyclization were also observed’ ’ . 
The cyclic voltammetry of 1,1,2,2-ethenetetracarboxylate esters is insensitive 

to C02,  indicating that the anion radical and dianion do not react, or react 
reversibly, with C 0 2 9 2 .  This phenomenon has been used to advantage in the 
carboxylation of carbon acids. It was shown by cyclic voltammetry that the 
tetraethyl 1, 1, 2, 2ethenetetracarboxylate dianion is capable of deprotonating 
carbon acids, such as ethyl phenylacetate and 9-phenylfluorene. Preparative-scale 
electrolysis in the presence of C02 resulted in carboxylation of the carbon acid in 
excellent yield, according to  equation (71). 

\COz C H 3 
/ 

CH302C 

X‘ ‘X 
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Thus, ethyl phenylacetate, with the tetrabutyl ester (29) at -1.1 V in DMF 
containing tetrabutylammonium iodide and COz , gave diethyl phenylmalonate in 
78% yield, after ethylation9*. The dihydro compound (30 )  was oxidized back to 
29, in almost quantitative yield, with bromine. 

Similarly, 9-phenylfluorene was carboxylated at the 9-position in 8 1% yield, and 
a cycle involving reoxidation and reuse of the protonated electrogenerated base was 
demonstrated. 

In this section we shall consider both reactions in which 
carboxylate ion acts as a leaving group and those in which the carboxyl function 
activates the cleavage of other groups. 

Certain esters of aliphatic acids display a polarographic reduction wave at very 
negative potentials in anhydrous media. For example, in anhydrous DMF the benzyl 
ester of acetylglycine has a half-wave potential of -2.73 V (vs SCE)' 3 2  (equation 
72). It was shown that reduction at this potential resulted in cleavage of the 

C H ~ C O N H C H ~ C O ~ C H ~ C G H ~  CH3CONHCH2C02H + C6HgCH3 (72) 

c. Cleavage reactions. 

70-90% 

carboxylate in high yield, although the preparative conditions were not described. 
Phenyl, diphenylmethyl and trityl esters of acetylglycine and benzyl palmitate 
behaved similarly. 

RC02R' RC02R': - RCOF + R'  '' b RC02H + R'H (73) 
2 ti+ 

This reaction probably occurs via cleavage of an anion radical. This is in 
contrast t o  the stability of the conjugated anion radicals discussed earlier. 
The fact that this reduction is observable at all must be due to the cleavage reaction 
shifting the reduction potential in the anodic direction. This is apparent when one 
observes that neither the unactivated benzene nucleus nor simple aliphatic esters are 
polarographically reducible, and the effect of acyloxylating the  aromatic nucleus is 
to make it more electron-rich and, therefore, presumably, more difficult to reduce. 

The utility of carboxylates as leaving groups is the essence of an elegant method 
for protecting and regenerating carboxyl, amino, hydroxyl and thiol 
groups133 p 1  3 4 .  Carboxylic acids may be protected by making 2 , 2 ,  2-trichloroethyl 
esters. Cathodic reduction then results in very efficient regeneration via elimination 
of dichloroethylene (equation 74). For example, 2, 2, 2-trichloroethyl benzoate is 
reduced at -1.65 V (vs SCE) in methanol to give about 90% recovered benzoic 
acid' 3. 

RC02CH2CC13 2 e  RC02CH2CC12 RCO? + CH2=CC12 (74) 

+ CI- 

By using different haloethyl protecting groups, which are reducible at different 
potentials, it is possible to selectively regenerate one carboxyl group in the presence 
of others, using controlled-potential electrolysis. 

Wi th  chloroformate derivatives it is possible t o  apply this reaction to  other 
functional groups (e.g. equation 75). The effect of the ester group in activating 

Hg, -1.5 V 
%H5CH2SC02CH2CC13 M ~ H - ~ ~ c ~ ~ ~ *  C6H5CH2SH + COP + CH2=CC12 (75) 

90% 

cathodic cleavage reactions was demonstrated in the reduction of a series of 
methoxycarbonyl-substituted benpyl ethers, acetates and fluorides' 5 .  It was 
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mentioned earlier' 2. that unsubstituted benzyl esters are reducible a t  ca -2.7 V 
(vs SCE). Introducing the  carboxyl function into the aromatic nucleus makes 
this reduction much easier; p-methoxycarbonylbenzyl acetate was reduced at 
-1.8 V to the corresponding toluene (equation 76). This example, in fact, involves 

PCH302CC6H4CH20COCH3 C H ~ ~ H - N B ~ ~ O A ~  pCH302CC6HqCH3 (76) 
Pb,-l88V 

95% yield 
76% current efficiency 

carboxylates as both activating and leaving groups. The corresponding benzyl 
methyl ether behaves similarly, giving two-electron reduction to methyl p-toluate. 

In the case of methyl p-(trifluoromethyl) benzoate, six-electron reduction and 
loss of all three fluorine atoms, to give methyl p-toluate in 60% yield, was observed. 
These 'reactions may all be rationalized in terms of expulsion of the leaving group 
from an anion radical, the formation of which is assisted by the presence of the 
methoxycarbonyl group (equation 77). For the parasubstituted compounds, 

R2CX R2C - X 

Q A @  256 -.,4H (77) 

C02CH3 CO2CH3 C02CH3 CO2CH3 

R = H , F  
X = OAc, OCH3, F 

expulsion of the leaving group is too rapid to  observe the anion radical, but with 
methyl rn-(trifluoromethy1)benzoate one electron, reversible cyclic voltammetry is 
observed' 5 .  Reduction of p-methoxycarboxylbenzyl methyl ether in the presence 
of acetic acid resulted in partial protonation of the anion radical before cleavage 
could occur. The major product obtained was the benzyl alcohol (equation 78). 

(78) 
Pb, -1.5 to -1.8 V 

PCH30CH2C6H4C02CH3 CH30H--AdH-NaOAc ' PCH3OCH2C6H4CH2OH 

27% 

The effect of leaving group on reduction potential may be seen in Table 7. The 
acetate cleavage reaction results in a 350 mV anodic shift in reduction potential 
versus the parent compound. This is significantly less for methoxide, and for 

TABLE 7. Polarographic reduction potentialsa 
of some =-substituted methyl toluatesb 

p C H ,  0, CC, H, CH, 
p C H ,  0, CC, H,CH, OCOCH, 
p C H ,  0, CC, H, CH, OCH, 
pCH, 0, CC, H, CF, 
mCH, 0, CC, H, CF, 

-1.74 
-1.39 
-1.61 
-1.26 
-1.40 

'In DMF-NBu, I(O.l M). 
bData taken from J .  P. Coleman and coworkers, J.  Chem. 
Soc.. Perkin 11, 1903 (1973). Reproduced by permission 
of the Chemical Society, London. 
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trifluoromethyl the combined synergistic and electronegativity effects cause a shift 
of almost 500 mV. 

The reductive cleavage of fluoride from aliphatic esters has also been 
observed’ 36. Ethyl di- and tri-fluoroacetates show reduction waves at  -2.56 and 
-2.36 V (vs SCE), respectively, in DMF. Oneelectron coulometry was observed in 
both cases, changing to  two electrons with added proton donor, and fluoride ion 
was detected in the electrolysis solutions; however, the organic products were not 
identified. Similar results were obtained with other perfluoro esters’ ’. 

The reductive cleavage of various groups, activated by carboxyl functions, has 
been observed in the cathodic reduction of some cephalosporanic acids and 

Hg, THF - pyridine 
LiBr-HgO, pH 4 ’ CISiMeJ ” 

CH2 
C02CH3 H COzCHj 

(31)  

73% 

(32) 

R = Q  CH2CO R N H B q C  (79) 

0 
C02CH3 

(33) 

derivatives’ For example, the cephalosporanic acid methyl ester (3 l), which has 
a half-wave potential of -1.70 V (vs SCE) in acetonitrile, gave a good yield of the 
3-methylenecepham (32). This kinetically controlled product was readily iso- 
merized to  the 3-methyl-3cephem (33). 

The reaction was applied to  various other cephalosporanic acids, esters and 
lactones with the reductive cleavage of acetate, thioacetate and pyridine and 
lactone ring-opening in reasonable yields. A new synthesis of the orally active 
cephalosporin antibiotic cephalexin (34) was, thus, demonstrated. This reaction 

COpH 

(34) 

probably occurs via an ECE sequence involving anion-radical formation, expulsion 
of the leaving group and further reduction of the  resulting allylic radical to a 
carbanion which is protonated in a kinetically controlled reaction. 

The cathodic cleavage of allylic acetates derived from polyenes has also been 
observed recently’ 39. Vitamin A acetate, for example, gave axerophtene (35) in 
good yield (equation 80). Replacement of the acetate by p-nitrobenzoate resulted 
in reduction of the aromatic nitro group at  -0.55 V without cleavage. Electron 
transfer to the polyene ‘electrophore’ is thus necessary for the cleavage reaction t o  
occur. 
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CH20Ac 
C H ~ C N - N B U ~ O A C - A ~ O H  

Hg,- l .35V (wsAgIAg1) ’ 

(80) 

(35) 

71% 

C. Carboxylic Amides, Lactams and lmides 

The electrochemical reactions of the nitrogen derivatives of carboxylic acids, in 
many respects, parallel those of the corresponding esters and anhydrides. The main 
reaction types are shown in equations (81)-(85). Anion radicals are again observed 

R ’ C O N R 2 R 3 - ~  R’CHO + R2R3NH (83) 

R’CH2OH + R2R3NH 

R1CH2NRZR3 f H20 (85) 
4 H+ 

R’ = alkyl, aryl; R 2  = H, acyl, alkyl, aryl; R3 = H, alkyl. aryl 

in certain cases. Two-electron reduction may lead to an aldehyde, equation (83), 
and with some imides the intermediate gem-amido alcohol is stable and may be 
isolated, equation (82). Equations (84) and (85) parallel the formation of alcohols 
and ethers from esters. The material in this section will be arranged in a similar 
manner to that in Section B. 

1. Reduction of the carbox yl group 

a. Anion-radical formation. In the  same manner as esters and anhydrides, 
certain amides and imides are capable of forming anion radicals which are stable 
under anhydrous conditions. Thus, the cyclic voltammetry of N,N-dimethyl- 
benzamide in anhydrous DMF is similar t o  that of methyl benzoate and shows a 
reversible oneelectron reduction at -2.53 V (vs SCE)” . The cyclic voltammetry of 
N-methylbenzamide and benzamide, itself, shows irreversible reductions at -2.52 
and -2.53 V, respectively, which become partly reversible at high voltage sweep 
rates (10 V/s). The difference in behaviour is probably caused by the presence of a 
relatively acidic hydrogen atom in the latter compounds. 

generated the anion radicals of some N,N-disubstituted aromatic 
amides by electrolysis in acetonitrile. E.s.r. spectra were observed but no details 
given. 

Hornerl 
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Phthalimide and its Nsubstituted derivatives have received considerable 
attention' '-l 3 .  The N-alkyl compounds exhibit fairly simple behaviour. 
N-methylphthalimide (36), for example' ' , shows two reversible, one-electron 
reductions leading to  the anion radical (37) and dianion (38), respectively, in DMF. 
The e.s.r. spectra of N-alkylphthalimide anion radicals are fairly well docu- 
mented87 9 1  4 4  9 1  4 5 

&N-cH3 - -1.37 V lvs SCEI .- &oL N-CH3 . -2.16V 

0 

(36) 

(38) 

The behaviour of phthalimide, itself, is complicated by the  acidic N-H proton, 
and there are differences of opinion as to its overall behaviour. In spite of its 
acidity146 the anion radical is observable by cyclic voltammetry, and the first 
reduction peak in DMF (EP = -1.49 V vs SCE) is completely reversible at a sweep 
rate of 20 V/sa5.  At lower sweep rates self-protonation occurs, leading to products 
which will be discussed later. The e.s.r. spectrum of the phthalimide anion radical 
has been observed on numerous occasionsa7*l 4 5 .  At more negative potentials 
several other reduction peaks are observeda5 p 1  , together with another re- 
oxidation process, although Farnia and coworkers' reported only two reversible 
couples, attributed to anion-radical and dianion formation, respectively. It seems 
likely that the second group of reduction processes includes both the reduction of 
the different forms of anion radicala7*'47 and the reduction of the anion (391, 

P- a 0 

(39) 

formed in an acid-base reaction at the first reduction peak. Reduction of the 
potassium salt of phthalimide in DMS0145, in fact, gave an e.s.r. spectrum 
attributable to  the dianion radical expected from the reduction of 39. The nature 
of the second reoxidation process cannot be assigned with any certainty. 

Once again, anion radicals are thought to  be the first-formed intermediates in 
most of the reactions we shall consider in the following sections, except those in 
strongly acidic solutions where protonated substrates might be the electroactive 
species. 

b. Formation of  aldehydes and a-amido alcohols. The cathodic reduction of 
aromatic amides to  aldehydes does not appear t o  have been pursued, most of the 
work having been directed towards alcohol or amine formation. However, in view 
of the results on alcohol formation from these compounds, which will be discussed 
in the next section, it seems that, if the extraction methods applied for aromatic 
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acid reductions (see Section 1I.A) were used, it should be possible t o  obtain 
aldehydes from aromatic amides. 

Heterocyclic amide reductions have been studied by Lund and Iversen, and the 
results parallel those for the corresponding carboxylic acids. Thus, isonicotinic 
amide (40) shows a polarographic reduction in aqueous solution’ 4 8 ,  the potential 
of which varies from -0.6 to - 1.3 V as the pH varies from 0 to 13. In strongly acidic 
solution the aldehyde was shown t o  be the major product (equation 87). In less 
acidic solution (pH = 3.5) four-electron reduction to the alcohol was observed. this, 
again, reflects the stability of the hydrated aldehyde (or a-amino alcohol, equation 
88). With a phenyl group on the amide nitrogen in isonicotinic anilide, aldehyde 
formation is almost completely suppressed, even in strongly acidic solution. The 
products are the alcohol and the amine, yields varing with pH (equation 89). 
Amides of imidazole- and thiazolecarboxylic acids6 3-6 are also reducible to the 
corresponding aldehydes, and some of these are shown in Table 8. 

FHO 

(40) 87% by polarography 

Aliphatic amides have been reduced to the corresponding aldehydes with electro- 
chemically generated solvated electrons in methylamine, with lithium chloride as 
the electrolyte’ 9. In the absence of added proton donors, alcohol formation is the 
predominant reaction. However, with small amounts of ethanol added, reasonable 
yields of aldehyde are obtained, with secondary and tertiary amides giving the best 
yields. Representative examples are shown in equations (90) and (91). Product 

(90) 
+-* CH3NH2-LiCI , CH3(CHz,);CHzOH 

Pt cathode 

C H ~ ( C H Z ) ~ C O N H C H ~  
CH~NH2-LiCI--EtOH 

Pt cathode C H ~ ( C H Z ) ~ C H Z O H  + CH3(CH2)8CHO (91) 

24% 58% 

control is rationalized in terms of equations (92) and (93). In the absence of a 
proton donor, the anion 41 , presumably formed by an ECE sequence, decomposes 

:;+ b R’CH20H (92) 

R’CHO (93) hydrolysis 
(workup) ’ ‘NR2R3 

R’CONRZR3 $ + CH 

(41) ‘NR2R3 
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TABLE 8. Aldehyde formation via cathodic reduction of 
some heterocyclic amides in aqueous acida 

Aldehyde yield (%) 

Amide Polarographic Isolated Reference 

67 

QCONH2 72.5 

C A C O N H 2  81.5 

49 64 

53.5 64 

44 64 

63 

~~~ ~ ~ ~~~~~ 

"Data taken from P. E. Iversen, Acta Chem. Scand., 24,2459 
(1970). Reproduced by permission of A d a  Chem. Scand. 

to give the aldehyde in the electrolysis solution and further reduction t o  the a.:ohol 
occurs. With ethanol added, the anion 41 is protonated, giving the a-aminoalcohol 
42 which is stable for the duration of the electrolysis and is hydrolysed to  the 
aldehyde during the workup procedure. Imine formation from the aldehyde and the 
solvent is not a complicating factor in these reactions since no N-methylamines 
corresponding to the starting materials were observed, although it was demon- 
strated that the N-methylimine of hexanal could be reduced to the amine. 

It should be noted that, whilst the chemical yields from these reactions are fairly 
good, the current efficiencies are low. A sixfold theoretical excess of  current was 
used, in equation (90) and in equation (91) a 7.5-fold excess. 

Similar reductions in hexamethylphosphoramide' (HMPA) and in liquid 
ammonia' 5 1  have also been studied. ,No aldehyde formation was observed in 
HMPA, but, at low temperatures (< -70 C) in liquid ammonia-potassium bromide, 
propionaldehyde was formed from propionamide. At higher temperatures, even 
with butanol added as a proton donor, n-propanol was formed almost exclusively. 

The reduction of phthalimide and its derivatives has been studied extensively 
using aqueous solutions' 2 - 1  in addition to  the non-aqueous solutions des- 
cribed earlier 1-1 . Phthalimide undergoes a two-electron polarographic 
reduction at about -0.8 V in acidic aqueous ethanol solutions' "-' ' 7 .  Protonated 
phthalimide is thought to be the electroactive species although neutral phthalimide 
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predominates in the bulk solution. As pH increases, the reduction shifts in the 
cathodic direction and a second wave is observed. The first wave becomes smaller 
until at pH 7-9.5 two one-electron, pH-independent waves are observed. At pH 
greater than 10 the phthalimide anion is the bulk species, a protonation again 
precedes electron transfer, the neutral molecule being electroactive, and the 
reduction potential again becomes pHdependent. 

The product of the two-electron reduction in acidic aqueous dioxane was shown 
t o  be 3-hydroxyphthalimidine (43)' 3 9  5 4  (equation 94). This compound is 

Pb. dioxane-HZO-HCI 
(94) 

(43) 

70% 

analogous to the unstable intermediates proposed in the amide to  aldehyde 
reductions but does not decompose so readily. The preparative reduction in acidic 
aqueous ethanol gives 3-ethoxyphthalimidine which was incorrectly identified by 
Sakurai' as the hydroxy compound. Reduction at the first wave in neutral or 
alkaline solution was assumed to  give a pinacol-type dimer' '. 

More recently, this reaction was investigated using the rotating disc electrode 
technique with lead and amalgamated copper in acidic aqueous acetonitrile 
solutions' The maior features described above were confirmed for phthalimide 
and some of its N-sub&tuted derivatives. 

reduction wave in DMF also gives 3-hydroxyphthalimidine' 
Controlled potential reduction of phthalimide at the potential of 

(equation 
the first 
95). The 

(95) 

reaction only goes t o  33% conversion in the absence of added proton donors. This 
self-protonation reaction accounts for the anomalous currents observed for 
phthalimide reduction by polarography and slow-sweep voltammetry' 3. 

The cathodic reduction of aromatic amides in neutral 
or basic alcoholic solutions generally leads t o  the corresponding alcohols (equation 
84) as Horner and coworkers have demonstrated' . Polarographic 
reduction potentials were measured for a series of amides in ethanolic solution and 
some of these are shown in Table 9. The half-wave potentials for a series of 
substituted benzanilides were correlated fairly well with the corresponding 
Hammett u values. Preparative-scale electrolysis of benzamides in alcoholic solution 
leads to a benzyl alcohol and ammonia, or the amine resulting from the cleavage 
reaction' (equation 96). Terephthalamides undergo eight-electron reduction 

c. Alcohol formation. 

67% 70% 

under these conditions, giving terephthalyl alcohol' 6 o  (equation 97). The mechan- 
ism of these reductions is similar t o  that discussed for aliphatic amides in methyl- 
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TABLE 9. Polarographic half-wave potentials of some 
aromatic amide8 

Amide E ,  , ( V vs AgIAgC1) 

C, H, CONH, -2.15 
pCH, OC, H, CONH, -2.33 
C, H, CONHC, H, -2.02 
pCIC, H, CONHC, H, -1.90 
C, H, CON(C6 H, 12 -1.83 

aData taken from L. Horner and R. -J. Singer, Anrzalen, 
723, 1 (1969). Reproduced by permission of Verlag 

Shleasured in ethanol-NMe, Cl(O.1 M). 
hemie GmbH, Weinheim. 

amine, with the major difference being that the aromatic amides are reducible 
directly, as  evidenced by the polarographic results. 

n 

83% 
I 

€1 12 = -1.74 V vs AgIAgCI 

An ECE sequence, via the anion radical, leads to an a-amino alcohol (cf. equation 
92) which, a t  normal temperatures, eliminates ammonia o r  amine. The aldehyde so 
formed is further reduced to the  alcohol. 

The reduction of ammonium phthalamate in aqueous solution gives an alcohol 

Chemical yield = 90% 
Current efficiency = 70% 

which cyclizes to  give phthalide as the final product' (equation 98). Phthalide is 
also obtained in 60% yield by reduction of phthalimide in DMF at -2.6 V' 

Reduction of 
the amide or  imide carbonyl group to  a methylene group in acidic aqueous solution 
seems to have been the most extensively studied cathodic reaction of these 
compounds and iS analogous to ether formation from esters (Section B. 1. c). Since 
most of the work in this area is fairly old and has been summarized 
previously3 p 5  

These reactions have been camed out since the beginning of the century, for the 
most part using constant current electrolysis at lead cathodes in sulphuric acid 
solutions a t  slightly elevated temperatures. Tafel, for example, reduced 

. 
d. Formation of ainines from amides and amides from imides. 

b ,  we shall do  no more than to outline the major features here. 
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Chemical yield = 63% 
Current efficiency = 11% 

N,N-dimethylbenzamide to  N,N-dimethylbenzylamine' (equation 99). N,N- 
dimethylphenylacetamide may be similarly reduced in aqueous hydrochloric 
acid solution t o  give NJVdimethyl-2-phenylethylamine in 92% yield' 3. The 
monomethyl compound and phenylacetamide, itself, give 80% and < 1% yields, 
respectively, of the corresponding amine, thus demonstrating clearly the effect of 
N-substitution on this reaction. 

Phthalimide and its derivatives have again received considerable attention in this 
context. Under more vigorous conditions than those described earlier for two- 
electron reduction, phthalimide and its N-alkyl derivatives are reduced in two 
stages to isoindolines (equation 100). Thus, isoindoline and its N-methyl derivative 

R = H, alkyl 
(45) 

were prepared' 6 4  in good yield from either the corresponding phthalimide or the 
phghalimidine (44, R = H, CH3)  at a lead cathode in aqueous sulphuric acid at 
50 C. Current efficiencies were only 15-20%, but chemical yields were 60-70%. 
Allen' claims that current efficiency may be dramatically increased by solubiliz- 
ing the starting material with acetic acid. An early demonstration of the utility of 
controlled potential electrolysis was given in the reduction of the tetrachloro- 
phthalimide derivative 46' 6 6 .  The mechanism of these reactions probably involves 

Chemical yield = 66% 

Chemical yield = 84% 
Current efficiency = 78% 

reduction of the protonated amide or imide, followed by dehydration and further 
reduction (equation 103), but detailed mechanistic studies have not been made. 

* R ' C H = i R 2 R 3  ,"+ * R'CH2<HR2R3 (103) /OH -H20 
R1CONR2R3 :,+ * R2CH 

'NH R 2  R3 
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Certain aliphatic compounds have been reduced in a similar fashion. Swann, for 
example, reduced N,N-dimethylvaleramide to  N,N-dimethylamylamine in 60% 
yield' 6 7 .  Both carbonyl groups of the diamide (47) were reduced' 6 a .  Succinimide 

CH2 c6 H 5 
I 

.. 

I I 
CHzC6H5 CH 2% H 5 

(47) Chemical yield - 70% 

and some of its derivatives have been studied. Thus, N-methylsuccinimide was 
reduced to  the pyrrolidone in good yield' (equation 105). Further reduction to 

Chemical yield = 80% 

pyrrolidines, in low yield, has also been reported' 7 0 .  Finally, ethylamine was 
reported as a major product in the reduction of acetamide with electrochemically 
generated solvated electrons in HMPA' (equations 106 and 107). Lower tem- 

C2H5OH + C2H5NH2 Total current efficiency = 49% (106) 
HMPA-LICI-HCI 

C cathode 
61 % 

HMPA-LICI 
C mthode '2'50' + C2H5NH2 Total current efficiency = 50% (107) 

10% 

perature and increased acidity favour the formation of ethylamine and the results 
are rationalized in terms of dehydration or deamination of an intermediate amino 
alcohol. It is interesting to  note that the use of anhydrous HC1 in HMPA did not 
significantly affect the total current efficiency via increased hydrogen evolution. 

c =% 

CHjCONHz 

90% 

2. Other reactions 

There is not a lot of work in  the literature describing carboxylic amides as  
activating groups in cathodic reductions. Compared with the corresponding esters, 
the nitrogen compounds appear to  have been neglected in this context. Amide 
groups are capable of promoting the EHD reaction as Baizer described in his early 
work with.acrylamide and some of its derivatives' (equation 108). Nicotinamides 

Hg. -1.95 V 
2 C H ~ = C H C O N ( C Z H ~ ) Z  NEt4 tosylate-H20* ( C , H ~ ) Z N C O ( C H ~ ) ~ C O N ( C ~ H ~ ) ~  (108) 

Current efficiency = 73% 

alkylated on the pyridine nitrogen atom have been studied fairly extensively as 
models for the NAP-NADH system. This work has been reviewed previously' ' 
and, since the cathodic reduction of pyridinium compounds may be accomplished 
in the absence of the amide activating group' 7 2 ,  leading t o  either ring- 
hydrogenated or hydrodimerized products, it will not be treated here. 
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I. INTRODUCTION 

The use of main-group metal organometallic compounds as reagents for  effecting 
organic syntheses has been well known for several decades. Organolithium' , -mag- 
nesiumZ and -zinc3 compounds in particular have been extensively investigated and 
widely accepted by synthetic organic chemists, while more recently organo- 
thallium4, -boron5 and -aluminium6 compounds have also found novel and interest- 
ing synthetic applications. Paralleling this activity t o  some extent is the utilization 
of t h e  platinum or noble metals as heterogeneous catalysts for a wide variety of  
useful organic reactions, the best known, perhaps, being the hydrogenation reac- 
t i o n ~ ~ .  

Relative newcomers to  organic synthesis, being used only in the past ten to  
fifteen years, have been the organotransition metal compounds, used either as 
stoichiometric reagents8 or as homogeneous catalysts8v9. Research in this area has 
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been expanding very rapidly, with the result that a seemingly bewildering array of 
strange, difficult-to-handle compounds, which often exhibit a very novel organic 
chemistry, now lends itself t o  at least a degree of systematic classification' v 1  ' . 

Exploitation of this area of organic chemistry has been slow. Although a few 
organotransition metal compounds have been utilized, for instance, to generate 
otherwise inaccessible intermediates such as cyclobutadiene' ', t o  activate aromatic 
molecules to nucleophilic substitution reactions' and to act as protecting 
groups' or olefin hydrogenation catalysts' 5 ,  the field is as yet a rudimentary 
level. 

Originally the intention of this review was to  survey the general area of 
decarbonylation reactions of acid derivatives. However, an inspection of the perti- 
nent literature revealed that, aside from a few references to  decarbonylations of 
carboxylic acids by strong mineral acids' 6 ,  and of some acid chlorides by alu- 
minium trichloride' ', perhaps the most synthetically useful and most intensively 
studied decarbonylation reactions are those of aldehydes and acyl halides by a 
particular compound of monovalent rhodium, chlorotris(tripheny1- 
phosphine)rhodium(I), RhCI(PPh3)3 (1). As a previous article in this series on the 
decarbonylation of aldehydes' was written before the investigations of the 
chemistry of 1 had really begun, and a previous volume in this series19 on the 
chemistry of acyl halides does not appear to  mention 1, it seemed appropriate t o  
focus attention on decarbonylation reactions of acyl halides and aldehydes effected 
by 1. The subject is especially suitable for discussion at this point because the 
decarbonylation reactions of 1 are one of the very few organometallic reactions 
which have both been utilized to  some extent in organic syntheses and which 
appear t o  be reasonably well understood mechanistically. Much of the very early 
work has been reviewed previously' O .  

I I .  THE PREPARATION, STRUCTURE AND CHEMISTRY OF RhCI(PPh3)3 (1) 

Compound 1 appears to have been independently prepared by several research 
groups during the mid 1960~'~ - - 2 5 .  Although it and its derivatives may be 
prepared by displacing olefins from rhodium(I1) complexes by tertiary phos- 
phinesZ6, 1 can be readily prepared in very high yield by treating commercially 
available hydrated rhodium trichloride(2) with an excess of triphenylphosphine in 
refluxing ethanol2 7 .  As the amount of rhodium (weight %) in 2 is three and a half 
times that in 1, while the ratio of costs is only a factor of twoz8,  the financial 
savings normally outweigh the small amount of time required to  convert 2 to 1 
(rhodium is one of the most expensive of the noble metals). Procedures are 
available in the literature' for the recovery of useable rhodium salts from rhodium 
residues. 

shows that 1 exhibits, as expected, essen- 
tially square planar coordination about the metal. Earlier work' had suggested 
that it dissociated extensively in solution to  give either the three-coordinated 
complex, KhCl (PPh3)- (3) or a solvated species, RhCl (PPh3)' (solvent), but more 
recent3 P n.m.r. studies show that the complex remains essentially intact3 * in 
solution. 1 readily undergoes both substitution and oxidation reactions; evidently 
one of the triphenylphosphine ligands must be very labile, as the planar compounds 
RhCl(L) (PPh3)2 ( L  = CO,C2 H 4 )  are rapidly formed on bubbling carbon monoxide 
or ethylene through solutions of 1' 7 * 3 '  (equation 1). 

A crystal-structure determination3 
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and methyl i ~ d i d e j ~ . ~ ’  t o  form five- or six-coordinated complexes of rhodium(II1) 
are also well known (equations 2-4). [The hydrogen and methyl ligands are 

Addition reactions with, for instance, hydrogen’ 713 , hydrogen chloride3 v 3  

Ph3P H 
1 + H2 - ‘dh’ 

’I \ Ph3P CI PPh3 

1 + Me1 Y 

I’ \PPh3 

(4) 

(4) 

generally regarded as being anionic, twoelectron donors, i.e. hydrido and carban- 
ionic groups; thus addition of molecular hydrogen is considered as being an 
oxidation process, contrary to the conventions of organic chemistry. As reactions 
(2 ) ,  (3) and (4) involve increases in both the oxidation state and the coordination 
number of the central metal atom, they are often referred to  as oxidative addition 
reactions]. 

Investigations of the reactions of 1 with aldehydes and acyl halides were 
initiated independently in about 1965 by research groups in Japan3 6 ,  England3 
and Israel38. Subsequent research by these and other groups has shown that while 
both aldehydes and acyl halides react with 1 by similar mechanisms, reaction 
intermediates can only be detected during reactions of the latter. Thus, in the 
following sections, decarbonylation reactions of acyl halides by 1 will be treated 
first, followed by decarbonylation reactions of aldehydes. 

111. REACTIONS OF 1 W I T H  ACYL HALIDES 

A. Decarbonylation Reactions of Acyl Hal ides 

1. General 

Reactions of acyl halides with 1 fall into two main categories, those which 
proceed with elimination of carbon monoxide only to give the aryl (equation 5) o r  
alkyl (equation 6 )  halide, and those which result in elimination of both carbon 
monoxide and hydrogen halide to  give olefin. The latter situation occurs only when 
C(3) of aliphatic acyl halides is bonded to  a hydrogen atom (equation 7). The 

(5) ArCOCl + 1 - ArCl + 5 

MeCOCl + 1 - MeCl + 5 (6 )  

RCH2CH2COCI + 1 - RCH=CH2 + HCI + 5 ( 7 )  

rhodiumcontaining product in all cases is the planar rhodium(I1) complex, trans- 
RhClCO(PPh3)2 (S), the same compound obtained on treatment of 1 with carbon 
monoxide (equation 1 ). In additio:, decarbonylation reactions may be stoichio- 
metric (temperature range 80-100 C )  or catalytic (temperatures above -1 80°C). 
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2. Aromatic acyl halides and cyanides 

Experimental conditions and results for a number of aromatic acyl halides (and 
cyanides) are presented in Table 1 ; most studies were carried out using solutions of 
1 in the neat acyl halides. All yields in this and subsequent tables are based on the 
amount of acyl halide used. Although the homogeneous decarbonylation reaction 
proceeds stoichiornetrically under relatively mild conditions (8O"Cl3 713 the 
reaction is generally catalytic a t  about 200°C. Indeed, a recent kinetic study of the 
decarbonylation of benzoyl bromide by 1 shows t t a t  maximum catalytic activity is 
achieved only in the temperature range 190-210 C44. The reaction is sluggish at 
lower temperatures, while the catalyst is deactivated at higher temperatures. How- 
ever, the lcatalysed reaction appears to  be much more efficient and useful than 
other procedures for the decarbonylation of aromatic acyl halides3 

The catalytic decarbonylations of aroyl fluorides have been attempted using 
both neat substrates and solutions in a variety of inert solvents; o-xylene appeared 
to  be the best solvent3 9 .  Ideal conditions for decarbonylation of aroyl fluorides 
have unfortunately not yet been achieved, however, since the average number of 
reaction cycles per catalyst molecule ranges only between three and five. Inactive 
fluororhodium species may form as the reaction proceeds3 9 .  

Catalyst efficiency is generally much higher with aroyl chlorides, bromides and 
iodides, although the above-mentioned kinetic study44 suggests that reactions may 
not always have been carried out a t  the optimum temperature. Work by Blum and 
coworkers3 p 4 ?  has amply demonstrated that consideration of the thermal 
stabilities of the products is necessary if efficiency is generally t o  be achieved. It 
was found best in many cases that the reaction mixture be heated only to the reflux 
temperature of the aryl halide product. If the latter were not distilled off, the  
catalyst became deactivated in a manner not yet elucidated4'. (An exception to 
this generalization is 4-acetamidobenzoyl chloride (Table 1, no,22), which decom- 
posed by other routes4?). The 'distillation technique' did not apply to  the high- 
boiling polycyclic acyl compounds (nos. 29-38,43,44), however, as the products 
seemed to be unstable with respect t o  further reaction with one or  more rhodium 
compounds in solution at high temperatures. These were best decarbonylated by 
brief heating with 1 at 235-300°C followed by chromatographic purification 4 2 .  

Although 1,2-phthaloyl chloride is not decarbonylated, perhaps forming a stable 
rhodium complex, the 1,3- and 1,4-isomers react in two ~ t e p s ~ ' 9 ~ ~ .  Thus the two 
acyl chloride groups in these cases react independently with the rhodium catalyst. 

Little effort appears to  have been made to  study decarbonylations of aroyl 
bromides; it seems generally to have been assumed (and found) that they behave 
similarly to  aroyl chlorides. However, the possible utilization of  1 to synthesize 
rather labile, difficult to prepare aryl iodides has prompted one study of aroyl 
iodides (nos. 45-54)J3. Good yields were obtained at 200°C in all examples 
studies when the products were distilled off at reduced pressure as they formed. 
Indeed, the yields of 1,2-diiodobenzene from 2iodobenzoyl iodide (no. 50) was 
much higher than the yields from the corresponding reaction of 2-iodoberizoyl 
chloride (no. 18), prompting the suggestion of a special benzyne-type intermediate 
in this case. No rhodium intermediates were isolated, however, and in view of the 
facts that not only can the temperature determine the distribution of products (see 
above), but also that the chemistry of  iodorhodium complexes is very incompletely 
understood' , suggestions regarding mechanisms seem premature in this case. 

The reactions of the aroyl cyanides (nos. 55-57) are included for reasons of 
completeness. Beiizoyl cyanide was not decarbonylated, probably because the 

O .  
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reflux temperature was not sufficiently high to  decompose the intermediate cyanor- 
hodium complexes. The higher boiling substrates, o n  the other hand, were 
decarbonylated smoothly. 

3. Aliphatic and benz ylic ac y I batides 

Experimental conditions and results for decarbonylation reactions of alkyl and 
benzylic acyl halides are listed in Table 2 .  In contrast to the situation with aroyl 
halides (Table l), most studies have been done on solutions in a variety of inert 
solvents, nitriles being preferred5 is . In general, therefore, decarbonylation 
reactions carried out at temperatures much below 2OO0C are only stoichiometric 
(equations 6 and 7) while those a t  about 200°C or  higher are catalytic. As 5 is the 
observed product in stoichiometric decarbonylations, it is often assumed to  be an 
intermediate in catalytic reactions, and therefore a catalyst also. Both 1 and 5 have 
therefore been used in  catalytic decarbonylations, although reservations concerning 
their interchangeability have been expressed4 ’.  his issue will be discussed in 
Section 1II.B. Yields are based on  the amount of acyl halide used. 
. Experiment nos. 1-4 and 6 of Table 2 show that methyl and benzylic deriva- 

tives are decarbonylated very smoothly, although no. 4 suggests that optically 
active acyl halides are unfortunately not decarbonylated stereospecifically. Bulky 
substituents on C(2) of the acyl halide can affect both the ease of the reaction and 
the nature of the products’ ; a n-benzylrhodium complex ( 6 )  was formed in no. 5, 
effectively destroying the catalyst. 

I 
t-Bu 

(6) 

The remaining entries in Table 2 show that 1 very effectively catalyses simul- 
taneous decarbonylation and dehydrohalogenation of aliphatic acyl chlorides; data 
on bromides and iodides are very sparse. Whereas similar reactions using palladium 
metal as catalyst give predominantly the thermodynamically more stable internal 
o1efins4O p4 *’ ’, the results of both double-bond migration and cis-trans isomeriza- 
tion of the products, the rhodium catalysts 1 and 5 give mixtures of terminal and 
internal olefins. Not mentioned in Table 2 are 3-(methoxycarbonyl) propionyl 
chloride, which gives succinic anhydride by an unknown mechanism4 , and adipic 
arid suberic acid dichlorides, which give resinous materials4 , 

0 f great synthetic importance is the fact that addition of excess triphenyl. 
phosphine to solutions of the rhodium catalysts’ 7’ accompanied by immediate 
distillation of olefins as formed4 minimizes olefin isomerization (nos. 
7, 1 1, 18, 19, 20, 2 1 ; ratios indicated are mole ratios). Although both reaction rates 
and yields are lowered in the presence of excess triphenylphosphine, the procedure 
demonstrates that conversion of a variety of acy halides to  olefins without iso- 
merization of the latter may be possible. 

Experiment nos. 15-21 further clarify the possible synthetic utility of 1 and 5 
in this respect. Although catalytic decarbonylation of neat threo-PhCHDCHDCOCl 
(no. 15) results in very extensive scrambling of deuterium in the styrene produced, 
the much bulkier threo- and erythro-PhMeCHPhCHCOCl (nos. 16 and 17) are 
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decarbonylated and dehydrohalogenated stereospecifically. A rationale of the 
difference5 will be developed in Section 1II.C. These observations, together with 
those of experiments 18-21, which demonstrate that ease of removal of a hydro- 
gen from C ( 3 )  of the acyl halide is tertiary > secondary > primary, suggest that 
regioselective decarbonylation and dehydrohalogenation of complex acyl halides 
may prove to be of great synthetic utility. 

Although little research in this area with other metal compounds has been 
carried out, a patents6 suggests that the compounds R ~ B ~ C O ( P B U ~ ) ~  and 
RhC 1 CO(PBuPh2 ) 2 ,  at least, will decarbonylate acyl halides. 

B. Mechanisms 

As mentioned in Section 11, 1 undergoes oxidative addition with methyl iodide 
to give the five-coordinated rhodium(rr1) complex, RhMe12(PPh3 )2 (4). Numerous 
studies have shown that, at room temperature or slightly above, I undergoes similar 
reactions with acyl chlorides3Z ,41  t 4 2 - 4 4 - 4 7 7 4 8 - 5 0  3 ,54 3 (equation 8). 

1 + RCOCl RhC12(COR)(PPh3)2 + PPh3 

( 7 )  

R = alkyl, aryl 

The mechanism of the oxidative addition step is not clear, but probably involves 
a solvated or three-coordinated intermediate, RhCl (PPh3)2 , 48 ,  resulting from 
slight dissociation of one of the triphenylph~sphines~ *58 .  Low-valent, electron-rich 
planar molecules such as 1, 3 and 5 have filled 4dz2 orbitals of essentially u 
symmetry (Figure 1) and are believed to  be reasonably good nucleophiles; they 
protonate readily on the metal3 2 ,  while their oxidative addition reactions with 
methyl iodide are believed to  involve s N 2  displacement of iodide from the 
saturated carbon by the metal nucleophile5 9 .  The oxidative addition of acyl 
chlorides to 3 may well involve interaction of the high-energy, filled 4dZ2 orbital 
with the vacant II* orbital of the carbonyl group (probably the lowest unoccupied 
molecular orbital6 O ) ,  in other words a nucleophilic attack on  the carbonyl carbon 
atom (Figure 2). 

A wide variety of acyl compounds (7) has been reported; a few are listed in 
Table 3.  In the case of the addition of acetyl chloride, low-temperature3 P n.m.r. 
spectroscopy has shown48 that the acylrhodium . compound initially formed in 
chloroform solution is the monomeric species, 8. Compound 8 can be obtained 
from solution as a reasonably stable, pale yellow solid, and has been characterized 

2 
I 
I 

Z 
I 
I 

2 
I 
1 

( 1  1 (3) ( 5 )  

FIGURE 1 .  Structures of RhCl(PPh,), (1) and RhClCO(PPh,), (S), and probable struc- 
ture of RhC1(PPh3),(3), illustrating the orientation of the filled 4dZ’ orbital (omitting the 
‘donut’). 
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R h  FIGURE 2. Possible interaction between the highest, occu- 
pied molecular orbital of RhCl (PPh, , predominantly of metal 
4d,2 character, with the lowest unoccupied molecular orbital 
of acetyl ChIUiidc. Hatchirig denotes a filled orbital. 

by  i.r., far i.r. and P n.m.r. spectroscopy4 8 .  It has the structure expected 
for a cis oxidative addition of acetyl chloride t o  3 via the transition state illustrated 
in Figure 2. 

H and 

COMe COMe 

Rh Rh 
CI, 1 /PPh3 CI, I /PPh3 

/ \  
CI’ ‘PPh3 Ph3P CI 

(8)  (9) 

In chIoroform solution at room temperature, 8 isomerizes irreversibly to  an  
orange acylrhodium compound, 948. The structure of the latter, inferred from 
spectroscopic data, has been verified by the X-ray crystal structure determination 
of the  orange RhC12 (COCH2CH2 Ph) (PPh3)248. It is square pyramidal, with trans 
basal chlorines, frans basal phosphines and an apical acyl group, and has very similar 
i.r. and n.m.r. spectral parameters t o  9 .  As most of the acylrhodium compounds 
listed in Table 3 are also orange, it seems likely that they all have structures similar 
to that of 9. 

TABLE 3. Representative compounds of the type RhC1, (COR)(PPh,), 

No. R uC=O(cm-’) N.m.r. data‘ References 

1 Me (9) 1700 6(CH,) = 2.49 (JPH = 1 Hz) 48 

2 Me(CH,), - 6(CH,) = O.75,6(CH2), = 0.9-1.5 41 

3 PhCH,CH, 1710 6(CH,Ph) = 2.60, G(CH,CO) = 3.11 41,48, 51 

4 PhCH, 1708 _. 
5 Ph 1666 .- 

‘ ’ H chemical shifts in p.p.m. from TMS, 3 1  P chemical shifts in p.p.m. downfield from external H,PO,. 

6(P) = 23.6 (JRhp = 108 HZ) 

6(CH,CO) = 2.93 

6(P) = 23.2 (JRhP = 108 HZ) 
57 
57 
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TABLE 4. Representative compounds of the type RhRCl,CO(PPh,), 

~~ 

No. R vC=O(cm-') N.m.r. data' References 

1 Me 

2 Ph 

2045 

2074 
3 PhCH, 2069 - 
4 PhCH,CH, 2096b 6(P) = 15.9 (JRhp = 89 HZ) 

57 
48,54 

' 'H chemical shifts in p.p.m. from TMS, "P chemical shifts in p.p.m. downfield from external H,PO,. 
Incorrectly stated to be 1996 cm-' in Reference 54. 

Simultaneously with isomerization of 8 t o  9, 9 isomerizes to the six-coordinated, 
methylrhodium compound, 10 (R = Me). A number of six-coordinated compounds 
of the type RhRC12CO(PPh3), have been reported (Table 4) and are generally 
believed to  have structures similar to  that of 10. 

The isomerization reaction is of a type which is well known in organotransition 
metal chemistry6 . Its mechanism is believed to  involve a 1,2-shift of the methyl 
from the carbonyl group t o  a cis position on the meta147i48,54. Such migration 
reactions of primary and secondary groups generally appear to  proceed with 
retention of configuration at C(z) of the acyl group5 p 6  * -' 5 ,  while the p values 
for the same isomerization reactions of para-substituted benzyl and phenylacetyl 
complexes suggest little charge imbalance in the transition states7. These data are 
consistent with a concerted mechanism involving a three-centred transition state, as 
in equation (10). 

The isomerization of 9 to  10 is reversible, the equilibrium constant being about 
0.3 in chloroform and varying little with para substitution on  the triarylphosphine. 
Both the enthalpy and the entropy changes in the 9 -+ 10 conversion are small and 
negative48. Electron-withdrawing para substituents on the migrating group of a 
number of benzyl and phenylacetyl compounds enhance the rates of aryl migration, 
but decrease the rates of benzyl migrations 7 ,  observations not readily understood 
at  present but which are consistent with the observed substituent effects on  the 
rates of catalytic decarbonylation of  aroyl halides4 . Added triphenylphosphine 
has negligible effect on either the position of e q u i l i b r i ~ m ~ ~  or the rate of migra- 
tions' in the isomerization of acylrhodium complexes 7 to their alkyl or aryl 
isomers. 

Interestingly, however, the positions of equilibrium in the acyl + alkyl (aryl) 
isomerizations are strongly dependent on  the nature of the migrating group. 
Representative equilibrium constants are listed in Table 5. Both steric and elec- 
tronic factors are believed to  be responsible for the large differences4 '. 

Most compounds of the type RhRC12CO(PPh3), are unstable in solution at 
room temperature, slowly decomposing to  5 by either elimination of RCl 
(R = methyl, aryl, benzyl) or of olefin and hydrogen chloride (when C(2) of R is 
bonded to  hydrogen). 

RhRC12CO(PPb)2 5 + RCI (11) 

Rh(CH2CH2R')C12CO(PPh3)2 5 + R'CH=CHz + HCI (12) 
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TABLE 5.  Eauilibrium constants for the 
reactions Rhdl,(COR)(PPhJ, * RhRCI,CO- 
(PPh,), 

R K References 

Me 0.29 47,48 
Ph >20 47,48,57 
R’CH, CH, <0.1 47,48, 54 
P-cG H, CH, 0.07 57 
CICH, >20 48 

The reactions exemplified by  equation (10) are the reverse of the oxidative 
addition reactions discussed in Section 11, and are referred to  as reductive elim- 
ination reactions. Unfortunately little is known at present of the mechanisms of 
reductive elimination reactions although, invoking the principle of microscopic 
reversibility, they presumably proceed via the same reaction paths as do oxidative 
addition reactions. The latter have been shown to involve a number of different 
mechanisms, depending in large part on the nature of the alkyl (aryl) group5 ’, and 
thus it seems unlikely that a single process is involved in the reactions under 
consideration here. 

In agreement with this suggestion, Stille and ReganS7 have shown that  the 
elimination of para-substituted aryl and benzyl halides from 11 and 12, respect- 
ively, must proceed by quite different mechanisms. The rates of the former are 

inhibited by electron-withdrawing substituents and free triphenylphosphine, while 
the rates of the latter are enhanced by electron-withdrawing substituents but are 
unaffected by free triphenylphosphine. It was suggested that elimination of aryl 
halides, at least, involves preliminary dissociation of one triphenylphosphine, a 
hypothesis supported by a positive entropy of activation5 ’. 

The mechanism of equation (1 3) is probably better ~ n d e r s t o o d ~ ~ .  The reaction 
most likely proceeds in steps involving dissociation of a phosphine, migration of a 
hydrogen atom from of the alkyl group t o  the metal t o  give a rhodium 
complex containing coordinated hydrogen and olefin ligands (13), and then dissoci- 
ation of olefin and hydrogen halide to  give 5 .  

co 
(?OH +PPh3 

‘Rh’ - + RhCICO(PPh3)2 + HCI (13) 
CI,J ,PPh3 -PPhj 

(51 
Ph3P’ !‘I R 

Rh\  
Ph3P’ I CH2CHzR’ 

CI 
R’ 

The evidence for phosphine dissociation is largely based on indirect evidence. 
Species such as 13 have not actually been detected, but elimination of olefin from 
primary alkyl transition metal compounds as in equation (13) is a well-known 
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reaction66. Mechanistically, it probably involves a concerted, cis-I ,3 or P-elim- 
ination via a four-centred intermediate (equation 14; see reference 54 for a detailed 
discussion of the evidence for this mechanism). The order in which 13 dissociates 
olefin, eliminates hydrogen chloride and recoordinates the triphenylphosphine to 
form 5 is not known. 

The sequence of reactions shown in equations ( 8 ) ,  (9) and either (1 1) o r  (12) 
adequately describes the important steps in the stoichiornetric decarbonylation of 
acyl halides by 1. Although all the steps generally proceed at  measurable rates in 
solution at  room temperature, decarbonylation is not catalytic because the product 
(5) is inert under these conditions. 

At higher temperatures, however, the decarbonylation reaction becomes cata- 
lytic. Either 5 becomes reactive, o r  it is not formed. Opinions on  this matter vary 
in the literature, some authors4 suggesting that oxidative addition of acyl halides 
to 5 becomes important over 200°C. Species such as 14 have not been detected 

RCOCl + 5 RhCI2(COR)CO(PPh3)2 (15) 

(14) 

RhC12(COR)CO(PPh3)2 RhC12(COR)(PPh3)2 - efc. (16) 

(7) 

in the  rhodium triphenylphosphine catalytic system, but are reasonable inter- 
mediates. Loss of CO from the formally rhodium(Ir1) compounds to give the 
five-coordinated acyl compounds might also be expected, as Ir-bonding between the 
metal and the carbonyl group would be relatively weak6'. Loss of carbon mon- 
oxide from probably very similar rhodium(r11) compounds has been observed3 2 .  

that the five-coordinated acyl complexes de- 
compose in a different manner at higher temperatures (equation 17). Evidence for 

RhClz(COR)(PPh3)2 Rh RC12 (PPh3 12 (17) 

Other authors have suggested4 

(7) (15) 

15 - RCI + RhCI(PPh3)2 - etc. (18) 

(3) 

such a path comes from the  observations that 1 has been observed to  apparently be 
more catalytically efficient than 5 on some occasions4 2 ,  less so on  others. 

Comparative studies of the decarbonylation of benzoyl bromide at 2OO0C by 1, 
5 and 5 prepared in situ show definite rate differences, which are attributable t o  the 
catalyst and not t o  the organic substrate44. Interestingly, while compounds such as 
15 have not been satisfactorily characterized, there have been two reports that 1 
reacts on occasion with aroyl chlorides to  give compounds containing no carbonyl 
stretching bands in their infrared spectra4 9' 2. In addition, there are suggestions4 
that the cis isomer of 5 may be involved. 
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It is this author's opinion that the identity of the true catalyst is as yet not  
known, and that it may actually be different for different acyl halides. The work of 
Strohmeier and Pfohler44, which shows that there is a definite, narrow optimum 
temperature range for  the decarbonylation of benzoyl bromide, has not been 
repeated for any other acyl halide. Thus published comparative studies may be 
meaningless in terms of elucidating mechanisms. 

C. Summary 
With respect to  the utility of 1 and 5 for the decarbonylation of acyl halides, it 

is quite clear that stoichiometric reactions of aroyl and arylacetyl halides with 1 to 
form the corresponding aryl and benzyl halides can be induced under very mild 
conditions. In addition, the many examples listed in Tables 1 and 2 show that 
catalytic decarbonylations are also normally possible, a major limitation being the 
necessity for rapid separation of products as they form. Notable exceptions to  this 
generalization are experiments no. 30 and 55 of Table 1. A major product in the 
former was the ketone 16, formed by an unknown route42. 

-C- 

0 
II 

(1 6) 

In the latter case (benzoyl cyanide) an intermediate such as 17 may be thermally 
stable at the temperature used. Thus the reaction would not be catalytic. Aroyl 
cyanides which are successfully decarbonylated by 1 were reacted at higher temper- 
a t u r e ~ ~  2 .  

(17) 

Decarbonylation reactions of aliphatic acyl halides (Table 2) generally give 
mixtures of terminal and internal olefins, and thus are not of general synthetic 
value unless the isomerization of the products can be inhibited. Fortunately, in 
some cases at least, the  addition of at least a tenfold excess of free triphenyl- 
phosphine does inhibit product i~omer iza t ion~ l 5  2 .  Possibly the terminal olefin is 
displaced from a species such as 13 before it can isomerize. In cases where the 
alkylrhodium compound such as that in equation (12) can eliminate olefin by the 
migration of more than one type hydrogen, some measure of selectivity is obtained 
by the fact that the decreasing order of rates of migration is tertiary >secondary > 
primaryS (experiments no. 18-21). In addition, there are indications that highly 
substituted olefins can also be obtained without significant i~omer iza t ion~ (exper- 
iments no. 16 and 17), probably because o f  the greater tendency of such olefins to 
dissociate from the rhodiumS4. 

Solvent effects on decarbonylation reactions have not been reported, but a 
preference has been stated for b e n z ~ n i t r i l e ~  l .  
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IV. REACTIONS OF 1 WITH ALDEHYDES 

A. Decarbonylation Reactions 

Table 6 lists the products of the reactions of 1 with a variety of aldehydes. A 
recent patenta2 also describes the use of 1 t o  prepare furan, nonane, ethyl 
octanoate and 20-deoxyprogesteroneo‘from the corresponding aldehydes’. In most 
cases, the reactions below about 200 C are stoichiometric in accord with equation 
(19). Indeed, experiment no. 1 of Table 6 represents the method of choice for the 
preparation of s6 a .  

1 + RCHO - RH + 5 (19) 

In contrast to the decarbonylation of acyl halides, aliphatic aldehydes generally 
give no olefinic products, although small amounts of olefins have been reported in 
some cases41 * 6 9 * 7 0  (experiment no. 5). In the decarbonylation. of n-heptanal by 
the compounds RhX(PPh3)3 the ratio of hexene: hexane produced decreased in the 
0 r d e r X = C l > B r > S n C 1 3 ~ ~ .  

In general, aryl and primary alkyl aIdehydes are smoothly decarbonylated by 1 
under relatively mild conditions, i.e. in solution at room temperature or  in refluxing 
benzene. Decarbonylation of secondary aldehydes requires more forcing conditions, 
presumably because of steric hindrance, (experiments 14  and 30 d o  not proceed in 
benzene and methylene chloride), and both toluene and xylene have been 
~ t i l i z e d ~ ” ~ ~ .  In some cases, however, the rates of decarbonylation are much 
slower in aromatic solvents than the rate of conversion of 1 to the rather insoluble 
bisphosphine dimer, 1% (equation 20). The latter does not react with aldehydes 

Ph3P, ,CI, ,PPh3 

solvent Ph3P’ ‘CI’Rh\PPh3 
R h  + 2 PPh3 2 ,  re f lux ing l  

aromatic 
(201 

(18) 

under these conditions, and thus the decarbonylation reaction stops. Tsuji and 
Ohno4 9‘ have therefore recommended nitriles as solvents, especially benzonitrile. 
The latter can presumably coordinate to the rhodium as in 19 to prevent the 
formation of 18; the boiling point of benzonitrile is also suitably high, and an 

(19) 

inspection of Table 6 reveals that benzonitrile has indeed been used by a number of 
workers. In some cases, where the liberated triphenylphosphine from 1 would be 
difficult to separate from the hydrocarbon products, it is recommended that 18, 
which may readily be obtained as  somewhat air-sensitive, reddish crystals by 
refluxing 1 in aromatic solvents, be dissolved in benzonitrile to  give the reactive 

Experiments 8- 13 show that the stoichiometric decarbonylation of tertiary 
aldehydes is often highly stereospecific (compare these results with those of 
experiment no. 4 in Table 2), in contrast with aldehyde decarbonylations by other 
 method^'^.^^. Experiment no. 10 indicates the value of 1 for introducing deut- 
erium into an alkane stereospecifically; similar experiments with PdClz as decarb- 
onylation catalyst gave a 90% yield of 1,l-diphenyl-1-butene, a product of ring- 
opening’ . The cyclopropyl products are reasonably configurationall2 stable under 
the reaction conditions, although they react further with 5 above 230 C 7 3 .  

194 1 , 7 4 .  
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Experiments 22-24 and 26-29 show that vinylic aldehydes are also decarb- 
onylated stereospecifically. Although the earlier work4 *74 suggested that some 
isomerization of the products to the trans isomers occurred, more recent 

s73 has shown that the decarbonylation is stereospecific but that the 
products are isomerized by 5 if the reaction conditions are too d ra~ t i c '~ .  Again, 
decarbonylation by PdC12 is much less stereospecific and can lead to undesirable 
s i d e - r e a ~ t i o n s ~ ~ .  

As with acyl halides (Section JKA), decarbonylation reactions of aldehydes 
become catalytic above about 200 C, leading to the suggestion that 5 can also be 
used as a catalyst41 3 7 4 .  Offsetting the advantages of a catalytic system, however, 
are the abo.ie-mentioned possible losses of stereospecificity and, in the case of 
aliphatic aldehydes, some undefined aldol condensation side-reactions4 . The util- 
ization of 1 and 5 as decarbonylation catalysts has really been only cursorily 
investigated. 

Experiments 15 and 26-32 provide interesting examples of the value of 1 in 
organic syntheses. Experiment no. 15 provides a novel method for the introduction 
of an angular methyl group into bicyclic compounds, while experiments 26, 3 1 and 
32 illustrate uses of 1 in steroid syntheses. The reasons for the low yield in the 
decarbonylation of the 3-formylcephem compound in no. 27 are not known; 
unreacted starting materials were isolated. More forcing conditions (refluxing tolu- 
ene) resulted in partial isomerization of the product to the product of no. 28, 
possibly catalysed by528. 

Experiment no. 29 illustrates a useful application of 1 to carbohydrate 
chemistry79. The sugars 20 and 21 are unaffected by 1 in a refluxing mixture of 
ethanol-benzene-water (7:3: lp3 suggesting that the linear isomers of these 

FH20CH2CH=CHMe qr> 
OR 

H. OH 

R =  

OH 

(20) (21 t 

compounds are rather unreactive. The compounds 22 and 23 are also inert t o  
decarbonylation by 1 probably for reasons of steric hindrance. In work of poten- 
tially major significance, however, 22 and 23 were decarbonylated in good yiolcls by 

CHO 

(22) (23) 

a derivative of 1 with smaller tertiary phosphines, RhCl (PMePh, )3  (24)84. Com- 
pound 24 was prepared by treating the ethylene compound, [ RhCl (C, H4), 1 , (25) 
with methyldiphenylphosphine in a toluene-benzonitrile mixture (49: l),  a stand- 
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CI, ,PMePhp 

Ph2MeP PMePhz 

(24) 

P, 

ard procedure for making such compounds involving substitution of both ethylenes 
and one bridging chloride on each rhodium atom. Compound 24 was not actually 

(25) 

isolated, but was reacted in situ with 22 and 23. The products, 26 and 27, were 
obtained in about 35% yield. 

(26) (27) 

This work suggests very strongly that other, similar rhodium compounds should 
be investigated as decarbonylation reagents. Little has been done in this area, with 
the exception of very brief mention of the compounds RhX(PPh3)3(X = Br", 
SnC1J7', OAc"), RhCl(PFzNMe2)386 and [RhC1Lzl2 ( L =  PF2NMe2,C0)86. 

TABLE 7. Decarbonylation reactions of allylic alcohols 

No. Allylic alcohol Product(s) (yields %) Solvent, temperature Reference 
~ ~~~ 

Ph 

1 MH 

2 )=(Me 

H CH20H 

Ph 

H CH20H 

HOC,H2 F H 2 0 H  

F*\ 3 
H H  

Me2C =CHCH2C,H2 ,H 
4 c= c 

Me/ 'CH20H 

Me2C=CHCHzC\Hz /CH>OH 
5 c=c, 

~k n 

PhCH,CH, (75) MeCN, PhCN, 150 88 
PhCH=CH, (4) 

PhCH,CH,Me (67) MeCN, PhCN, 150 88 
PhCI-I=CHMe (20) 

CH,CH,CH,OH (89) MeCN, PhCN, 150 88 
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A ruthenium compound has also been shown t o  decarbonylate aldehydesa7, al- 
though its mode of action is not known. It appears to be much less specific than l ,  
and is thus unlikely to  prove as useful as the rhodium system. 

Besides the work, already discussed, on the decarbonylation of vinylic alde- 
hydes, Table 6 contains four entries (nos. 26 and 30-32)  in which the organic 
substrate contains an olefinic linkage sufficiently remote from the aldehyde group 
that it appears to play no role in the decarbonylation reaction. Not included, 
however, are a number of allylic alcohols, which are also decarbonylated by 1, 
probably after isomerization, catalysed by 1 (equation 21), t o  their aldehyde 
tautomer (Table 7). 

RCH=CHCH2OH RCH2CH=CHOH - RCH2CH2CHO (21) 

A possible mechanism for the isomerization step will be discussed in Section 
1V.B. Decarbonylation of the aldehyde tautomer should be unexceptional. Similar 
experiments with (3-cyclohexenyl)methanol and 3-phenylpropyn-14 gave very low 
yields8 a .  Entries 4 and 5 of Table 7 were carried out during attempts to hydro- 
genate the substrates using 1 as a hydrogenation catalyst. Failure of the hydro- 
genation was indicated by the formation of 5, the expected rhodium-containing 
product of decarbonylation, although the organic products do not appear to have 
been isolated or  characterized. In the same study, it was shown that compound 28 
can be hydrogenated, while it has been shown that olefinic aldehydes can generally 
be hydrogenated if suitable reaction conditions are employeda9. 

Me2C =ICHCH2CH2CMe(OH)CH =CHz 

(281 

Normally aldehyde decarbonylation reactions by 1 proceed quite cleanly and, 
unless steric factors are important, in good yields. Recent work has shown that  an 
important exception to this generalization is long-chain flexible aldehydes contain- 
ing a distant olefinic linkage. In contrast to, for instance, experiments 30-32 of 
Table 6 ,  where the olefinic groups of the organic molecules are held in positions 
remote from the aldehyde groups, the olefinic aldehydes of Table 8 are not 
decarbonylated in the presence of 1, but are rather cyclized to form cyclic ketones 
or  similar compounds. Experiment 1 of Table 8 suggests that an aldehyde can 
condense with an olefin to  some extent t o  form a ketoneg0, but no reaction 
conditions are given and similar experiments with heptanal and ethylene failed t o  
give a ketone9 ' .  Experiment 2, however, shows that 4-pentenal and substituted 
1-al-4-enes can cyclize to  form a series of cyclopentanones and, in  some cases, 
substituted cyclopropanes. In all cases, decarbonylation was a minor process; yields 
of the ketones could be increased by carrying out the reactions in the presence of 
ethyleneg I .  Experimefit 3, with (+)-citronellal, shows that a 1-al-6-ene system will 
also cyclize, yielding in this case (+)-neoisopulegol and ( -)-isopulego19 3. The sig- 
nificance of the formation of cyclohexanol rather than cyclohexanone derivatives is 
not known, but the reactions represented by Table 8 probably represent a major 
exception to  the type of chemistry under consideration in this article. Such 
cyclization reactions may, however, prove to  be very synthetically useful in them- 
selves; the work discussed in Reference 92. for instance, is concerned with synthese 
of prostaglandin derivatives. 

Possible mechanisms for the cyclization reactions will be discussed in Section 
1V.B. 
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B. Mechanism of Aldehyde Decarbonylation Reactions 

As mentioned in Section 11, unstable intermediates are not as readily detected in 
aldehyde decarbonylation reactions as in acyl halide decarbonylation reactions and 
thus much less is known of the former. In general, however, opinion4 *6 favours a 
very similar sequence of steps in both cases, i.e.: 

(30) 

The reaction represented in equation (22) would involve oxidative addition of 
the RCO-H group to rhodium (I), a reaction with few precedents, but which is 
regarded as reasonable in view of the apparently great similarity in acyl halide and 
aldehyde decarbonylation reactions by 1. Species such as 29 and 30 have not been 
detected spectroscopically6 9 ,  but kinetic studies are consistent with equation (22) 
being the ratedetermining step6 9 ,  and the complexes FeH(COR)(Me2 PCH, CH2 P- 
Me, )2(R = Ph, Et)94 are presumably formed by oxidative addition of aldehyde to  
an iron(o ) complex generated by dissociation of naphthalene from FeH(2- 
naphthyl)(Me, PCH, CH2 PMe, ), 5 .  

Isomerization of 29 t o  30 would be unexceptional and, by analogy with many 
other such alkyl migration reactions, should proceed with retention of con- 
figuration of the group R (Section 1II.B). Alklhydrido compounds such as 30 are 
generally thermally quite unstable, and reductive elimination of alkane from 30 to  
form 5 would be expected6 6 .  While the stereochemistry of such a step has not yet 
been investigated, it is the author’s opinion that a concerted process occurring with 
retention of  configuration would not overly disturb or surprise most organometallic 
chemists. 

On this basis, the observation of retention of configuration during the decarb- 
onylation of a number of aliphatic and vinylic aldehydes (Table 6) is quite 
consistent with a series of concerted steps as in equations (22) and (23), and the 
p r ~ p o s a l ’ ~  of a radical cage mechanism does not seem necessary. 

The  elimination of olefins, reported to  be a side-reaction in several of the 
examples in Table 6, could well occur from an intermediate such as 30. Indeed, the 
analogy with acyl chlorides suggests that olefin elimination should be an important 
process (Section IlI.A.3). The difference may lie in the relative rates of reductive 
elimination and olefin pelimination from 10 (R = alkyl group containing a hydro- 
gen on C(z)) and 30. In the case of 10, elimination of RC1 would appear to be 
relatively slow compared with elimination of olefin. In the case of  30, in contrast, 
elimination of RH must be the kinetically preferred process. 

The mechanism described in equations (22) and (23) need only be modified 
slightly to  accommodate the results in Table 8. As discussed in Section 11, substi- 
tution of one of the labile phosphines of I by ethylene (equation 1,  L = C2 H4) o r  
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terminal olefin (equation 24) occurs readily. Compound 32 could then undergo 

intramolecular nucleophilic attack by the rhodium(1) on the aldehyde carbonyl 
group (Figure 2) t o  formsa species 33 related to 29 (equation 25). Hydrogen 

(33) 

migration from rhodium to  C(2) of the olefin would generate a cyclic intermediate, 
34, which could in turn undergo reductive elimination of a cyclic ketone (equation 
26) .  

Ph3P, 13 +'3 (26) 33 - 
o*c 

CIYh\PPh3 

134) 

This mechanism, proposed by Lochow and Miller9 l ,  suggests that cyclization 
should actually be catalytic, as the three-coordinated RhCl (PPh3)z (3)  could 
readily interact further with another molecule of organic substrate. Compound 3 1 
has been reportedZ ', and oxidative addition of an aldehyde to a species such as 3 1 
could explain the results of experiment 1 of Table 8. The fact that free ethylene 
appears to  increase the yield of cyclopentanone in experiment 2 suggests that free 
aldehyde does not readily add to 3 1. As formation of 3 1 would be rapid2 ', it seems 
much more likely that the 4-pentenal interacts initially with the rhodium by 
displacement of the  ethylene and coordination of the olefinic group. The aldehyde 
group would then be in a position to  interact intramolecularly with the rhodium to 
f x m  33, an hypothesis which suggests that the formation of cyclic ketones should 
be very sensitive t o  the length and flexibility of the hydrocarbon chain of the enal 
substrate. Experiment 3 of Table 8 may proceed similarly, the cyclohexanols being 
produced by isomerization of a cyclohexanone intermediate. 

The formation of cyclopropane derivatives (experiment 2) would be consistent 
with collapse of 33 by hydrogen migration t o  C ( l )  of the olefin t o  yield 35, 
followed by migration of c(4) from the acyl carbon to rhodium, as in equations (9) 
and (27). The final step would be reductive elimination of  cyclopropane, as in 
equation (28). 
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36 - w e  + 5 (28) 

As menti ned in Section III.A, decarbonylation of the allylic alcohols in Table 7 
probably involves isomerization of the substrates t o  their corresponding aldehyde 
tautomers, followed by a normal decarbonylation sequence. Olefin isomerization 
by transition metal compounds is well known; a reasonable mechanism in the 
present situation would involve coordination of the olefin to  the metal followed by 
hydrogen transfer to give a n-allylic intermediate9 6 .  

CI, /PPh3 

Phg PAR '\YR 1 + R C H E C H C H 2 0 H  - 
H O C H ~ ~  

(37) 

He b H  

39 - RhCI(PPh3)2 + RCHzCH=CHOH - RCH2CH2CHO - etc. (31) 

Vinyl alcohol complexes such as 39 have been previously characterized9 '. 
Dissociation of the vinyl alcohol would lead to its tautomerization to the aldehyde, 
which would undergo decarbonylation. The scheme outlined in equations (29)- 
(3 1) is also consistent with a deuteration studySS in which 40 was decarbonylated 
to 41. 

PhCHD 
1 

Ph 
\Me - 

H C D 2 0 H  

(40) 

PhCHD 
(33) \OH --+ PhCHDCHMeCDO A PhCHDCHDMe 

(41) Me D 
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C. Summary 

The compound RhC1(PPh3)3 (1) provides a very convenient and mild reagent 
for the decarbonylation of aldehydes. Reactions are often stereospecific if con- 
ditions are not too forcing, and catalyticoif the products are sufficiently robust t o  
withstand temperatures in excess of 200 C. The use of compounds similar t o  1 but 
with smaller phosphines can be expected to increase the number of organic 
compounds susceptible to decarbonylation, but substrates containing olefinic 
groups .will undoubtedly lead to interesting side-reactions. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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1. INTRODUCTION 

A review of the pyrolysis of carboxylic acids and their derivatives is timely for two 
reasons. Firstly, the advances in gas-phase kinetic technology have permitted 
accurate measurements of rates of elimination of high-boiling compounds. Such 
compounds are needed for analysis of kinetic data in terms of linear free-energy 
relationships, vital for unambiguous interpretation of the electronic effects of 
substituents and hence of charge distribution in transition states which, in turn, 
leads to the reaction mechanism. Not only has the information gained in this way 
now produced a very detailed picture of the mechanisms of some eliminations, but 
extension of the technique has produced a very important tool for determining the 
true electronic effects of groups, especially heterocyclic molecules, and free of 
solvent complications. One may anticipate considerable expansion in the  use of 
gas-phase studies directed towards the latter general direction, thereby reducing the 
bias hitherto in favour of solution chemistry in physical-organic research. 

Secondly, previous attempts to  correlate the mechanisms of the eliminations of 
the various acid derivatives with each other have been either scant or (more often) 
non-existent. As a result, authors have tended to consider the data in isolation and 
overlook important analogies in mechanism. Attention is drawn t o  these in this 
critical review and also to reasons for the differences in reactivity of derivatives, 
possible new reactions, and areas where further research is needed ; mechanisms are 
proposed, alternative to  those in the literature which are improbable or impossible. 

Two features dominate these pyrolyses. Firstly, fragmentation of the molecule 
takes place, two smaller molecules being most commonly produced. Secondly, the 
majority of these fragmentations involve concerted cyclic processes which are now 
recognized as being non-synchronous, i.e. in the transition state some polarization is 
produced within the cyclic structure. The most common cyclic transition state is 
six-membered, this being favoured by orbital symmetry considerations. At higher 
temperatures ‘symmetry-forbidden’ four-centre processes are also involved; these 
are in the event permitted because of the semiheterolytic nature of the transition 
state. 

I I .  PYROLYSIS OF CARBOXYLIC ACIDS 

A. Acids with Unsaturation at the P-Carbon 

This subgroup includes P,y-unsaturated acids and P-keto acids and they decom- 
pose by a unimolecular process to give carbon dioxide and an alkene, or  aldehyde 
(or ketone), respectively. Arnold and coworkers proposed the mechanism (Equa- 
tion l ) for alkenoic acids as a result of studies on 2,2-dimethylbut-3-enoic acid’. 

a 

This was much more reactive than 4,4dimethylbut-2-enoic acid so that isomer- 
ization of a,P-unsaturated acids to P,y-unsaturated acids (suggested as a mechanism 
for elimination from the former) is evidently slower than the elimination. This 
mechanism is supported by the unreactivity of styrylacetic acid towards elimination 
since the latter destroys the conjugation between the phenyl ring and the  double 
bond. The conjugation effect causes the equilibrium between 4-phenylcrotonic acid 
and styrylacetic acid to strongly favour the latter?. 
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Bigley confirmed mechanism (1) by showing that in pyrolysis of the acids (1): 
(i) the terminal alkene is obtained when R' = H even though these are not the  most 
thermodynamically stable, ( i i )  when R' = alkyl the rrans alkene is obtained and (iii) 
deuterium is transferred from the carbonyl group to  the terminal carbon (in 
2,2-dimethylpent-3-enoic acid3. Likewise Smith and Blau showed that the entropy 
of activation for pyrolysis of but-3-enoic acid (EaCt. = 39.3 kcal/mol, A S$ = 
-1 0.2 cal/mol/K) was consistent with a concerted cyclic mechanism4; they noted 
that this mechanism also accounts for the formation of pent4enoic  acid from 
hex3endioic  acid (2)5 . 

(1) (21 

The nucleophilicity of the carbon-carbon double bond provides the driving 
force for the reaction and it logically follows that the electron pair (i) in equation 
(1) will move prior to the other pairs, i.e. this pair will have been displaced further 
in  the transition state. (Each pair cannot move precisely at the same time because 
this would produce no charge separation in the transition state, a possibility 
disproved by the data below). Two points follow from this. Firstly, P-keto acids, 
having a more nucleophilic double bond (at the end to  which the hydrogen is 
transferred) should eliminate more rapidly than comparable P,y-unsaturated alken- 
oic acids, and this is certainly true. Secondly, the electrons do  not move in the 
clockwise direction depicted in some papers6-', as this would require attack of 
nucleophilic hydrogen upon the double bond; such a process would also require 
unacceptable polarization of the H-0 and C-CO bonds. The transfer of a hydride 
ion should not lead to a substantial isotope effect, whereas transfer of a proton 
(mechanism 1) should, and this isotope effect should show substantial variation 
according to  electron demand in the cyclic structurea ; both these predictions are 
fulfiUedg O .  The carbonyl carbon also shows a kinetic isotope effect (1.035 * 0.01 
for 2,2-dimethylpent-3-enoic acid) confirming that the C-CO bond is broken in 
the rate-determining step. 

The non-synchronous electron movements in (1) means that charges will tend to  
appear in the transition state as shown in (3). This is necessarily an approximation 
and the delta charges of like and unlike charge will not be of eqxal and opposite 
magnitude respectively. It follows that electron-supplying substituents at the a- and 

(31 

y-carbons should decrease the rate whereas a t  the kcarbon they should increase the 
rate. However, the situation is not quite as clear as this, because substituents at the 
y-carbon lose conjugation with the double bond whereas those at the a-carbon gain 
it. The results a€ a number of studies of substituent effects (Table 1 )6 *' show the 
following features: 

( a )  Comparison of data for acids 1,2 and 5 show that whereas a methyl o n  C, 
increases thz rate 2.8-fold per methyl, on C ,  the rate is decreased 6.7-fold per 
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TABLE 1. Relative rates of pyrolysis of 
RCH=CR’CR:COOH at 500°C 

Acid no. Acid k,,l 
~ 

1 CH,=CHCH, COOH 
2 CH, =CHCMe,COOH 
3 PhCH=CHCMe,COOH 
4 CH, =CPhCMe,COOH 
5 MeCH=CHCMe, COOH 
6 CH, =CMeCMe, COOH 
7 MeCH=CEtCMe, COOH 

~ 

1 
5.6 
0.75 

0.84 
5 8 0  

168 
54.1 

methyl. These results show clearly the effect of a gain and loss of conjugation 
respectively, superimposed upon the expected substituent effect. Comparison of 
data for acids 3 and 5 shows that the loss of conjugation at C, causes the y-phenyl 
substituent to be slightly more rate-retarding than y-methyl. 

( b )  Comparison of data for acids 2 and 4, 5 and 7, and 2 and 6, show that 
P-phenyl, P-ethyl and P-methyl substituents produce large rate accelerations of 
100-fold, 64-fold and 30-fold respectively. These are predicted by mechanism ( I )  
and it should be noted that the conjugation at the (3-carbon is unchanged as a result 
of the elimination. It has been argued however that these large factors are produced 
because conjugation is inhibited in the ground state and relieved in the product; U.V. 

evidence was believed to support this view6. On the other hand, examination of 
molecular models gives no evidence in support of this. In order to  obtain a more 
meaningful measure of the substituent effect at the P-carbon, Bigley and Thurman 
examined the effects of p-substituted phenyl groups and argued that the results 
would be free of any complication from steric inhibition of conjugationg. However, 
the substituent effects acting through the benzene ring will depend upon the ability 
of the ring to conjugate with the double bond, if this were an important factor. In 
the writer’s view the P-substituent effects are purely electronic and this is supported 
by the data in Table 2 which compares them with the effects upon the rate of 
elimination of ethyl acetate when substituted at the a-position (see section V1.D) 
and for which the steric considerations do not apply. The ratios of the p-factors for 
the ring substituents are certainly not greater than the ratios of the logarithms of 
the direct substituent effects. Indeed the direct substituent effect in the acids 
appears to be proportionally less than the effect acting through the phenyl ring. 

The relative rates of decarboxylation6 of the acids 4-6 demonstrate the rate 
enhancement resulting from removal of a double bond and hence strain from a 
five-membered ring, though in these terms the higher reactivity of compound 4 
cannot be explained. The explanation for the high reactivity of 4 comes from 
studies of the rates of acid-catalysed hydrogen exchange of benzocycloalkenes’ - 

TABLE 2. Substituent effects in pyrolysis of CH,=CRCMe,COOH and 
AcOCHR(CH,) 

Ph 104 6 6  0.90 
Me 30 14.4 0.80 
I.)-XC,H, p = c a  -1.1 p = -0.66 (0.60)a 

~ ~- 

‘Ratio o f  p-factors. 
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In the seven-membered ring of 4 the hydrogens on the carbons adjacent to  the 
double bond are largely precluded from hyperconjugating with it. When the double 
bond is transferred to the side-chain, hyperconjugation becomes possible and so 
there is a gain in conjugation on  going from reactants to  products. 

CMC~COO H Me2COOH CMC~COOH 

(4) ( 5 )  (6) 

The gas-phase elimination of carbon dioxide from P-keto acids has been less well 
studied since the high reactivity means that reaction can occur at solution temper- 
atures; this latter aspect has been reviewed' 3. The zwitterionic intermediate 
proposed to  account for the elimination in solution' 4 .  may be ruled out in the gas 
phase on energy grounds. (Even in solution this mechanism is unlikely in view of 
the absence of any significant effect of polar solvents upon the rate15.) The 
mechanism of the elimination was proposed as equation (2), i.e. the analogue of 

equation (1)' 5 ,  an enolic intermediate having been shown to  be involved, since in 
the presence of bromine, bromoacetone is formed from acetoacetic acid even 
though acetone does not react with bromine under the reaction conditions' 4 .  

Electron-supplying substituents attached to the P-carbon should, as in the case of 
the alkenoic acids, increase the rate and vice versa; this is found, the p-factor of ca 
-1 .08 being similar to that for the alkenoic acids. (This factor makes trifluoroacetyl- 
acetic acid a particularly stable Pketo acid). Similarly a large kinetic isotope effect 
is obtained consistent only with proton transfer, and there is no significant effect of 
polar solvents upon the rate of decarboxylation (of 2-ethyl-3-ketohexanoic acid)8. 
Brouwer and coworkers have argued that dipolar structures are involved in the 
transition state because the decarboxylation has a positive volume of activation, 
this parameter being in their view a more reliable indicator of transition state 
polarity than the effect of solvent upon the rate' 6. While these structures may be 
involved in the decarboxylation of P-keto acids in solution, they are unlikely to  be 
involved in the gas phase. 

The intermediacy of enols in the reaction pathway means that acids such as 7 and 8 
do not eliminate because of the  difficulty of forming a double bond at a bridge- 
head. Acid 9, by contrast, eliminates easily and it has been suggested that other 
aspects of the geometry in the 6-membered transition state may be more important, 
and that such factors account for the markedly different stabilities of naturally 
occurring kketo acids, e.g. lycoctonamic acid' '. 
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B. Saturated Acids 

Three mechanisms dominate the decomposition of alkanoic acids, the import- 
ance of each depending upon the pyrolysis conditions. Blake and Hinshelwood 
observed that formic acid is decarboxylated in a static system by a first-order 
process (equation 3) and dehydrated by a second<rder process18, probably as 
shown in equation (4). Similar kinetic behaviour was observed (using a static 

system) for 
ketene. and 

(3) 

(4) 

A 
acetic acid’ and propanoic acidZo, the former giving methane with 
the latter ethane with methylketene, along with water, carbon mon- 

oxide and carbon dioxide. Radical processes were shown not to  be involved, and 
the similarity to the reaction mechanisms for dehydration is illustrated by the 
Arrhenius parameters in Table 3. These also show the lower activation energy for 
the more favourable 6-centre process involved in the dehydration. 

The kinetic form for decarboxylation remains the same over a wide range of 
temperatures (530-760°C) with, for acetic acid, Eact. = 62.0’ -69.822 kcal/mol 
and log A = 1 1.gZ1 - 13.6z2 s- ’ .  However, the kinetics of dehydration change t o  
first order at higher temperatures (,Fact. = 67.S2 - 64.922 kcal/mol, log 
A = 12.952’-12.4522 s -l) ,  probably because the higher energy input facilitates a 
change to the simpler 4-centre process (equation 5). Although both flow and static 
systems show the same kinetic behaviour, the rates are lower at a given temperature 
under flow conditions, probably because of failure to attain true thermal equi- 
librium. 

The decarboxylation mechanism (equation 3 )  should be aided by electron 
withdrawal by the asubstituent and this is certainly the general observation for 
saturated carboxylic acids. This mechanism appears to have been overlooked in 

TABLE 3. Arrhenius parameters for thermal decomposition of RCOOH 

‘This included a component from the dehydration; the true value for pure decarboxy- 
lation would therefore be higher. 



15. Pyrolysis of acids and their derivatives 865 
discussion of conclusions based upon a very extensive study of heterocyclic subs- 
tituted acetic acidsZ3. The mechanism corresponding to equation ( I ) ,  i.e. 10, 
(R = H) was also considered invalid because 4-pyridylacetic acid eliminates a t  a similar 

rate to  2-pyridylacetic acid, both being faster than 3-pyridylacetic acid. Moreover, 
an  analogue of the mechanism shown in equation (1) is very unlikely simply 
because of the insufficient nucleophilicity of the aryl ring bonds; the observed 
order for the pyridyl substituents corresponds to their known abilities to withdraw 
electrons. Indeed, substitution of an electron-withdrawing pchloro substituent at 
the a-position of 2-pyridylacetic acid (10, R = p-CIC6 H4) caused a lo3 increase in 
the rate of decarboxylation2 3. Consequently the zwitterion mechanism proposed 
for the elimination seems less likely than indicated by the authors' analysis. 
Support for the zwitterion mechanism in solution was thought to be provided by 
the fact that para substituents R in (1 1) gave a Hammett correlation with a small 
negative p-factor, i.e. these substituents altered the electron density on the nitrogen 
and hence the ease of zwitterion formationZ3. However, it is by no means certain 
that the ability of sulphur to conjugate with the C=N double bond does not  in fact 
cause these acids to decarboxylate via the mechanism shown in 10 and this would 
be facilitated by electron supply from the group R as observed. 

Cyclopropanecarboxylic acid decarboxylates to  propene via ring-opening to  
crotonic acid which isomerizes to bu t3eno ic  acid and' thence as described in 
Section 1I.A; the isomerization is high order and hence more rapid at high pres- 
sureZ4. Likewise cyclopropylacetic acid ring-opens in a rate-determining step to  
pent4-enoic acidZ4 ; the cyclopropyl ring is insufficiently nucleophilic to permit a 
mechanism analogous to  equation (1 ). 

Comprehensive studies of the decarboxylation of mono-2 s, di-2 6 ,  and trGZ7 
fluoroacetic acids (by passage over silica) have shown that the elimination products 
include hydrogen fluoride, carbon monoxide, carbon dioxide and acyl fluorides. In 
each case the elimination of hydrogen fluoride is the first step e.g. for fluoroacetic 
acid the main reactions are (6)-48). For difluoroacetic acid the fluoroformaldehyde 
product from (7) decomposes further t o  hydrogen fluoride and carbon monoxide, 
and for trifluoroacetic acid, decomposition of the intermediate CF2 C02 gives 
carbon dioxide and difluorocarbene which inserts into the starting acid to  give 
difluoromethyl trifluoroacetate. 

FCH2COOH __* HF + (CHzC02) (6) 

FCH2COOH+HF FCH2COF + H 2 0  18) 

The pyrolysis of iodoacetic acid proceeds via the expected homolysis of the 
C-1 bond, the carboxymethyl radical being detected at low temperatureZB. De- 
composition of phenylmercaptoic acid gives thiophenol, carbon monoxide, carbon 
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dioxide, acetic acid, methyl phenyl thioether and dibenzyl, evidenly via a combi- 
nation of 4-centre and radical mechanisms, the latter involving S-CH2 bond 
cleavage2 9 .  Radical mechanisms were proposed to account for the products obtain- 
ed in the decomposition of phenyl- and diphenylacetic acids3 O ,  though the use of 
toluene as a carrier makes the origin of products such as dibenzyl rather unclear (at 
least for the former acid), and 4centre processes cannot therefore be ruled out. For 
example the formation of phenylketene must have involved a 4-centre process (12) 
and a similar process (13) leading to  toluene could not have been detected. 

PhCH-C //O PhCH2-C //O RCH2yc< 

JPl G H 2  c, 
w H  
(14) 

H-0 
I= I 
H =O-H 

(12) (13) 

Zwitterionic intermediates have been proposed to  account for the formation of 
a-lactones (and hence ketones)o in pyrolysis of a-amino acids3 , but since the 
pyrolysis temperature was 500 C this must be regarded as very improbable; a 
concerted process such as (14) would be more likely. Thermodynamic parameters 
have been quoted for pyrolysis of malonic, oxanilic, picolinic, anthranilic, p-amino- 
benzoic 2nd benzylmalonic acids3= but are unlikely to be meaningful in view of the 
mere 10 C range used in their derivation. 

An interesting report of the pyrolysis of acrylic, methacrylic and crotonic acids 
show these to produce respectively, acetaldehyde, acetone and pr~pionaldehyde~ 3 .  

Decarbonylation is involved and this has previously been reported only for benzoic 
acid (as a minor reaction accompanying d e c a r b ~ x y l a t i o n ~ ~ ) .  The proximity of a 
double bond seems to be important, so that a process, involving electron acceptance 
by this bond, may be involved, i.e. attack of OH on the adjacent carbon is the 
initial step (equation 9). 

A 0 
CH2XCH- A p  - CO + CH2=CHOH CHJCHO (9) 4 

0-H 

In the decomposition of propanoic acid noted above, ethylene is also a primary 
product and is probably formed via a 5-membered transition state (15) which is not 

R 

1 
H 

1151 
(16) 

-H0r 
CH3 I 

CH3-C-Br - CH3-C-CH3 
I 

(1 0 )  
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particularly favourable. Likewise trimethylacetic acid gives isobutylene, but the rate 
of formation of the latter is increased dramatically in the presence of hydrogen 
bromide as a catalyst3 5 .  The intervention of a 7-membered transition state (16) was 
postulated though this would also not be expected to  be very favourable. An 
alternative scheme which was not considered is that shown in equation (10) in 
which the intermediate acyl bromide decarbonylates (see Section 111) t o  give t-butyl 
bromide which would rapidly lose hydrogen bromide. 

111. PYROLYSIS OF ACID HALIDES 

These compounds are unable to undergo the general p-elimination process, so the 
only pyrolytic decompositions possible are the extrusion of carbon monoxide or 
hydrogen halide. This appears to htve been the subject of only one study3 6 ,  in 
which acetyl bromide at 600-800 C was found to give carbon monoxide and 
hydrogen bromide in the ratio of 1:5 with no free-radical products. Only the 
processes (1 1 ) and (1  2) seem therefore t o  be involved. 

Reaction (12) would be expected t o  be much faster if methyl were replaced by 
hydrogen and this undoubtedly accounts for the instability at room temperatures 
of the formyl halides3 ’. Reaction (1 1) is analogous to reaction (5) for carboxylic 
acids and it may be noted that with acyl halides there can be no analogue of the 
alternative mechanism (4) for the carboxylic acids. 

A 
CH2-C Q0 
12 I - CH2=C=0 + HBr 

H S B r  

A - CO + CH3Br 

IV. PYROLYSIS OF ACID AM1 DES 

A. Primary Amides and Higher Amides lacking P-Hydrogen in the N-Alkyl Group 

Most studies in this subgroup have concerned acetamide and its C-substituted 
derivatives. Although Boehner and Andrews reported some sixty years ago that 
nitriles were formed in thermal decomposition of amides3 forty years elapsed 
before Davidson and Karten established the main features of the reaction (of 

CW3 H 

.- - 

0 

CH3 ‘C=NH + NH3 

A - 0’ 
‘c=o 
/ 

CH3 

fH3  

A 
4 T H  - C H 3 C E N  + CHjCOOH 

(13) 
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acetamide)’ 9 .  They suggested that the primary step of the reaction is formation of 
the isoirnide in a 6-centre process (13). The isoimide may decompose by a number 
of mechanisms4 O ,  the most likely of which is the 6centre  process (14). The acetic 
acid produced may then combine with the ammonia to form ammonium acetate 
which dehydrates to  regenerate acetamide3 9 .  A more recent study suggests that the 
intermediate is the irnide4I but this is in any case in equilibrium with the 

It will be immediately apparent that equations (13) and (14) are the nitrogen 
analogues of the bimolecular reaction (4) leading to dehydration of carboxylic 
acids. The analogy goes further, for pyrolysis of acetamide goes over to a 
unimolecular decomposition mechanism a t  temperatures high enough to permit 
the 4centre  process (15), which produces ammonia and ketene (cf. reaction 
5 for the acids)4 3. Comparison of the rates of this decomposition of acetic acid2 
and acetamide4 indicates that the latter decomposes ca 30% faster at 7OO0C and 
this is consistent with the greater nucleophilicity of NH2 compared to OH and as 
required by mechanism (1 5). Mechanism (1 5 )  is also analogous t o  (1 1) for reaction 
of acyl halides. 

isornide42. 

The pyrolyses of a range of amides with substituted acyl groups have been 
investigated. Just as P-keto acids readily eliminate carbon dioxide via a 6-centre 
process (2) so their nitrogen analogues, the P-keto amides, eliminate isocyanates to  
give acetone via the  6-centre process (16). The pyrolysis of N-t-butylacetoacetamide 
gave isobutene as an additional product, and an &membered transition state 5as, 
incorrectly, proposed for this 4 4 .  At the temperature of the study (up to  740 C) 
the isobutene would be very readily eliminated (see Section 1V.B) to give aceto- 
acetamide which would then eliminate as in (1 6). 

In view of the enhanced acidity of the hydrogen on the methylene between the 
carbonyl groups it would be expected that an alternative elimination (17) analogous 
to ( 15) would take place and this is The failure to  observe acetylketene in an 
analogous decomposition of acetoacetic acid is surprising in view of the similarity 

A 
R0 

H ~ N H ,  

CHjCOCH-C 
If 1 - NH3 + CH3COCH=C=0 (17) 

between (1 5 )  and (5). Elimination of water is also observed giving 5-carbamoyl-4- 
dimethyl-2( 1H)-pyridone (1 7)4 ; again the lack of any report of the oxygen ana- 
logue is surprising. 

By a mechanism analogous to  (1 6), cyanoacetamides give isocynates and methyl 
cyanide4 The decomposition of 2-pheny1-2,2-diphenyl- and 2,2,2-triphenyl- 
acetamides gives isocyanates and toluene, diphenylmethane and triphenylmethane, 
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(17) A 

respectively4 6 ,  though with poor reproducibility. Ionic intermediates were incor- 
rectly proposed by Mukaiyama and coworkers t o  account for these results, but a 
more reasonable interpretation would be in terms of  4-centre transition states such 
as 18, and radical processes may also be involved. The isolation of toluene from the 

(18) 

2-phenyl compounds suggests that toluene would have been obtained in pyrolysis 
of the analogous phenylacetic acid (see Section 1I.B) had it not been used as a 
carrier gas. Ionic intermediates were also proposed, incorrectly, to  account for the 
formation of nitriles, phosgene and hydrogen chloride togeother with isocyanates, 
from the pyrolysis of 2,2,2-trichloroacetamides at 500-600 C4'. A more detailed 
study would probably reveal a mechanism somewhat analogoils t o  that for de- 
composition of halogenoacetic acids (see Section 1I.B). Indeed, such a mechanism 
(equation 18) has been proposed to  take account of the formation of formaldehyde 
in pyrolysis of 2-chloroacetamide at high temperatures (ca 800 C)48. 

L 

RCN 

Formamide pyrolyses to  ammonia and carbon monoxide (and also to  hydrogen 
cyanide through d e h ~ d r a t i o n ~ ~ .  The mechanism is likely to  be analogous to  (1 2) 
for acyl halides. In the presence of hydrogen chloride the elimination is accelerated 
and the 5-centre process (19 )  was proposed to account for thisSo. An alternative 

0 
I I  c'c e 

H' ' N R ~  
7 ti- 
CI-H 

(19) 

which must be considered however is equation (19), involving formyl chloride as a 
highly unstable intermediate. 

There have been reports of the acid-catalysed pyrolysis of P-alkoxyamides to 
water, alkyl cyanide and alkanolS l ,  and of the decomposition of diazoamides in the 
presence of oxygens2. The pyrolysis of polyamides to amines and carbon di- 
oxide53 is of commercial interest. 
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0-H 
HCI ldP 

HCONR2 = H-C-NR2 HCOCI + NR2H 
I 
CI 

CO + HCI 

B. Amides with N-AIkyl Groups containing P-Hydrogen Atoms 

Amides with N-alkyl groups containing P-hydrogen atoms are able to eliminate 
alkenes as do esters, their oxygen analogues (see Section VI.B), and give the  
nitrogen analogue of carboxylic acids, namely a primary amide. Since nitrogen is 
less electron-withdrawing than oxygen, polarization of the C-N bond, the  principal 
driving force for the reaction (20) ,  is, more difficult. Consequently the  temperature 
of elimination is approximately 100 higher than that needed for esterss4. Bailey 

and Bird, who proposed the 6-centre mechanism (20),  showed that as in the case of 
esters, tertiary amides eliminate more readily than secondary amides, and also the  
N-phenyl amide ( R  = Ph) eliminates faster than the corresponding N-methyl amide 
( R  = Me)54; this would follow from the greater electron withdrawal of phenyl 
relative to  methyl, thereby aiding C-N cleavage. 

The similarity of the reaction to ester elimination was shown by the  fact that 
N-( 1 -methylcyclohexyl)acetamide gave methylenecyclohexane and 1 -methylcyclo- 
hexene in the ratio 28172, as do corresponding esterss5. Similar studies by 
Baumgarten and coworkers confirmed this and also indicated that the reaction is 
less selective than is ester elimination5 6 .  This would accord with the lower charge 
separation expected, in the writers view, in the transition state for the reaction, 
though there have not been any studies of Hammett correlations in the reaction to 
confirm this. These in fact might be difficult because of the accompanying side-re- 
actions which are compounded by the higher temperatures needed. For example, 
the pyrolysis of N-t-butylacetamide gave in addition to  isobutene and acetamide 
(log A = 12.4 s- l  , E a C t .  = 5 1.4 kcal/mol) t-butylamine and keteneS7, evidently via 
a 4-centre analogue of equation (15). Decomposition of the acetamide gave acetic 
acid which catalysed the formation of t-butylamine and ketene, with logA = 13.65 
s- l  and .Fact. = 34.9 kcal/mol for this catalysed reaction. 

The decomposition of the  2-halogensubstituted derivatives of N-t-butyl- 
acetamide showed carbon monoxide to  be produced in a first-order reaction which 
increases in rate with increasing substitution of the acyl groupS8. A homolytic 
process was suggested, though not confirmed by the detection of free-radical 
products, and it is probable that the carbon monoxide is formed by (21) which is 
analogous to  (12) for acyl halides, and could be expected to  be faster because of 
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the greater nucleophilicity of nitrogen and the greater positive charge o n  the 
a-carbon. Isobutene was also obtained (by process 20) and this would be faster than 
with the non-halogenated amides since withdrawal of electrons from the carbonyl 
group will aid polarization of  the C-N bond. 
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V. PYROLYSIS OF ACID ANHYDRIDES 

A. Anhydrides which possess a-Hydrogen Atoms 

If we exclude from this group anhydrides which are cyclic or  arc a P-unsaturated 
then a common mechanism (equation 22) appliesS9 which leads to  a carboxylic 
acid and ketene as first observed by !ilsmore6O and by a number of subsequent 
workers (e.g. Reference 61). At 355 C, acetic anhydride eliminates acetic acid 
13,000 times faster than ethyl acetate, i.e. 6,500 times faster per khydrogen atom. 

2 - C H  L \ 2  A 

-H - CH3COOH + CH2CO (22) 

F=o 
CH3 

The reason for this is not entirely clear, for although a P-acetyl group speeds up  the 
rate of elimination of ethyl acetate by a factor of 240 times per khydrogen atom, 
due to the electron-withdrawing effect of the carbonyl group upon the acidity of 
the adjacent P-hydrogen (see Section VI.B), this still leaves a factor of ca 25 
unaccounted for. One reason could lie in the fact that the most stable conformation 
of acetic anydride (taking into account the conjugation between the carbonyl 
groups and the central oxygen) is indeed that shown in (22). Little reorganization 
of structure is therefore needed t o  achieve the transition state, though this con- 
formational advantage does not show up in an enhanced log A factor for the 
reaction. 

Anhydrides of carbonic acid and a carboxylic acid pyrolyse to  give an ester with 
elimination of carbon dioxide, e.g. benzoic carbonic anhydrides give alkyl benzoate 
and carbon dioxide (equation 23). An accompanying reaction gives carbon dioxide, 
benzoic anhydride and diethyl carbonate (equation 24)6 ; the former takes place 

PhCOOEt + C 0 2  

7 

(23) 

II II 
PhCOCOEt A 

PhCOOCOPh + EtOCOOEt + C 0 2  (24) 

more readily the more electron-supplying the alkyl group. This reaction does not 
proceed via the expected 6-centre process (20) but via the less favourable 4-centre 
process (2 1 ), since labelling experiments (with benzoic s-butylcarbonic anhydride) 
have shown that alkyl-oxygen cleavage does not take place6 ; free-radical mechan- 
isms were also ruled The failure to  observe 20 must stem from the fact that 
carbon would need to be attacked, rather than the more electropositive hydrogen 
which is normally involved in these 6-centre processes. Also the carbon centre is 
more sterically hindered particularly in the anhydride chosen for this study and it is 
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(20) (21 1 (21a) 

possible that alkyl-oxygen cleavage might be observed with benzoic methylcarbonic 
anhydride. The generality of (21) is shown by the fact that carboxylic dithoicarb- 
amic anhydrides eliminate carbon disulphide to  give amides (21a)64a. 

Process 21 is an SNi reaction and should be aided by electron supply in R and by 
electron withdrawal in the phenyl group though these aspects have not been 
investigated. Interestingly, the SNi reaction has very recently been discovered in 
pyrolysis of carbonate esters (and related esters)' but takes place less readily with 
these because there is far less electron withdrawal from the carbon being attacked 
(see Section V1.B). We may predict on the basis of 21 that  mixed anhydrides of 
carbamic acid and, for example, benzoic acid will also eliminate carbon dioxide 
(even more readily than the above) to  give amides. 

The mechanism of reaction (24) is not known, but the 6-centre process (22) 
must be a strong possibility, and such a process should be largely unaffected by the 

(22) 

electron-supplying nature of the alkyl group. In order to provide further in- 
formation on these reactions, the pyrolysis of bis(ethy1carbonic)dicarboxylic an- 
hydrides has been studied' '. These give diesters (equation 25) or  cyclic anhydrides 
(equation 26) in reactions analogous to (23) and (24) respectively. Mechanism (26) 

is thus analogous to  mechanism 22 proposed by the writer and this accords with the 
fact that reaction proceeded most readily when R was of such a length as to be able 
to form a 5- or  6- membered anhydride. 

Three mechanisms operate in the pyrolysis of the anhydrides of crotonic acid 
(and methyl derivatives) and ethyl carbonic acids" The trans acid gives crotonic 
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anhydride, ethyl crotonate, diethyl carbonate and carbon dioxide via mechanisms 
(23) and (24). By contrast the cis acid gives ethyl bu t3enate  via equation (27), in 
which the reaction products ethanol and vinylketene combine. 

873 

CH2=CRCH=C=O + EtOCOOH R 

l /  
CHg=CRCH2COOEt 

6. Anhydrides which either IackP-Hydrogen Atoms and are af%Unsaturated, or are 
Cyclic 

The first category of anhydrides undergo a different type of pyrolytic decom- 
position which involves carbon-acyl scission and requires much higher temperatures 
than those described in Section V.A. This is to be expected in view of the 
postulated 3- and 4-centre mechanisms (e.g. equation 28) for methacrylic anhy- 
dride. 

CH2=CMeCHO + C 0 2  

CH2=CMeCOOH + CO 

//O 

+W\\ 
c \ /  (28)  

CHz=CMe- 

H-&$b \H C H E C M e  

4 . 0  - $2 6 +/ ---3 

CH2=CMe- 

Me 

0 

Mechanisms involving oxygen-acyl scission have been proposed to account for 
the loss of carbon monoxide and carbon dioxide and the formation of a more 
unsaturated hydrocarbon residue in the pyrolysis of cyclic anhydrides6 a .  The early 
reports of the formation of ethylene from succinic anhydride, of alkene and 
propene from aconitic anhydride69, and of acetylene and fluoroacetylene from 
maleic and fluoromaleic anhydrides, respe~t ively '~,  are all examples of this re- 
action. Detailed studies of the pyrolysis of succinic, methylsuccinic, adipic, and 
maleic anhydrides have indicated a process such as (29)68, the intermediate 

CH=C=O 

lo " L -  - L -  - 
'\o 

H p C - - C - O H  
I1 
0 

(29) 

CHz=CHCHO CH2=CHCOOH 
+ cog + co 

propenal and propenoic acid undergoing further elimination to give ethylene, 
though the manner in which this takes place is by no means clear. 

When anhydrides such as this form part of an aromatic ring system, the reaction 
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is of preparative importance and here the present balance of evidence indicates that 
a concerted reaction is not involved7 . For example, phthalic anhydride eliminates 
carbon monoxide and carbon dioxide to  give benzyne which via subsequent 
insertion, I ,2- and 1,4-addition reactions (the latter confirmed by labelling experi- 
m e n t ~ ) ~  2 ,  gives biphenylene, biphenyl and naphthalene (as well as acetylene). 
Zwitterionic intermediates (e.g. 23)7 have been proposed, though other workers 
favour diradical intermediates7 ; the reaction is particularly valuable as a source of 
biphenylene and  derivative^^^. 

(23) 

:he thermal decomposition of benzoic anhydride has also been studied and at  
500 C it gives mainly benzene together with benzoic acid, benzophenone, biphenyl, 
benzaldehyde, carbon monoxide and carbon dioxide75. 

VI.  PYROLYSIS OF ESTERS 

A. Esters without @Hydrogen Atoms in the Alkyl Group 

Methyl esters do not have P-hydrogen atoms in the alkyl group and are therefore 
unable to undergo the cisa @elimination described in Section V1.D; they are 
therefore stable to ca 550 C. However, elimination does take place under the 
conducive conditions of either high temperature or  a suitable molecular structure. 
For example, dicyanophenylmethyl benzoate eliminates carbon dioxide and also 
rearranges to benzoyl cyanide, (though 70% of the products are tars)76. The 
reactions may be formulated as the 4-centre processes (30) and (31 ) respectively; 

/h 
CN CN Ph 

the former appears to  be an intramolecular electrophilic aromatic substitution and 
examination of substituent effects in the aryl rings would easily pinpoint the 
mechanism. The formation of acyl cyanide (reaction 31) was also observed t o  
accompany, t o  the extent of 310, the normal elimination o f  acetic acid from 
1,l-dicyanoethyl acetate7 ; (the presence of the electron-withdrawing cyano 
groups on the u-car)on necessitated an elimination temperature, for the normal cis 
p-reaction, of >600 C). 

Other examples of the behaviour shown in equation (31) are known. Newallis 
and L o m b a r d ~ ~ ~  found that the ester 24 decomposes to  ethyl acetate and bis- 
(chlorodifluoromethyl) acetone by, in the writer’s view, the mechanism shown, 
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(24) 

which also accounts for the higher rate of elimination found for the carbonate 
analogue. By contrast this is not explained by the 6-centre mechanism (involving 
less probable attack of carbonyl oxygen upon carbon) given in the l i t e r a t ~ r e ' ~ .  The 
f-butyl derivative was said not to undergo this reaction since isobutylene and acetic 
acid were obtained, though this makes it certain that the mechanism shown in 24 was 
followed, since the f-butyl acetate produced would undergo very rapid elimination 
by the normal route (Section V1.D). 

Likewise the dialkoxyalkyl esters (25) decompose to diesters' 9 ,  almost certainly 
by the 4-centre mechanism shown and again involving nucleophilic attack upon the 

>C-OCO C H 3 

>C--OCOH 

c q y  
=.-&o - A I  
>C-O I I\ H 

(25) 

carbonyl carbon. S-Methoxymethyl thioacetates and acetates decompose to this 
ester and (thio)aldehyde in a similar fashion (equation 3 2 ) 8 0 .  By contrast the 
methoxy analogue does not undergo this reaction (in fact it participates in an 
alternative elimination described below), and this follows from the  greater nucleo- 
philicity of sulphur compared to  oxygen. Likewise the high nucleophilicity of the 
dialkylamino group causes the a-dimethylamino analogues to  undergo reaction 
(32y  Oa (to give an aldehyde and amide). 

H 

R 

(X = 0, S) 

Extrusion of carbon dioxide from esters lacking P-hydrogens was first noted by 
Anschiitz who found that diphenyl maleate gave stilbeneS However, a more 
detailed study of the decomposition of phenyl acrylate (or a-methylacrylate) 
showed two processes to occur. One is a molecular reaction which gives styrene (or 
methylstyrene) and carbon dioxide and is therefore similar to (30). The other is a 
free-radical reaction which gives acetylene (or methylacetylene) and phenyl formate 
which subsequently decomposes to  phenol and carbon monoxides2. 

Methyl esters which have electron-withdrawing substituents (e.g. OR,SR) in the 
methyl group are reported to be able to  eliminate acetic acid in a molecular 
5-centre process (33).  The stability of the resultant carbene rather than the acidity 
of the a-hydrogen is apparently the most important factor. Decomposition of the 
resultant carbenes gave a variety of products, e.g. dimethoxycarbene gave methyl 
acetatea3. When the two methoxy groups are bound into a cyclic structure, the 
products are acetic acid, alkene and carbon dioxidea4. A complex mechanism was 
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proposed for  this, but now seems much less probable in view of equation (33) since 
the carbon dioxide and alkene could be obtained simply by subsequent decompo- 
sition of the cyclic carbene produced. 

MeO, ,OMe 
A - MeCOOH + :C(OMetZ 

--1> 
Me 

(33) 

In pyrolysis of methylene dibenzoate, formaldehyde and benzoic anhydride are 
produced along with many minor products' 5 .  The mechanism here must almost 
certainly involve nucleophilic attack of one oxygen upon the remote acyl carbon in 
a 4-centre process (34, where n = 0). Process (34) thus differs from 21 only in that 

(34 t 

the methylene and carbonyl groups have interchanged positions. Given this mechan- 
ism it is not difficult to understand why trimethylene dibenzoate (containing a 
saturated chain, i.e. n = 3) is reported to fail to undergo the same reaction7s. Instead 
alkyl-oxygen scission takes place, most probably as in equation (35), giving benzoic 
acid and alkyl benzoate. LiKewise this type of process is the only one open to  
propylene dibenzoate (and diacetate) which give the corresponding 2-methyl vinyl 
ester and carboxylic acid. Likewise ethylene dibenzoate gives benzoic acid and vinyl 
benzoate8 s, though here acetaldehyde is also produced, presumably via reaction 
(34) with subsequent rearrangement. 

R 
c A 

Ph' '&, ___* PhCOOH + PhCOOCHzCH=CH2 (35) 
H,A.CH2 

CHCHZOCOPh 

Yet another rearrangement is possible in pyrolysis of methyl N-methyl- 
carbamates and is unique because of the N-hydrogen. The products methanol and 
methyl isocyanate are most probably formed via the 4-centre process (36IS6.  

,Me 
0' A 

Hg>=O - MeOH + MeNCO 
N 

Me 
I 

B. Vinyl Esters 

A study of the thermal decomposition of vinyl benzoateSS showed that al- 
though normal cis p-elimination (37) will take place, this reaction is a minor one 
accompanying (38) and the major reaction (39); the lcsser importance of (32) may 
be due to the instability of the acetylene product. The direction of the electron 
movements in (38) and the second step of (39) are not a t  all certain. 
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{is - A 

Ph 

PhCOOH + H C E C H  

/c- 

1 A 
p h $ F H  - PhCH=CH2 + C02 

I 
CH2 
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(37) 

>-cR R1 A (40) 
b - RR'C=CO + CH3CH0 

For non-aromatic vinyl esters an additional reaction (40) takes place, and is a 
major reaction as expected since a 6-centre process must be involved. It should be 
noted that (40) is related to  the decomposition of vinyl ethers in just the same way 
that esters are related to anhydrides. Although there are no kinetic studies available 
one may predict that reaction (40) takes place more readily than would the 
decomposition of the analogous vinyl ether. 

02 fiH 
H=CH2 

C. Ally1 Esters 

Like the esters described above, the allyl esters possess a vinylic P-hydrogen 
atom, elimination of which should give an alkene (cf. 37); this reaction is not 
observed. 

The allyl esters of formic acid are able to  undergo a reaction not available to the 
allyl esters of other acids. This process (equation 41) is a 6-centre one and differs 
from (40) only in that the alkyl carbon chain is one unit longer and the acyl carbon 

chain is one unit shorter. The Arrhenius parameters for allyl formate and 2- 
methylallyl formate (EaCt. = 43.0, 42.1 kcal/mol; log A = 10.1, 9.8 s - ' ,  respect- 
i ~ e l y ) ~ '  v a g  are consistent with the cyclic process; the latter compound decomposes 
2.1 times faster than the former. A non-radical pathway was confirmed by the fact 
that propene derived from simultaneous decomposition of allyl formate and triti- 
ated 2-methylallyl formate contained only 1% of the initial tritium content of the 
latter, i.e. there were no significant hydrogen-atom extraction processes indicative 
of the presence of free radicals. 

It should be noted that the elimination shown in equation (41) is closely similar 
to the mechanism for the pyrolysis of PLY-alkenoic acids (equation 1)  and, like that 
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reaction, is accelerated by electron-supplying substituents on the 2-carbon atom 
(the -carbon atom in the  case of the alkenoic acids). This provides further support 
for the mechanism given in (equation 411, i.e. nucleophilic attack of the double 
bond upon the hydrogen is a driving force for the reaction. Moreover, the  0-H 
bond in bu t3eno ic  acid should be more easily polarized in the correct direction 
than should the H-CO bond in allyl formate and the significantly lower activation 
energy for elimination from the former is consistent with this. Evidence for  the cis 
nature of the elimination is also provided by the elimination of trans-cinnamyl 
formate (equation 4 1; R' = Ph, R = H) to  carbon dioxide and allylbenzene' '. 

It follows that a 6-membered transition state analogous t o t h a t  in equation (41) 
cannot be obtained with allyl acetate. Neither elimination nor molecular rearrange- 
ment (see below) are favourable, consequently decomposition takes place via a 
radical pathway. This is indicated by the variety of products (in decreasing order of 
yield): carbon dioxide, methane, carbon monoxide, but-I e n e ,  propene, acrolein, 
ethene and ethane. Likewise the allyl esters of benzoic, phenylacetic, trifluoroacetic 
and oxalic acids similarly decompose by radical pathways' 9 .  

Ally1 esters readily undergo rearrangement of the type shown generally in 
(equation 42). The reaction will tend to  occur when cis p-elimination is possible in 

x 
R but not in R' ; where elimination is possible in both R and R' the extent of the 
rearrangement will be governed by the relative ease of the elimination in each. The 
product of rearrangement and elimination is a conjugated diene and this provides a 
further driving force for the reaction. Some examples illustrating the reaction are 
given in Table 4. Note that esters nos. 4 and 5 both give a 1,3-butadiene, the former 
via the normal cis kelimination (see Section V1.D below) and the latter via 
rearrangement and elimination. In ester no. 6 the strong electron withdrawal from 
the a-carbon makes cis p-elimination so unfavourable that rearrangement to  the 
internal alkene is preferred. The products from esters nos, 7 and 8 confirm the 
proposed mechanism since, in addition to  the 1,3-diene, the rearranged but un- 
eliminated ester is obtained in each case. 

A detailed study of the  effects of substituents upon the rate of rearrangement9 
has shown the following: 

(a) Increased electron withdrawal in the group X increases the rate of rearrange- 
ment. This follows if breaking of the C-0 bond is a primary step (as it is in cis 

( b )  Electron supply t o  the a-carbon increases the rate by a large factor. This will 
aid C-0  bond breaking and also increase conjugation with the  forming double 
bond. 

( c )  Electron supply to  the y-carbon also increases the rate by a large factor. This 
follows if breaking of the  double bond is a primary step in the rearrangement. It 
would not follow if attack of the carbonyl oxygen upon the y-carbon were 
kinetically important. We may therefore assert that the extent t o  which the 
electrons have moved in the transition state of e.quation (42) follows the order 
( i )  > ( i i )  > ( i i i )  or  ( i i )  > ( i )  > (i i i) .  

( d )  Replacement of hydrogen on the a-carbon by deuterium produced a small 
rate retardation. 

-elimination of esters). 
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(e) Electron supply to the (3-carbon atoms has a trivial (and indeed inconsistent) 
effect upon the rate. This confirms that the electron movements are not in the 
opposite direction to that shown in equation (42) since this would cause the 

80-Labelled ether oxygen in the starting material largely becomes labelled 
carbonyl oxygen in the product confirming the involvement of the  6centre  process 

-carbon to be significantly electron-deficient. 
V, 

(42). 

D. Esters containing Non-vinylic P-Hydrogen Atoms 

Esters containing non-vinylic @-hydrogen atoms in the alkyl group undergo 
elimination to an alkene and a carboxylic acid, and this takes place most readily if 
the hydrogen and the acyloxy group are cis to each other. This is one of the  oldest 
known organic reactionsloO and was even studied in the gas phase more than a 
century ago' I .  The reaction is remarkably straightforward and relatively unaffect- 
ed by surface conditions, so much so that activation energies measured at that 
t imexo2 d o  not differ significantly from present values. Of all the concerted 
(+elimination reactions, ester pyrolysis has been the most intensively studied and 
our knowledge and understanding of the transition states for these reactions derives 
very considerably from these studies. 

The experimental features which have lead to the current view of the mechanism 
are described in detail below. It is, however, helpful t o  have to  begin with a general 
view of the transition state 26 which applies not only to elimination from carboxy- 
lates but from a whole class of closely related compounds. For carboxylic acid 

A ;c=c< - + 
RCXYH -+ RH + CX 

(26; 

esters X and Y = 0, and R = alkyl; the three carbon atoms in 26 are designated a ,(3 
and y. Notable features are the following: 

(1) The reaction pathway is a semiconcerted process involving 6 atoms in a 
cyclic array, which is not, however, necessarily planar. 

(2) The reaction is a cis elimination. 
(3) Where there are cis @hydrogens in different environments, elimination tends 

to take place so as to  produce the most sterically favourable product. 
(4) Where elimination can produce either cis or trans products the latter is 

favoured. 
(5) The reaction is aided by electron supply at C, so that the order of reactivity 

of alkyl esters is 3 O  > 2' > 1' and this is true even when a statistical correction is 
made for the different number of (3-hydrogen atoms. The transition state becomes 
more polar along the series 1' < 2' < 3O, the biggest difference in polarity coming 
between the secondary and tertiary esters. 

(6) The reaction is aided by greater electron withdrawal by R. Reactivity series 
are therefore: 

( a )  formates > acetates > propanoates (R  = H,CH3, C2 HS ), 
( b )  chloroacetates > acetates ( R  = CICHl, CH3) 
(c) chloroformates > formates (R = CI, H), 
( d )  carbonates > carbamates > acetates ( R  = R'O,  R'NH, CH3)  
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The polarity of the transition state decreases along each of these series. This 
variation, coupled with that brought about by C, substitution means that a spec- 
trum of transition-state structures are obtained. Thus the most Ei-like transition 
state will be obtained in the pyrolysis of ethyl acetate and the most El-like 
transition state will be obtained in the pyrolysis of t-butyl carbonates or chloro- 
formates. 

(7) The reaction is aided by increased electronegativity of X since this aids 
polarization of the C-X bond. A reactivity series is therefore acetates > thio- 
acetates > amides; the polarity of the transition state decreases along this series. 

(8) The reaction is slightly aided by greater nucleophilicity in Y. I t  therefore 
takes place more readily with thionacetates (X = 0, Y = S) than with acetates. 

(9) The reaction is aided by electron-withdrawal at Cp but superimposed upon 
this is the effect of steric acceleration, so that bulky groups o n  Cb produce a rate 
increase even if they are inductively electron-supplying, and this is greater the 
bulkier the groups on C,. Thz effect of 13-substituents diminishes along the series of 
esters: 1 > 2 O  >3O. 

(10) The reaction shows a 9-deuterium kinetic isotope effect which is close to 
the theoretical maximum for primary esters, but may diminish along the series 
lo  > 2 O  > 3' and as R is more electron-withdrawing. 

(1 1) The reaction is aided by steric acceleration. 
(1 2) The decomposition is a first-order (and hence unimolecular) process and gives 

a stoichiometry of 2.0 if R is electron-supplying, so that the decomposition of  the 
acid is relatively slow (e.g. for acetates). If R is strongly electron-withdrawing, the 
subsequent decomposition of the acid is instantaneous and the stoichiometry 
becomes 3.0 (e.g. for carbonates). For esters of acids of intermediate strength (e.g. 
benzoates) under static conditions, a stoichiometry of 2.0 is rapidly established and 
the pressure continues to  rise slowly t o  give a final value of 3.0. 

Evidence upon which these conclusions are based are the following: 

1. The cyclic nature of the elimination 

This mechanism, first proposed by Hurd and BlunckIO 3. is now recognized as a 
symmetry-allowed 1 ,S-hydrogen shift of which many examples are known. This in 
itself constitutes an important piece of evidence, as does the unimolecularity of the 
reaction and the  negative entropy of activation (most log A1s-l values fall within 
the range 12.5-13.5). 

2. The cis nature of the elimination 

At its simplest. this is demonstrated by the fact that esters with trans P-hydrogens 
only undergo elimination at temperatures which are very much higher than those at 
which esters with cis P-hydrogens will eliminate. However, there are very few esters 
with sufficiently locked conformations for this aspect to  be demonstrsted. The 
only clear example concerns the t rms  isomer of 2-methyl-1 -indanyl acetate (22) 
which gives 2-methylindene (28). By contrast the cis isomer ( 2 9 )  requires a 150 C 
temperature increase to bring about the same reaction' O 4  and this corresponds to a 
reactivity difference of > 1 04. 
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Esters with a choice of both types of khydrogen preferentially eliminate the cis 
hydrogen. Thus cis-2-substituted cyclohexyl acetates (30) give predominantly the 
corresponding 3-substituted cyclohexene; by contrast the trans isomers give a 

(30) (R = Me, Ph, COOMe) 

mixture of the 1- and 3-substituted cyclohexenes' 5-1 '. The fact that the 1 s u b -  
stituted cyclohexene is obtained to some extent from the cis isomers does not  mean, 
as commonly suggested, that a different mechanism applies. There are two conforma- 
tions for the trans isomer and one for the cis isomer in which the acetoxy group and 
P-hydrogen lie gauche to each other, permitting cis elimination. The trans isomer 
gives proportionally more of the 1 -substituted cycloalkene, probably because one of 
its conformers has both bulky groups axial; elimination from this conformer will be 
sterically accelerated. 

Curtin and Kellom produced the most elegant demonstration of the cis nature of 
the elimination by pyrolysing the dl-erythro and -threo-2deuterio-l,2- 
diphenylethyl acetates 31 and 32 respectively) to trans-stilbene (33)' 6 .  The 

(31 1 (32) 133) 

former compound retained 97% of the initial deuterium content whereas the latter 
retained only 26% and this clearly arises from cis elimination. However, the threo 
isomer (32) would, by comparison with the result for the erythro isomer, be 
expected to  retain 3% of the initial deuterium and the discrepancy was assumed by 
later workers' to  have been caused by isomerization during elimination. This 
view was considered to  be supported by the fact that pyrolysis of dl-erythro- and 
threo-3-deuterio-2-butyl acetates (i.e. the analogues of 31 and 32 with Ph replaced 
by Me) produced but-2-ene with 97% retention and loss, respectively, of deuter- 
ium' 9 ,  However, a more recent and accurate kinetic study of the rate of elimination 
from 31  and 32 showed that in fact 94% of deuterium is retained and lost, 
respectively' l o .  The anomaly in Curtin and Kellom's work most probably stems 
from the fact that cis-stilbene oxide (the precursor of 32) readily isomerizes to  the 
t r a m  isomer' 0 9 ,  which if it was not reduced immediately after preparation, would 
result in a erjlthro-contaminated threo product. 

The cis nature of the elimination was used by Barton and Rosenfelder in analysis 
of the conformation of natural products'". A typical example concerned the 
configuration at the 7-carbon in allocholene steroids. Whereas the 7-benzoate-3- 
acetate of the supposed 7-'/3'-epimer (34) eliminated benzoic acid to give cholest-6- 
en3(P)yl acetate, the 7-benzoate-3-acetate of the 7-'a'-epimer (35) gave cholest-7- 
en3(P)yl acetate. Consequently 34  was in fact the a-epimer and 35 the P-epimer. 
Similarly pyrolysis of cholestan-4-yl benzoates gave entirely cholest-3-ene from one 
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isomer and a mixture of cholest-3- and 4 e n e s  (in the ratio 1: 1.5) from the other; 
these were therefore the p- and a-isomers respectively i.e. 36 and 37. 

OCOPh 

(361 (37) 

Although the above indicates that elimination is uniquely cis, it is possible that 
this depends upon ester type. For example, xanthates (which pyrolyse so much faster 
than they eliminate before gas-phase temperatures can be attained) are reported to 
be able to undergo trans elimination if the  trans hydrogen is activated by a strongly 
electron-withdrawing group' 2 .  This may not be as anomalous as it seems. The 
transition state for ester pyrolysis is more polar the faster the elimination takes 
place, and consequently may be more ionic for  xanthates. (This is indicated ,by the 
Iiammett p-factor of +0.8 for pyrolysis of cholesteryl-S-aryl xanthates at 176 C' ' 
which is equivalent to  0.65 at  600 K and larger than for comparable secondary 
carboxylates - see below). The transition state for xanthate pyrolysis may there- 
fore be more E l  - and less Ei-like and hence less stereospecific. More work is needed 
to  evaluate this aspect, especially since the xanthate derived from cis-2-phenyl- 
cyclohexanol was reported to give less trans elimination than did the acetate' s. 
Reinvestigation of this aspect using modern physical analytical techniques might be 
valuable. 

It is by no means certain that the 6-centre transition state is planar. Indeed this 
would require eclipsing of neighbounng groups so that a partly staggered confor- 
mation is more likely. Evidence to support this is twofold. Firstly, if eclipsing was 
required elimination in the cyclohexyl system would require intervention of the 
high-energy boat form with significantly slower elimination' ' ; this is not obser- 
ved. Secondly, elimination of the acetate derived from 1-methylcyclohexanol gives 
quite different endo:exo product yields [ 75% of 1-methylcyclohexene (38) and 
25% of methylenecyclohexane (39)' 5-1 1 9  than does elimination of the amine 
oxide derivative (3% and 97% respectively' 2 0 ) .  Now if elimination takes place 

(38) (39) 

through the staggered conformation, the extra distance between the oxygen and the 
hydrogen in the amine oxide compared t o  the acetate (or carboxylate in general! 
makes elimination in the ring very difficult for the former compounds, but not at 
aU disadvantageous for the esters. 
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3. Direction of the elimination 

This is governed by three main factors: 

( a )  statistical effects, 
( b )  thermodynamic stability of the products, arising from steric effects, 
( c )  electronic effects. 

In any given situation all three effects may be in operation and they are, in any case, 
not independent of each other, e.g. ( b )  is a function of (c). 

These are evident from the data gathered in Table 5 .  For 
example, consider elimination from 2-butyl acetate, ester no. 1 (40). On statistical 
grounds this should give 1- and 2-butenes in the ratio of 60% : 40% and the 
observed ratio of 57% : 43%' " 9 '  "-' 2 6  is close to  this. Esters nos. 2-4 all show a 
similar result, and it should be noted that these results are not subject t o  compli- 
cations arising from isomerization which does not take place under homogeneous 
gas-phase conditions' O .  Esters nos. 5 and 6 have one less 'internal' hydrogen so 

a. Statistical effects. 

TABLE 5. Product distribution in pyrolysis of aliphatic acetates 

No. Ester Products Reference 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

MeCH,CH(OAc)CH, 

EtCH,CH(OAc)CH, 

i-PrCH, CH(OAc)CH, 

n-BuCH, CH(OAc)CH, 

Me,CHCH(O Ac)CH, 

Et(Me)CHCH(OAc)CH, 

(CH,CH, ),C(OAc)CH, 

MeCH, CH(OAc)CH,CH, 
EtCH,CH(OAc)CH,CH, 

n-PrCH, CH(OAc)CH, CH, 

i-PrCH, CH(OAc)CH, CH, 

t-BUCH,CH(OAc)CH, CH, 

MeCH,C(OAc)(CH,), 

EtCH,C(OAc)(CH,), 

Me, CHC(OAc)(CH,), 

(CH,), CHCH(OAc)CH, Et 

CH, =CHCH,CH(OAc)CH, 

CH, =CHCH,C(OAc)(CH,), 

MeCH,CH=CH, (57%) 119,121-126 
MeCH=CHCH, (15% cis, 28% trans) 
EtCH,CH=CH, (55%) 126 
EtCH=CHCH, (45% cis and trans) 
i-PrCH, CH=CH, (46%) 119,127 
i-PrCH=CHCH, (54% cis and trans) 
wBuCH,CH=CH, (54%) 126 
ti-BuCH=CHCH, (1 7% cis, 29% trans) 

Me,C=CHCH, (20%) 
EtCH(Me)CH=CH, (76%) 126 
EtC(Me)=CHCH, (24% cis and trans) 
(CH, CH, 1, C=CH, (35 %) 126 
CH,CH,C(CH,)=CHCH, (22% cis, 43% trans) 
MeCH,CH=CHCH, (40% cis, 60% trans) 128 
EtCH,CH=CHCH, (17% cis, 35% trans) 128 
EtCH=CHCH,CH, (15% cis, 33% trans) 
ri-PrCH,CH=CHCH, (35% cis, 12% trans) 127 
rz-PrCH=CHCH,CH, (53% cis and trans) 
i-PrCH,CH=CHCH, (12% cis, 33% trans) 128 
i-PrCH=CHCH,CH, (5% cis, 50% trans) 
t-BuCH,CH=CHCH, (9% cis, 21% trans) 128 

' 

Me,CHCH=CH, (80%) 94,119 

t-BuCH=CHCH,CH, (5% cis, 65% trans) 
MeCH,C(CH,)=CH, (76%) 115,119, 
MeCH=C(CH,), (24%) 129 
EtCH, C(CH,)=CH, (72%) 115,129 
EtCH=C(CH,), (28%) 
Me,CHC(CH,)=CH, (89%) 115, 129 
Me,C=CHMe (1 1%) 

(CH,),C=CHCH, Et (27%) 
CH,=CHCH,CH=CH, (26% cis and trans) 
CH,=CHCH=CHCH, (74%) 

CH, =CHCH=C(CH,), (50%) 

(CH,),CHCH=CHEt (73% cis and tram) 119 

94 

CH,=CHCH,C(CH,)=CH, (50%) 94 
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/ H  
H M e  

H C=C, ,Me ‘C=C, / H  

OAc I /‘+Me 9 $Me LC/‘\H 
/* CH3CH2CHCH3 

/ \  Me 

885 

Me Me 

(40) (41 1 (42) 

the amount of terminal alkene is increased to approximately the 75% expected. 
Ester no. 13 has the same ratio of terminal to  ‘internal’ hydrogen as do  esters nos. 5 
and 6 ,  and the product distribution is therefore similar. 

b. Thermodynamic stability of the products. An alkene has greater thermo- 
dynamic stability if it has maximum conjugation with the double bond, and 
minimum steric interactions. The effect of thermodynamic stability in governing 
the direction of elimination (and the former contributor in particular) has hitherto 
been considered to  be very important. This follows from the work of DePuy and 
Leary’ ’ who pyrolysed ester 43 and obtained the alkenes 44 and 45 in 74% and 
26% yields respectively. Very recent work has however shown that 45 is in fact the 
major product, the error in the original work arising most probably from 43 being 
contaminated with isomers’ Conjugative stabilization of the product is there- 
fore unimportant in governing the direction of elimination, and this is confirmed by 
other recent work (Section VI.D.6). It is now evident that esters eliminate so as to 
produce the minimum steric interaction in the product. However, this may not 
necessarily be  a question of thermodynamic stability of the product, but due rather 
t o  the need to minimize steric interactions in the transition state, or to relieve steric 
interactions in the ground state. 

p M e 0 0  CH=CHCH2 

p- Me0 c%i> CH zCH=CH 

(74%) 

(26%) 

(44) 

(45) 

The effect of steric interactions is demonstrated by considering the product 
ratios given in Table 5. Esters nos. 1-4 show that the proportion of terminal 
alkene diminishes with increasing bulk in the terminal group; models indicate that 
the transition state for 2-alkene formation has the eclipsing interactions af lowest 
energy. The same argument accounts for the change in the 2-:3-alkene ratio for 
esters nos. 8-12, and here the marked change in the ratio with bulk of the terminal 
group demonstrates clearly that a steric rather than a conjugative effect is involved. 
It has been argued that for ester no. 12 this bulk produces steric acceleration 
towards formation of the 3-alkene’ This is not easily visualized without models, 
but is clearly evident in the products 4 1  and 42, and this is a permissible approach 
in view of the product-like nature of the elimination transition state. The 2-alkene 
(42) is severely hindered in one conformation in contrast to  the 3-alkene. This 
does not of itself provide proof of acceleration of the formation of the 3-alkene, but 
such evidence is unambiguously provided by rate studies, described below (Section 
V I .D .3 . c. iv) . 

By contrast, esters nos. 5-7 and 13- 15 give more terminal alkene than statisti- 
cally predicted, i.e. more of the least conjugatively stabilized product, and models 
indicate that the transition states for formation of the terminal alkene now has the 
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eclipsing interactions of lowest energy. Ester no. 16 also gives the product which is 
least conjugatively stabilized. 

Only esters nos. 17 and 18 give products which could be governed by conju- 
gative stability, but even here it is not possible to rule out steric strain in the ground 
state as the important factor. 

(ii) The need to minimize steric interactions also shows up in the tendency to 
form the trans alkene. Nevertheless, considerably less of this is produced than would 
be the case if a carbocationic intermediate were formed, permitting free rotation 
before loss of the proton. Thus the formation of a substantial amount of cis alkene 
again confirms the concerted nature of the transition state. Esters nos. 8- 12 show 
the increasing amount of trans product formed with increasing size of the alkyl 
group (the anomalous result for 2-alkene formation from ester No. 10 is almost 
certainly the result of incorrect assignment of the isomers) and this reflects 
adoption of the least hindered conformer in the transition state. 

It follows from the above that as the transition state becomes more polar i.e. 
move E l -  and less Ei-like, two changes should be observed. First more trans product 
should be obtained and secondly, since loss of the hydrogen is not ratedetermining 
for the E l  reaction, the importance of the statistical factor should disappear, i.e. 
the proportion of the thermodynamically less stable terminal alkene should 
diminish. A more polar transition state is produced on making R in 26 more 
electron-withdrawing, and examination of data for elimination from esters derived 
from butan-2-1 confirms both these predictions. Along the series acetates, chloro-, 
dichloro-, and tnfluoroacetates, a small but definite increase in the amount of 
2-butene, and of the trans isomer, is observed' 2 4 .  Likewise bis-but-2-yl carbonate 
pyrolyses to  give more but-2ene and more of the trans isomer than does but-2-yl 
acetate. One may predict that pyrolysis of 2-butyl 2,4,6-trinitrophenyl carbonate 
(which would have an even more polar transition state) would show further trends 
in this direction. Halide pyrolysis has a more polar transition state than does ester 
pyrolysis, and the polarity increases along the series chlorides < bro- 
mides < iodides. In agreement with the above analysis, the proportion of 2-butene 
and of trans-butene in pyrolysis of 2-butyl halides increases along this series' 2. 

The above features, and some interesting consequences, are evident from the 

TABLE 6. Product distribution in pyrolysis of cycloalkyl acetates 

No. Ester Products Reference 

I -u 
D 

(-+H2 + 

24% 

D 
40% 

84-100% 

0% 
76% 

QCH3 

D 
60% 

119,133 

115, 116, 
119, 124, 
126 

117,133 
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TABLE 6. (Continued). 

887 

No. Ester Products Reference 

22 

23 

24 

25 

26 

21 

28 

29 

30 

31 

&CH3 OAc 

cis 

trans 

cis 

24% 76% 

134 

Mainly ring-open aJw4enes  134 

20-30% 40-50% 25 -30% 

1-4% 5-10% 85-90% 

&CH2 + & 3 3  + &CH3 '19 

46% 28% 26% 

55% 0% 45% 

12.5% 87.5% 

C H ~ C H ~ O A C  
I 

H2 

Me 

135 

135 

136 

137 

84% 
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TABLE 6. (Continued). 

No. Ester Products Reference 

32 

33 

34 

35 

36 

143 

37 
38 

Me 

Mew,/ &!20Ac 
Me 

&o*c H 

cis 
trans 

Thujene, M e G f - P r ,  is not 139 

obtained, only ring-opened 
products (menthadienes and 
p-cymenes) 

0 + 1,l-y;diene 

27% cis + 1.5% trans 

140 

141 

142 

19% cis -I 69% frans 

$' (j 143 

55% 45% 
25%; 75% 

'The yield of menth-3-ene increased, and that of menth-2-ene decreased along the series 
acetate, (stearate), benzoate, carbonate and 5-methylthiolcarbonate. 
%rider the reaction conditions, isomerization to 3-methylcyclohexene tended to occur. 

da ta  fo r  pyrolysis of cycloalkyl esters (Table 6), discussion of which in  the 
literature has tended to b e  either misleading, incorrect or non-existent. A detailed 
analysis is therefore given here, and  the following features are notable: 

(i) Pyrolysis of (-)-menthy1 acetate gives the product  with the fewest eclipsing 
interactions between the i-propyl group and  the cyclohexane ring. 
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( i i )  Pyrolysis of thujyl acetate produces ring-opening rather than forming thujene 
which is highly strained. 

(iii) The products from pyrolysis of esters nos. 19-22 and 24-29 show that 
formation of a double bond exo to a ring is generally unfavourable. The endocyclic 
alkene is favoured not only statistically, but more importantly because its 
formation produces the greater reduction in eclipsing interactions (within the ring 
or  between the side-chain and ring) present in the initial ester. 

(iv) The results for esters nos. 31, 32 and 34  appear t o  contradict the above 
observation. However, a conformational effect operates here, because in each ester 
there are methyl groups on the a- and y-carbon atoms. For ester no. 34 these are 
fixed in an  axial position, and they must adopt this conformation in esters nos. 31 
and 32 so that the bulky acetoxy group and substituted alkyl groups may be 
equatorial. There are thus strong methyl-methyl steric interactions in each ester 
which are relieved on formation of the esocyclic alkenes; these latter are therefore 
formed as a result of sferic acceleration. 

(v) Comparison of the products from esters nos. 19 and 20 show that formation 
of the endocyclic alkene is preferred to a greater extent for the cyclopentyl ester 
than for  the cyclohexyl ester. Since the acetoxy group and the P-hydrogens are held 
in a coplanar cis configuration in the cyclopentyl ester, the result follows simply 
from a more favourable entropy of activation. Since the methyl group and the 
adjacent C-H bond are eclipsed in ester no. 19, elimination from this ester should 
be faster than from ester no. 20, and this is found, a factor of 3.4-5.2 being 
obtained' 4 4 .  

(vi) The tendency to avoid formation of the exocyclic alkene is also evident 
from the products from esters nos. 28 and 29. These indicate that here, formation 
of the esocyclic alkene from the cyclopentyl ester is not so unfavourable as from 
the cyclohexyl ester. This does not contradict, as might first appear, the results for 
esters nos. 19 and 20. Eclipsing interaction between the methyl group attached t o  
the double bond, and the C-H bonds on Cc2) and c y  is worse for the 6- 
membered ring than for the 5-membered ring because the istance between them is 
shorter. 

(vii) The 1-methylcycloalkyl acetates with 8-10 carbons in the ring undergo 
ring-opening on pyrolysis. This is somewhat surprising because models indicate that 
not all of the possible alkene products should be sterically precluded from being 
formed, and moreover cyclodecyl acetate (ester no. 36) itself does iiot undergo 
mainly ring-opening. 

(vii i)  The pyrolysis of cyclodecyl acetate is particularly interesting because it 
yields mainly a fraiis product in what appears therefore to be a trans elimination. In 
fact however, because of the need to avoid steric interactions between the hydro- 
gens on C(3) and C(*) in the transition state, the hydrogen which is streochemically 
fraiis to the acetoxy group is forced to lie gauche to it, so that a normal cis 
elimination occurs. The same applies t o  elimination from cis-2-methylcyclohexyl 
acetate, ester no. 37, in which formation of 1-methylcyclohexene implies a rratzs 
elimination, and it has been assumed that a different mechanism applies here145 ; 
this is not so. The bulky acetoxy group must adopt an equatorial position (with the 
methyl groups axial), and the t r a m  P-hydrogen then becomes equatorial also, and 
therefore gauche to  the acetoxy group; a normal cis elimination can therefore 
occur. 

(is) The results for esters nos. 24-27 appear a t  first sight t o  be irrational, yet in 
fact they can be simply explained. For both cis compounds the adjacent methyl 
groups sterically interact, and removal of this interaction is favourable. This is best 
achieved by converting one methyl to  methylene, consequently the yields of  CVO 
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alkene are increased relative to the monomethyl analogues, esters nos. 19 and 20. In 
the trans cyclopentyl compound there is no such methyl-methyl interaction so 
that steric acceleration towards formation of the exo alkene no longer applies and 
the yield of this is very small. Formation of 1,2-dimethyl-cyclopentene appears to 
involve a trans elimination. However, the eclipsing interactions in the  cyclopentane 
ring can cause sufficient puckering to place the trans P-hydrogen gauche to the 
acetoxy group and a normal cis p-elimination therefore takes place. In the trans 
cyclohexyl ester, there is a choice between having either the acetoxy group, or both 
methyl groups, in an axial position. The latter are evidently bulkier and this places 
the acetoxy group trans to the p-hydrogen on  C(2); consequently no elimination 
takes place in this direction. A second consequence is that the equatorial methyl 
groups are gauche to  each other, so conversion of one of them to  methylene is 
sterically favourable, a high yield of the exocyclic alkene is therefore produced. 

Electronic effects are now recognized as  the  dominant 
factor in governing the direction and rate of ester elimination. The effects diminish 
in magnitude when a given group is substituted at the carbons along the series 
a > y > p. One of the difficulties which has delayed evaluation of the true electronic 
effects of substituents has been that a given substituent can affect more than one 
site, produce steric effects and alter the number of @hydrogens available for 
elimination. For example, comparison of the rates of elimination of 2-propyl 
acetate (46) and 2-butyl acetate (47) does not simply give the electronic effect of a 
methyl vs an ethyl substituent. In 47 there are now two types of p-hydrogen which 

I I 

(46) (47 1 

will eliminate a t  different rates because one of them is affected by the adjacent 
methyl group. In addition the increased steric interaction in 47 causes elimination 
to  be sterically accelerated. Consequently the most recent and meaningful studies 
have employed Linear free-energy analysis of the rates of elimination of aryl esters 
in which the statistical and steric effects can be kept constant. 

(i) Substitueizts at the &-carbon. Esters pyrolyse through partial formation of a 
carbocation at the a-carbon and this was first shown by Taylor, Smith and Wetzel, 
who found that the logarithms of the relative rates of elimination of 1-arylethyl 
acetates (48) gave a linear correlation with (7'-constants with p = -0.66 at 
600 K14 p 1  '. (Linear free-energy correlations against o+constants are diagnostic 
of transition states with electron-deficient centres at aromatic side-chain a-positions). 
Thus a positive charge develops where shown in 48. This was an important 
discovery not only with regard t o  elucidating the mechanism of ester pyrolysis, but 
because it provides a unique tool for measuring electrophilic substituent effects in 
the gas phase and this is discussed in detail below. 

c. Electronic effects. 

CH3CHCHj CH3CH2CHCH3 

OAc OAc 

6+ 
ArCHCH3 ArCHCH2 P h 

I 
OAc 

I 

(48) (49) 

Pyrolysis of 1,2-diaryl ethyl acetates (49) gave a similar correlation with p = 
-0.62 at  600 K'46*'48. These values are equivalent to ca -1.3 at  25'C, and the 
extent of carbocation formation may be judged by the fact that formation of a full 
carbocation at a side-chain a-position is estimated to give a p-factor of ca -201 4 9 .  

OAc 
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TABLE 7. Hammett p-factors for pyrolysis of 
l-arylethyl esters at 600 K 

Ester P Reference 

Acetates -0.66 146, 147 
Benzoates -0.72' 150 

Phenyl carbonates -0.84 152 
Methyl carbonates -0.825 151a 

891 

'The value of -0.80 given in the literature' 
incorrect' '. 

is 

It should not be thought however that the extent of carbocationic formation is 
constant for all esters for this is certainly not the case. The above result logically 
indicates that the carbon-oxygen bond is polarized thus: C6+-06-. I t  then follows 
that increased electron withdrawal towards oxygen (e.g. by making the R groups in 
26 more electron-withdrawing) should increase the positive charge on Ca and 
hence increase the  p-factor. This has recently been shown to be so from pyrolysis of 
the esters shown in Table 7. 

A consequence of the formation of a partial carbocation at the a-carbon is that 
the ease of pyrolysis of alkyl acetates follows the order 3 O  > 2 O  > 1' and indeed 
this was used as evidence to  confirm the intermediacy of a carbocation' 2 6 .  There 
have been a large number of studies of the rates of elimination of various alkyl 
acetates (and formates)' j .  However, these have been obtained by a variety of 
workers using different techniques and widely different temperature ranges. (One 
of the problems associated with high-temperature kinetic studies is that although 
differences in temperature can be measured very accurately with thermocouples, 
the absolute value of the temperature is generally not known to  better than k0.5'. 
Since the rate spread is small, comparison of two sets of work can give misleading 
conclusions.) The results gathered in Reference 153 therefore show poor agreement 
and little quantitative information can be gained from them. The relative rates of 
pyrolysis of the primary, secondary and tertiary acetates have therefore been 
reexamined under one condition along with the corresponding esters of phenyl- 
acetic, benzoic, N-phenylcarbamic and phenylcarbonic acids; the)-data are gathered 
in Table 8' 5 4 .  These show the following important features: 

(1) The rate spread increases regularly as inductive electron withdrawal in R is 
increased, i.e. the transition state becomes more polar on going from acetates 
through to  phenylcarbonates. This confirms the evidence given in Table 7, and 

TABLE 8. Relative rates of pyrolysis of esters RCOOAlkyl at 600 K' 

Aikyl-group rate ratios 

R k,,l.(r-Bu ester) k(i-Pr)/k(Et) k( r-Bu)/k( i-Pr) k( t -Bu)/k (E t) 

1 28.8' 115 3,315' 
32.3 121 3,910 

CH, 
PhCH, 1.55 

2.22 36.3 125 4,540 Ph 
PhNH 7.00 
PhO 17.8 39.8 126 5,020 

- - - 

'These have been determined under the same conditions and supersede the extrapolated 
values given in the literature' " 8 '  
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again shows that C-0 bond polarization is increased by increased electron with- 
drawal in R. 

It follows that if 0 is replaced by S then the polarization should decrease and 
thus the rate spread for S-alkyl thioacetates is smaller than for acetates' ti 9 '  ', e.g. 
the relative ethyl: i-propyl: t-butyl rates at 600 K may be calculated from the  data 
in Reference. 155 t o  be 1:17:1300. 

(2) The rate spread increases the more reactive the esters. Thus the more 
reactive an ester type, the more polar is the transition state. (Again thioacetates are 
less reactive than acetates' e.g. t-butyl thioacetate is ca 30 times less 
reactive than r-butyl acetate a t  600  K.)  Likewise amides, where X = NH, are much 
less reactive than acetates because of the lower electronegativity of NH relative to  
0; the spread of rates for different N-alkyl groups has not however been measured. 

(3) From (2) one can infer that the polarity of the transition state increases 
along the series 1 < 2 O  < 3' and definite proof of this is given below. .It is also 
indicated by the activating effects of the phenyl and cyclopropyl groups (X) in  the 
secondary and tertiary esters 5 0  and 51, respectively. In 50 the statistically 

I x X 
I I 

I I 

I 
X X 

I I 
I I 

CHJ-C-CH~ I CH3-C-H CHJ-C-CH~ CH3-C-H 
I 

OAc OAc OAc OAc j 
(50) (51) (521 (53) I 
X = Me, Ph, cyclopropyl I X = H, Ph 

corrected factors for acceleration relative t o  a methyl group are 3.45 (phenyl) and 
3.6 (cyclopropyl) at 650 K, whereas in 51 these values become 4.5 and 8.6, 
respectively at 570 Kg4*' 5 9 ,  i.e. there is greater activation in the tertiary series 
because a larger charge is created a t  the a-carbon. Likewise the effect of a phenyl 
group relative to hydrogen in the primary and secondary acetates 5 2  and 53 are 50 
and 122, respectively, at 650 K' 5 2  9' 3 .  

(4) Since the k(r-Bu)/k(i-Pr) ratios are greater than the k(i-Pr)/k(Et) ratios it 
follows that the polarity difference between the transition states for the 3O and 2' 
esters is greater than that between the 2O and l o  esters. It also follows that since 
the transition states for the r-butyl esters are already fairly polar, then these will be 
subject to smaller changes in  polarity as the nature of R is varied, than will the 
transition states for the i-propyl esters. Consequently we see that on going from 
(thioacetatcs) through acetates to  phenylcarbonates, the k(i-Pr)/k(Et) ratio changes 
much more than does the k(t-Bu)/k(i-Pr) ratio. This trend is maintained through to 
alkyl halide pyrolysis (which has a much more polar transition state) to the extent 
that these two ratios now become comparable, e.g. for alkyl chlorides these are 150 
and 167, respectively at 633 K 1 6 0 .  For chloroformates the k(i-Pr)/k(Et) ratio is 
220 at 513 K' " 100 at 600 K and from this one can calculate that t-butyl 
chloroformate will be thermally unstable at room temperature. 

( i i )  Substiruents a t  the  y-carbon. Increasing electronegativity in the group R in 
26 should increase the rate of  elimination provided that in the transition state the 
electron pair ( i i )  has not moved as far as the pair (i). This is in fact observed. Earlier 
work indicated that the elimination rates were proportional t o  the pK, of  the 
acid' 62 1 '  6 3 ,  but this relationship is not general. For example, carbonates are very 
reactive towards elimination yet carbonic acid is very weak. This has previously 
been considered inexplicable' 6 J ,  but can be rationalized as follows: Carbonic acid 
is weak because of the contribution of 54 to  the resonance hybrid and the negative 
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I I  0- 
I 

c - c  
Hg' 'OH H b 4  'OH 

(54) 
6 k  

(55; X = 0, NH) 

charge on oxygen retards polarization of the adjacent OH bond. However, in ester 
pyrolysis the nucleophilicity of the carbonyl oxygen is a relatively unimportant 
factor in determining elimination rates, compared to the inductive effect of the 
group R Consequently carbonates (R = 0-alkyl) are much more reactive than 
acetates (R = alkyl). Moreover, the reactivity order carbonates > carbamates rules 
out the alternative elimination mechanism (55) because 0 is less nucleophilic than 
NH. On the other hand the greater -I effect for 0 relative to NH predicts the 
observed reactivity order provided the mechanism for  these esters is as shown in 26;  
this conclusion has been reached on other grounds for carbonates165 and for 
carbamates' 8 .  

The effect of substituents a t  the y-carbon was first clearly defined by use of the 
Hammett equation and the results of a number of studies which have utilized this 
are gathered in Table 9. The kinetic data correlated with uo- rather than with 
U-values and this would be expected for the phenylacetates, carbamates and 
carbonates because of the atom which intervenes between the ring and the y- 
carbon. But this correlation is true also for the benzoates and has hitherto remained 
unexplained. However, it can now be seen to arise from the fact that nucleophilic 
attack of the carbonyl oxygen upon the P-hydrogen is relatively unimportant as 
therefore is conjugation between the carbonyl group and the substituents. This 
therefore reinforces the above conclusion based upon the relative reactivities of 
carbonates and acetates. 

The results in Table 9 show clearly that electron-withdrawal at the y-carbon 
increases the reactivity of the esters, that the transition state polarity increases 
along the,series l o  < 2 O  < 3 O ,  and that the biggest increase in polarity comes 
between the 2 O  and 3 O  esters; these latter two conclusions confirm those deduced 
from analysis of the substituent effects at the u-carbon, noted above Section 
VI. D. 3. c. i. Although the data in Table 9 are as yet incomplete, the indication is 
that the charge developed at the y-carbon increases on going from phenylacetates 
through to  phenylcarbonates. Note that the apparent anomaly for the benzoates 
derives simply from the fact that the p-factors are larger because the pheiiyl group 
is attached directly to the y-carbon. This trend therefore confirms the indications 

TABLE 9. Hammett p-factors for pyrolysis of esters R' COOR at 600 K 

R' 

R PhCH, Ph NHPh OPh 
(phenylacetates) (benzoates) (N-phenylcarbamates) (phenylcarbonates) 

aWhen considering the p-factor for benzoates, the absence o f  any group between the aryl ring 
and the y-carbon must be taken into account. 
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relating to  transition-state polarity given above (Section VI. D. 3. c. i). The data 
have also been used t o  show that NH is a poorer transmitter of conjugative effects 
than are 0 or CH2 ' 7 2 ,  and they have also been used to determine uo-values, 
especially for ortho substituents' 9 '  70. For the latter purpose the pyrolysis 
of the t-butyl esters is preferable since they give a larger rate spread, and carbonates 
and carbamates are the most suitable since the subsequent decomposition of the 
acid by-product is instantaneous and leads therefore to  excellent first-order 
kinetics. 

There have been a number of subsequent reports showing that electron with- 
drawal in R increases the  rate of elimination. For example, the relative rates of 
pyrolysis of t-butyl acetate, chloroacetate and dichloroacetate may be calculated to  
be 1 : 3.7 : 8.5 at  650 K' 3. Cyclohexyl trifluoroacetate is 19 times more reactive 
than cyclohexyl acetate' 4 4 .  Tertiary hydrogen phthalate esters (where R = 
o-HOOCC6 H4 -) contain a very strongly electron-withdrawing group and therefore 
readily undergo liquid-phase pyrolysis' 3. Ethyl trans-crotonate is more reactive 
than ethyl acetate'74. Diethyl carbonate is more reactive than ethyl methyl 
carbonate by a factor of 1,6' 7 5  which becomes 0.8 after statistical correction, i.e. 
the greater electron supply at  the y-carbon by EtO relative to Me0 reduces the rate. 
There have been other reports for the effects of altering the y-substituents in 
pyrolysis of carbonates' 2 5 - 1  7 6  and carbamates'68, but since these relate to  
symmetrical esters, the effect at the y-position is compensated by the change in the 
nature of the a-substituent and no conclusions can be reached. 

The general importance of electron withdrawal at the y-position may also be 
judged by the fact that replacement of carbon by the more electronegative phos- 
phorus gives esters such as tributyl phosphate (56a), which are much more reactive 
than the corresponding carboxylate' 7. Moreover, decreasing the electron with- 
drawal from the a-position, i.e. on going to  56b and 56c, produced a rate decrease 
which was greater than the statistical reduction in the number of P-hydrogens' 7 .  

9' 

I I  
-c-c-Et 
/ 
0 
\ 

/ 
R-P=O 

alkyl 
/ 

0 
\ 

/ 
Ph-P=O 

(a) R = R '  = B U O  
(b) R = BuO, R '  = Bu 
(c )  R = R' = Bu 

For the alkyl diphenylphosphinates (57 the rate spread for the l o ,  2' and 3 O  esters 
was 1 : 400 : lo6 at 126OC' 7 8 ,  whereas at this temperature the values for the 
corresponding acetates may be calculated to be 1 : 70:8 1,000' 5 4 .  Thus increasing 
electron withdrawal at the y-position produces a more polar transition state. (Note 
also that the more polar reaction again produces a Io:2O:3O rate spread which is 
more nearly statistical - see Section IV. D. 3. c.i above.) On this basis germaacetates 
should be less reactive than acetates. The only report so far concerns ethyl 
germaacetate (GeH3COOEt)' 7 9 ,  but with this the temperature of elimination 
produces secondary decomposition of germaacetic acid; this decomposition could 
probably be avoided by using the t-butyl derivative. 

For chloroformates and cyanoformates, which have strong electron withdrawal 
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from the y-carbon, two further aspects of the elimination have to be considered: 
Firstly, the mechanism as shown in 58 has been proposed' 8 o y 1  ' as an alternative 

I I  -c-c- 
/ t\ 

O? pH 

(58, R = CI, CN) 

to  that in 26 and is not easily distinguished from it because the products and 
stoichiometry will be the same. (Elimination via 26 will produce chloroformic and 
cyanoformic acids which decompose instantaneously.) However on the basis of 
analogy, the mechanism in 58 must appear less likely and it may be noted that even 
xanthates, which possess a strongly nucleophilic SR group on the y-carbon, elim- 
inate via the mechanism in 26' 8 2  Also against 58 is the fact that the activation 
energies for a range of ethyl esters including the chloroformate and cyanoformate 
corre.& with Taft q*-values for the group R indicating a common mechanism for 
all of them' n 3 .  Moreover the log A / s - '  value for the chloroformate is the same as 
for the other esterslE3. (One way of distinguishing the mechanism for chloro- 
formates might be to measure the rate vs bromoformates; these latter will pyrolyse 
faster if 58 applies and slower if (26 )  applies). The log A/s- '  value for cyano- 
formates, however, is less than for the other esters, and while this may be due to  
experimental e r ror lE3,  it is also significant that the rate of elimination is lower 
than for chloroformates' ' 9 '  ' 3 ,  which is anomalous in terms of the electron-with- 
drawing abilities of C1 and CN. It may be that 58 therefore applies for cyano- 
formates and given this it is possible that a 7-membered transition state applies 
(with attack of nitrogen on the P-hydrogen' 3 .  

Secondly the reactions are accompanied by an SNi reaction6 9 '  8 o  9 '  ' , and this 
is general for ester pyrolysis. Characteristics of this reaction (43) are6 ' : 

0 

(1)  It becomes more significant as R is more electron-withdrawing, 
(2) it is surface catalysed, 
(3)  it is sterically hindered, 
(4) it becomes less important along the ester series l o  > 2 O  > 3O, 
(5) it has a lower activation energy than the elimination. 

Thus just as in solution, elimination is accompanied by nucleophilic substitution 
which is sterically hindered, so the exact parallel is found in the gas phase. 
Moreover, as in solution, the nucleophilic substitution has the lower activation 
energy and this may stem from the fact that a strong C-H bond has to  be broken in 
the elimination. 

It follows therefore that in order to  obtain the maximum alkene yield, the 
surface should be inactive and the temperature as high as possible and this is more 
important for primary than for tertiary esters. The identification of the SNi criteria 
has led to the discovery that carbonates can be decomposed to  e t h e d 5 ,  and since 
then the analogous formation of thioethers from thiocarbonates has been 
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reported'84. Nucleophilic attack on carbon in the gas phase is of course not 
unique, and reported examples include the rearrangement of xanthates to dithiol- 
carbonates' and of thioncarbonates and -carbarnates to thiolcarbamates and 
-carbonates (equation 44)' 8 6  ; the former process may account for the 'stable 
xanthates' produced on pyrolysis of xanthatesI8', though the removal of free 
radicals has been suggested as an alternative explanation' 8 8 .  

I 
-C- 

0 

I 
-C- 
/ 

S (44) 
/ 

\ \ 

X 

- 
/c=o 

X 
/c=s 

(X = SR, OR, NR2) 

The pyrolytic cyclization of P-keto amides has been noted above (Section 1V.A); 
the oxygen analogue, acetoacetic ester also undergoes a pyrolytic cyclization in the 
presence of quinoline to give 59 and 60 as a result of elimination of ethanol or 
ethanol and carbon dioxide, respectively' 8 9  ; nucleophilic attack on carbon must be 
involved in these reactions. 

(59) (60) 

(iii) The nature of Y. The lower reactivity of carboxylates relative to xanthates 
and thionacetates' (Y  = S) could stem from three possibilities. First is the greater 
nucleophilicity of thion sulphur relative to  carbonyl oxygen, though the indication 
in Section VI. D. 3. c. ii is that the nucleophilicity of Y is not very important. 
Second, and not previously considered, is the larger size of sulphur which brings it 
closer to the (3-hydrogen. If this is important it should show a more favourable 
entropy of activation, though the available evidence does not indicate this' ' v 1  O .  

Third, and probably most important, is the energetically favourable conversion in 
the transition state of the system -0-C=S into -S-C=O1 9 0 .  

(iu) Substituents at  the P-carbon. The true nature of the effects of P-substituents 
has been elucidated only recently' 92 ; discussions published prior to this are 
misleading in several respects. Esters of types 61-63 have been studied. For 

X C G H ~ C H ~ C H ~ O A C  X C H ~ C H ~ O A C  X C H ~ C H ~ C H ~ O A C  

(61 ) (62) (63) 

substituents-in 61 a Hammett correlation was obtained with p = 0.2 at 650 K (this 
supersedes an earlier approximate value'46) showing that electron supply from a 
substitueiit retards the reaction and vice versa. The fact that this value is smaller 
than the values produced by aryl-group substitution a t  the a- and y-carbons shows 
that C-H bond-breaking is not so important kinetically as C-0 bond-breaking. In 
general substituents X in 61 and 62 produce the same qualitative effect upon the 
rate, with the exception of the alkyl substituents. These accelerate the reaction in 
62 and this becomes more marked the bulkier the alkyl group, and the bulkier the 
substituents on the a-carbon, as the data in Table 10 show. (Note that (3-methy- 
lation increases the rate per P-hydrogen for l o ,  2' arld 3 O  esters; these data have 
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TABLE 10. Rate per -hydrogen due, and adjacent 
to, the group R' 9 '  

R 

Me Et i-Pr 

HCHR 1 1.37 1.32 
I 

OAc 
CH, CHR 1 2 -6 3 . W b  

I 
OAc 

(CH, )2 CR 1 3.5 3.05' 
I 
OAc 

t-BuCHR 1 2.6 1.4 
I 
OAc 

=For CHMe(Et). 
CReference 94 gives 4.1. 

bFor i-Pr a value o f  4.5 is reported". 

been incorrectly analysed in the literature' 5 5  .) The anomalous effect of alkyl 
groups is therefore due to  sferic acceleration ', and the data in Table 10 arise 
from a combination of rate retardation due to  the electronic effects of the alkyl 
groups, and rate acceleration due to their bulkIg1. The steric acceleration by 
P-alkyl groups is most dramatically demonstrated by the rates of elimination of 
trans-2-alkylcyclohexyl acetates which are 1.1 (Me), 1.8(i-Pr) and 13(t-Bu), relative 
to the unsubstituted ester144: The explanations of these effects in terms of 
long-range inductive stabilization of  the remote a-carbocation has been shown to  be 
incorrect on a number of  groundslg '. The combination of electronic and steric 
effects account nicely for the differing rates produced by g-phenyl, vinyl and 
ethynyl substituents which have qualitatively similar electronic effects but quite 
different bulks' 

The best correlation of the data for the 2-arylethyl acetates (61) required the 
Yukawa-Tsuno version of the Hammett equation suggesting that conjugative 
effects of substituents at the kcarbon are the more important. This was confirmed 
;by comparison of rates for esters 62 and 63, e.g. M e 0  and PhO (-1, +M) deactivate in 
62 but activate in 63 where only the -I effect can operate. Likewise the 240-fold 
acceleration per p-hydrogen for the effect of  acetyl (-1, -M) in 62l 9 3  becomes a 
mere 3.14-fold in 63'9'. The conjugative effect stems from the favourability and 
unfavourability of 64 and 65, respectively. 

0- 
\ I  ,C=C--R \- - -  ,C-OR 

H+ H+ H+ 

(64 (651 

Throughout this account the variability of the transition-state structure with 
reactivity of the ester type has been stressed, and it has been argued that the 
transition state will tend from Ei to  E l  on going from lo to 3' esters and from 
acetates to  carbonates. This being so the importance of C-H bond-breaking, and 
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TABLE 11. Hamrnett p-factors for 2arylethyl esters 

Ester P Reference 

CH, CH, Ar 0.2 191 
I 
OAc 
PhCHCH, Ar 0.08 148 

I 
OAc 

CH, CH, I- 0.1 194 

OCOOMe 
I 

therefore of the (3-substituent effect should diminish along this series. Evidence to 
suggest this is given in Table 1 1 ; it is also confirmed by the fact that a 2-methoxy 
substituent is less deactivating in a secondary ester than in a primary one1 2 6  *1 ', 
and in particular by the acceleration per (3-hydrogen atom due to an adjacent acetyl 
and phenyl group (Table 12). The decreasing effect of the P-substituents is main- 
tained through to halide pyrolysis which has a more El-like transition state than 
ester pyrolysis. An interesting feature is that the results again show (cf. Section 
VI. D. 3. c. i, ii) that there is a bigger change in transitionstate polarity between the  
3 O  and 2 O  esters than between the 2O and lo  esters. 

TABLE 12. Rate per P-hydrogen due, and adjacent 
to,  the group X' 4 r  ' ' 

x 
Ester Ph COCH, 

CH, CH, X 

OAc 
MeCHCH, X 

I 

b * C  

PhCHCH, X 
I 
OAc 

Me, CCH, X 

OAc 
Me, CCH, X 

I 

I 
OCOCF, 

6.9 25 7 

- 24 1 

3.95 - 

- 17.3 

3.5 - 

1 .o 2.4 

4. Isotope effects 

Both the ether oxygen and a- and P-hydrogen isotope effects have been exam- 
ined. Since in the transition state partial ionization of the C - 0  bond occurs, the 
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extent to which a n  ion pair might be formed has been evaluated using '80-enriched 
ethyl acetate' 5 .  No scrambling of the label occurred on partial pyrolysis, but this 
is to  be expected since of all esters, ethyl acetate has almost the least polar 
transition state. However, the same result was found using t-butyl NJV-dimethyl- 
carbamate which has a more polar transition state' 9 6 .  The greatest chance of 
observing scrambling would be to examine an ester such as t-butyl 2 ,4 ,  6-trinitro- 
phenyl carbonate as this will have just about the most polar transition state for an 
ester . 

Since breaking of the 13-C-H bond is believed to  be partially rate-determining in 
ester pyrolysis, a rate reduction should be obtained on replacing the p-hydrogen by 
deuterium, and this has been confirmed by a number of studieslo8-' 7 1  

1 2 5 , 1 4 3 * 1  7 2 ~ ~ 9 ~ ~ ~ ~ ~ .  Notable features of the dataobtained are the rangeofkH/kD 
values (1 .79143 -2.8'08) and the fact that the values are close to  (or even exceed) 
the theoretical maximum (calculated from the i.r. stretching frequencies of the 
C-H and C-D bonds). Part of the variation derives from the different temperatures 
employed, and part is experimental error since most values have been obtained 
from product studies only, and this accounts for example for the higher than 
theoretical value of  2.8' ' O .  Additional complications are that a-hydrogens were 
deuteriated in some studieslg7 and the effect of this was not separately deter- 
mined, the observed P-deuterium isotope effect might contain a contribution from 
hyperconjugative stabilization of the a-carbocation, and, because the isotope effect 
is so large, an error of x% in the isotopic purity of the starting material produces an 
error of > 2x76 in observed value. 

The importance of these factors has been evaluated by the reviewer using 
compounds 66-70. Ester 66 pyrolysed 1.025 times slower than its non-deuteriated 

PhCDCH3 PhCHCDj P h ? p & ,  P h ? v h  P h v h  

I 
OAc 

I 
OAc 

H OAc D OAc D OAc 

(66) (67) (68) (69) (70) 

analogue and this secondary effect can be attributed to  rehybridization changes at 
the a-carbon in the transition state' l o  This result means that the values of Blades 
and Gilderson' (who used d,-ethyl acetate) should have been up to 5% lower. 
Ester 69, after corrections for the 4.5% of 'trans' elimination that takes place, gave 
an identical isotope effect t o  that (2.14 at 632 K )  obtained with ester 70. Likewise 
ester 68 after the same correction gave no isotope effect, both these results thereby 
showing that the hyperconjugative' effect is trivial (at least for 2' esters). 
This was further confirmed by the fact that ester 67 (which has an additional 
P-deuterium available for hyperconjugation) gave almost the same isotope effect (2.1 5 
at 656 K). In this work all of the esters were shown by n.m.r. to be > 99% iso- 
topically pure. 

Since the transition state becomes more El-like as the ester becomes more 
reactive, a smaller P-deuterium isotope effect might be expected in this direction. 
On the other hand, the hyperconjugative effect might be more important for 
tertiary esters so that the two effects might tend to  cancel out. As yet insufficient 
data have been obtained under a given set of conditions to  permit a definite 
conclusion.* However, t-butyl N-p-tolylcarbamate gives a value of 2.56 at 469 K 

*Added in proof: A comparison of the isotope effects in pyrolysis of' acetates and carbonates 
has now produced evidence for these two phenomena' 1 .  
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which is smaller than obtained with the above (and less reactive) secondary acetates 
(E 2.92 at 469 K); it is also considerably smaller than the theoretical maximum of 
3.12- at this temperature'72. On the other hand, Kwart and Slutsky have reported a 
much higher value of 2.6 at 550 K for t-butyl N,N-dimethylcarbamate which is only 
slightly less reactive' 

It is evident that accurately determined P-deuterium isotope effects are ca 80% 
of the theoretical maximum, but this b y  no means implies that the C-H bond is 
largely broken in the transition state. Since the maximum effect should be obtained 
at half-transfer from C to  C and less from C to 0, the results argue for as little as 
25% C-H bond breaking in the  transition state' O .  It has been argued that the  
large effect requires linearity of the OHC angle' ; this can only be accommodated 
satisfactorily by having the C ,  -0 bond very stretched (7 1) and it should be noted 
that all of the  other kinetic data indicate that stretching of this bond is the most 
important feature of the transition state. 

;c-c< 
H 

0 \c&o .. 

I 
R (71) 

One report has indicated that the elimination of trans P-hydrogen from 2- 
methylcyclohexyl acetates (and xanthates) proceeds with a much reduced isotope 
effect implying a different (and ionic) mechanism for the trans elimination' 3. 
Against this conclusion must be set the following: (1) a cis elimination is feasible 
merely by a change in ring conformation (and which would place the bulky acetoxy 
group in the more favourable equatorial position) and (2), for the normal cis 
elimination, the observed isotope effects (1.79- 1.89) are very much less than in 
any other study of acetates. 

a. Solvent effects. The high reactivity of carbamates has resulted in their 
pyrolytic rates of elimination being studied in solution' *' 99 as well as in the gas 
phase1I2 and this is one  of the very few reactions which have been studied under 
both conditions. the Hammett p-factors (for t-butyl N-arylcarbamates) under both 
conditions are  (after correction for the temperature difference) almost identical, 
which is consistent with the relatively non-polar nature of the transition state. The 
solvent does however increase the overall rates by the following approximate 
factors: 3.6 (dodecane), 8.0 (diphenyl ether), 9.3 (acetophenone), 15.4 (nitroben- 
zene) and 25 (decanol)' 7 2 .  

The elimination of acetates in solution is catalysed by alumina especially if this 
is acidic, to the extent that it takes place readily a t  room temperature2 O .  This is 
a remarkably easy way of preparing alkenes, passage of a solution of thc  ester 
in carbon tetrachloride down an alumina column being all that is required. 
The relative rates of elimination of 1 -arylethyl acetatcs indicate a carbocationic 
mechanism2 O .  

5. Neighbo uring-gro up effects 

a. Steric acceleration. A number of examples of this have already been 
revealed in this review. Steric acceleration also probably accounts for the anomal- 
ous effects of alkyl groups at the y-position in elimination. Just as at the P-carbon 
we find that the effect when attached directly to this carbon is opposite to that 
when acting through a phenyl ring, so this is true also at the y-carbon, i.e. the larger 
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alkyl groups cause rate acceleration instead of the expected diminution. This is 
most clearly shown by the fact that secondary pivalates eliminate more readily 
than secondary acetates' 4 4  p z  O.' and the accelerating interaction may be envisaged 
as being between the alkyl groups on the a- and y-carbon atoms. This view is 
reinforced by the report that ethyl pivalate is not more reactive than ethyl 
acetateZ 2 .  

the relative rates of pyrolysis of anti- and syn-7- 
acetoxy-7-methylnorbornene (72.73) and of 7-acetoxy-7-methylnorbornane (74) 

b. Aiichimeric assistance. 

(72)  (73) (741 

are 1.9 : 0.87 : 1 . O Z o 3 .  The relative rates of 72 to 74 can be explained by anchi- 
meric assistance, i.e. through space stabilization of the incipient carbocation by the 
double bond which is on the opposite side of the a-carbon to the departing acetoxy 
group. However, since the ally1 group is rate-enhancingg4, both 7 2  and 73 should 
be more reactive than 74. Since this is not observed this may be a further example 
of steric acceleration (in 74) since it is more crowded in the vicinity of the y-carbon 
than is 73. 

6. Rearrangements 

Since a free carbocation is not formed in ester pyrolysis, rearrangements indic- 
ative of such intermediates are generally insignificant. More common are rearrange- 
ments which can be ascribed to  favourable juxtaposition of the acyloxy group and a 
hydrogen which is not in the P-position, and their consequent elimination. This 
accounts for example for the formation of 1.8-nonadiene from pyrolysis o f  cyclo- 
nonyl acetate (equation 44)' ', (see Table 6 ) .  Similar results have been noted by 

Me 

Cope and YoungquistZo4. In some instances such rearrangements arise from the 
very enhanced acidity of a suitably situated hydrogen, such as is found in a-acetoxy 
ketoneszo5. Elimination from these results in extrusion of CO, as for example 
shown in equation (45)206. Rearranged products have also been obtained in 

0 a a + co (45) 

Me 
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pyrolysis of esters derived from strained-ring compoundsZo 7 ,  but it is not certain 
that these are the result of the elimination process itself. The extent t o  which 
rearranged products are the result of the elimination alone is also not clear in 
pyrolysis of bornyl acetate (75) and isobornyl acetates (76)208 (cf. References 209 
and 210), in which camphene ( 7 8 )  and tricyclene ( 7 9 )  accompany the normal cis 
elimination product bornylene (77). The latter acetate eliminated 6.8 times  MA^ MA M h  M h  

5 

0 Ac 

CH2 Me 
Me OAc Me Me 

(75) (76) (77) (78) (79) 

faster than the former at  638.4 K; this result qualitatively parallels those obtained 
for related reactions in solution and which have been interpreted in  terms either of 
steric acceleration from the methylated bridge, or from synartetic assistance by the 
electrons of the 1,6-bond. Although steric acceleration has been identified in 
a number of instances in this review, the large factor noted above does seem to rule 
this out  as a primary explanation. Synartetic assistance on the other hand could 
lead to rearranged products such as those noted above. For example camphene 
could be produced from the initial rearrangement (equation 46). Such 1,2-mi- 
grations of ester function have been reported for xanthateslB5, and should for 

the 

these be easier because of the greater nucleophilicity of the thion sulphur. Con- 
sequently, it is consistent with this view that xanthates give a higher yield of 
camphene in the above reaction than do acetates and also that the isobornyl esters 
give a considerably higher yield than do  the bornyl esters; in the former the 
electrons of the 1,6-bond. Although steric acceleration has been idectified in 
sides of the 2-carbon atom. 

An alternative explanation of these results is that camphene is formed via a 
7-membered transition state. However this must be considered improbable as is the 
7-membered transition state and a-elimination proposed by Kwart and co- 
workers2 to account for the formation of 2-benzylpropene (81) and 2,2-di- 
methylstyrene ( 8 2 )  from neophyl acetate (80) (and the corresponding methyl 

Me H 
\ /  

\ 

Ph Me 

CH2-C-Me CH2=C-CH2Ph 

I 1  Me Ph OAc Me 

(80) (81 ) (82) 

carbonate). The simplest and most attractive explanation of these results is that 

,c=c 
I I 
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synchronous phenyl- and acetoxy-l,2-migration occurs to give benzyldimethyl- 
carbinyl acetate (equation 47), and this migration is exactly analogous t o  reaction 
(46) .  Elimination following reaction (47) would then give 81 and 82. This mech- 
anism was ruled out  by Kwart and coworkers because 81 and 82 were formed in the 

903 

u -  
. .  . .  . .  

A 
Ph 

A I 
CH2-CMe2 (47) 

I .. . .  . .  . .  . .  
OAc 

I 

I 
-+ CH2- -CMe2 

OAc 
I 

(47) 

he 
ratio o f  1.6 : 1.0, and greater than they considered should be the  case based upon 
liquid-phase pyrolysis data. However, it should be noted that on statistical grounds 
alone the ratio should be 3 : 1 (see Table 5 for data on the related alkyl esters) and 
halving this to allow for the conjugative effect does not seem unreasonable. 
Moreover, if the activation energy for removal of the more acidic p-hydrogen to  give 
the conjugated alkene is lower, as is certain to be the case, then at the high 
temperature used in this study, elimination from the terminal methyl groups could 
be more significant than indicated by data obtained at lower temperatures*. Related 
migrations may also account for the formation of 4-methyleneprotoadamantane 
and 3-vinylnoradamantane from pyrolysis of 3-homoadamantyl acetate' ' . 

An unusual, and as yet unexplained, rearrangement takes place in the pyrolysis 
of 2-( 1-acetoxyethy1)pyridine N-oxide (83) which gives 2-acetylpyridine instead of 
the 2-vinylpyridine N-oxide. The latter does not appear t o  rearrange to the former 
under the reaction conditions, nor can the product be derived from nucleophilic 
attack of the oxide upon the carbonyl group of t he  ester since it is also obtained OII 

pyrolysis of 2 4  1 -hydroxyethyl)pyridine N-oxide. A possible explanation is that the 
oxygen on nitrogen inserts into the side-chain C,-H bond (a well-known reaction 
under certain conditions) to give 84 which would then rapidly lose acetic acid (or 
water in the case of the alcohol) because it is a 1,l-diol or derivative' 3. 

(83) (84) 

Rearrangement due to ring strain in the product takes place in the pyrolysis 
of 1,2-diacetoxymethylcyclobutane. Although this gives 1 -methylene-2-acetoxy- 
methylcyclobutarie, the expected 1,2-dimethyIenecylobutane is not  obtained. This 
latter contains two sp' carbon atoms in the 4-membered ring so the strain is, at 
the temperature of pyrolysis, sufficient to  rupture the ring; in solution eliminations 
a t  much lower temperatures, this molecule can be formed. Rupture of the ring prior 
to  pyrolysis also occurs, giving ally1 acetateZ 33. 

*Added in proof All of these proposals have now been confirmed. Benzyldimethylcarbinyl 
acetate gives precisely the same isomer ratios as does neophyl acetates' '8. 
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7. Summary of the mechanism 

All of the foregoing evidence relating to  the mechanism of ester pyrolysis fits 
into one coherent picture. The process is an  Ei elimination, in the transition state of 
which (26) the electron pair (i) has moved further than pair (ii) which in turn has 
moved further than pair (iii); this accounts for the signs and magnitudes of all of 
the p-factors observed. On going from l o  to 3' esters, and to esters with more 
electron-withdrawal in the y-position (or containing a more electronegative element 
X) electron pair (i) will have moved further, and further also in relation t o  pairs (ii) 
and (iii), i.e. the process becomes more El-like. Thus for the more reactive esters 
with the more polar transition states, the a- and y-substituent effects become larger, 
whilst the P-substituent effects and the P-deuterium kinetic isotope effect should 
become smaller; full confirmation of the latter point is still needed. Attention has 
been drawn to the fact that interchange of the groups X and Y (26) produces a 
large alteration in the rate of the elimination2 l 4  (and this has a generality beyond 
elimination from esters2 ' 5) .  This follows from the fact that the factors which aid 
elimination (electronegativity in X, basicity in Y) tend to oppose one another; this 
provides an alternative, though related, explanation to  the one based upon bond 
energies2 ' 4 .  

8. Use of the reaction as a model for electrophilic aromatic substitution 

Since ester elimination proceeds via partial formation of a carbocation at the 
side-chain a-position, the effects of aryl substituents on stabilizing this cation will 
be the same as on stabilizing an incoming electrophile. The general technique of 
using reactions with wide-chain a-carbocations as models was innovated by H. C. 
Brown and coworkers21 6 ,  who drew attention to the formal similarity of 85 and 

(85) (86) 

86 (E = electrophile). The SN 1 solvolysis of  r-cumyl chlorides was therefore intro- 
duced as the standard reaction for determination of electrophilic substituent 
constants o+. However this reaction suffers from a number of disadvantages, which 
are: (i) it is a solution reaction and differential solvation factors can, and indeed in 
this reaction do, have a large effect upon the solvolysis rate, (ii) there is a large rate 
spread so that different solvent systems have to  be used to  measure pairs of rates 
(the overlap technique) and this can lead t o  systematic errors, (iii) the compounds 
eliminate HCl so readily that it is difficult or impossible to  isolate them pure to  
begin with. All of these difficulties are overcome by using the pyrolysis of 
1-arylethyl acetates (for which p = -0.66 at 600 K, -0.63 at 625 K) and this 
technique was introduced by Taylor, Smith and W e t z ~ l ' ~ ~  7 .  Subsequently it has 
been extended by the writer to  the determination of the electrophilic reactivities of 
heterocycles2 ' and here it has been of major importance because of the freedom 
from protonation and hydrogen-bonding effects. The method has been used to  
provide the first quantitative reactivities of pyridine, quinoline, isoquinoline, pyri- 
dine N-oxide, furan and thiophene, and all under the same conditions. This general 
method has now been adopted by others to  determination of heterocyclic react- 
ivities in solution reactions' ' s though some of the results at least are affected by 
solvent factors. 

The data obtained by this method are gathered in Table 13. The implications are 
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TABLE 13. Electrophilic aromatic substituent constants determined from pyrolysis of 
1-arylethyl acetates 

Aromatic compound Position log kre1.(600 K) log kre1.(625 K) 0' Reference 

Anisole 

Thioanisole 

Diphenyl ether 

Diphenyl sulphide 

Toluene 

Dipheny lmethane 

t-Buty Ibenzene 

Cyclo hexylbenzene 
o-Xylene 

m-Xylene 
p-Xylene 
Mesitylene 
1,2,3-Trimethylbenzene 
1,2,4-Trimethylbenzene 
Biphenyl 

Naphthalene 

Biphenylene 

Fluorene 
Trimethylsilylbenzene 

Benzene 
Fluorobenzene 

CNoro benzene 

Bromobenzene 

Iodobenzene 

Benzotrifluoride 

Nitrobenzene 

4 
2 
4 
2 
4 
2 
4 
3 
2 
4 
3 
2 
4 
2 
4 
3 
4 
4 
3 
4 
2 
2 
2 
5 
4 
3 
2 
1 
2 
1 
2 
2 
4 
3 
2 
1 
4 
3 
2 
4 
3 
2 
4 
2 
4 
3 
2 
4 
3 
2 
4 
3 
2 

0.500 
0.260 
0.17 
0.01 
0.35 
0.08 
0.12 

-0.095 
-0.05 

0.19 
0.065 
0.175 
0.18 
0.18 

0.23 
0.12 
0 -24 

0.27 
0.27 
0.425 
0.27 
0.45 
0.50 
0.51 
0.14 
0 .o 
0.235 
0.14 
0.1 15 

0.081 
0.391 

0.395 
0.058 
0.105 
0.330 
0 
0.035 

-0.245 
-0.245 
-0.070 
4 . 2 4 5  
-0.325 
-0.110 
-0.340 
-0.08 
-0.230 
-0.3 12 
-0.405 
-0.373 
-0.370 
-0.625' 
-0.590= 
-0.555 

-0.76 146 
146 

219 

219 

-0.26 219 

-0.53 219 

-0.18 219 
-0.145 219 

-0.29 146 
-0.098 220 

219,221 
-0.27 219 

219 
-0.365 222 
-0.19 222 
-0.38 222 

221 
221 
221 
22 1 
22 1 
221 
22 1 

-0.21 146 
0 146 

146 

219 

-0.21 146 
-0.175 146 
-0.13 223 
-0.625 224 
-0.60 146 
-0.09 225 
-0.16 225 

225 
0 146 

-0.05 146 
+0.389 146 

+0.106 146 
+0.389 146 

+0.167 146 

+0.121 140 
+0.348 146 

151a 
+0.513 151a 
+0.565 151a 

151a 
+0.74SU 152 
+0.71' 152 

151a 

151a 

151a 

l 5 l a  
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TABLE 13. (Continued) 
~- ~ ~~ ~~ 

Aromatic compound Position log kre1.(600 K) log kre1.(625 K) u+ Reference 

1,2-Dichlorobenzene 

1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
1,2,3-Trichlorobenzene 
1,2,4-Trichlorobenzene 

1,3,5-Trichlorobenzene 
1,2.4,5-Tetrachlorobenzene 
Pentachlorobenzene 
Pentafluorobenzene 
Pyridine 

Quinoline 

i-Quinoline 

Pyridine N-oxide 

Furan 

Thiophen 

Selenophene 

5 
2 
3 
6 
6 
2 
3 
4 
2 
3 
4 
5 
6 
7 
8 
1 
3 
4 
5 
6 
7 
8 
2 
3 
4 
2 
3 
2 
3 
2 

-0.428 
-0.27 8 
-0.356 
-0.511 
-0.45 
-0.639 
-0.472 
-0.561 
-0.717 
-0.70 
-0.663 
-0.19 
-0.505 
-0.55 
-0.46 
-0.05 
-0.47 
+0.068 
-0.040 
-0.096 
-0.040 
-0.32 
-0.26 
M.015 
-0.045 
-0.195 
-0.045 
-0.16 

1.73 
-0.51 
-0.01 

0.588 
0.274 
0.524 
0.251 
0.555 

226 
+0.44 226 

226 
226 
226 
226 
226 
226 
226 
226 
227 

+0.30 228 
M.80 228 
M.87 228 
+0.730 228 
M.079 228 
+0.747 228 

M.063 228 
M.152 228 
+0.063 228 
M.51 159 
M.41 159 
-0.025 159 
+0.07 159 
+0.31 159 
+0.07 159 
M.255 159 

213 
M.81 213 
M.016 213 

-0.108 228 

-0.885 229 
-0.415 229 
-0.79 229 
-0.38 229 
-0.855 230 

aThese values were obtained in the pyrolysis of 1 -arylethyl phenyl carbonates for which 
p = -0.84 at 600 K' 

outside the scope of this review, so attention is drawn here only to  the most 
significant features. 

(1) The u+-values obtained for the m-Ph, m-Me, m-CF,, m-N02 ,  m-SiMe, and 
m-t-Bu substituents all give better correlation with electrophilic aromatic sub- 
stitution data than d o  the values derived from the solvolysis of t-cumyl chlorides. 
This is because the latter reaction is extremely susceptible to  steric hindrance to  
solvation2 

( 2 )  The activating effect of the p-t-butyl substituent in the elimination is 
proportionally greater, and greater relative to p-methyl than for any other known 
reaction in which this substituent can conjugate with the reaction site. This proves 
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that C-C hyperconjugation is greater than C-H hyperconjugation and that the 
Baker-Nathan electron-releasing order of these substituents is a result of steric 
hindrance to  solvation being superimposed upon the above conjugative electron- 
releasing orderZZZ. Steric hindrance to  solvation is very marked in the solvolysis of 
t-cumyl chlorides, so this reaction produces very attenuated sigma values for both 
the p-t-butyl and p-trimethylsilyl substituents, and indeed for any other bulky 
substituent' ' 2 .  

(3) In contrast to electrophilic aromatic substitutions (where the transition state 
is approached through a bond-making process rather than through bond-breaking 
processes as in the elimination) the activating effects of multiple methyl substitu- 
ents is greafer than calculated on the basis of additivity. This confirms that the 
polarity of the transition state vanes with each ester, and that great electron supply 
to the a-carbon produces a more polar transition state. Consequently each ad- 
ditional methyl substituent increases the polarity at the a-carbon and produces a 
rate enhancement which is greater than calculated'' ' . Likewise multiple chloro 
substituents deactivate less than predicted because a given substituent decreases the 
charge at the a-carbon so that the deactivating effect of an additional chloro 
substituent becomes less' 6 .  

(4) The positional reactivities in pyridine, quinoline, isoquinoline and pyridine 
N-oxide agree very well with 7r-electron densities calculated by the Hiickel method. 
Positions conjugated with the nitrogen in the former three molecules are the least 
reactive, and the  positional reactivities iii quinoline and isoquinoline are approx- 
imately the products of the reactivities of the corresponding positions in pyridine 
and naphthalene. 

(5) The positional reactivity order for quinoline is precisely followed in nitration 
(even though the  quinolinium ion is the nitrated species). The gas-phase u+-values 
confirm that the protonated species is being nitrated' ' The 4-position of isoquin- 
oline is activated towards electrophilic aromatic substitution and the predominance 
of substitution at  this site under neutral conditions is t o  be expected' s 9  special 
mechanisms previously proposed to account for this substitution pattern are un- 
necessary. 

( 6 )  The data show the great importance of bond-fixation effects which have 
been highlighted by hydrogen exchange of substituted naphthalenes. Thus for 
example the deactivating effect of the nitrogen in isoquinoline is greater across the 
1,2-bond than across the  2,3-bond1 9. 

(7) The reactivity order of the 2- and 3- positions in furan and thiophene (first 
quantitatively evaluated in this elimination) has been confirmed by more recent 
data obtained in  solution' ' . 

( 8 )  The high 2 : 1 positional reactivity order for biphenylene provides strong 
confirmation that strain rather than electronegativity effects produce this order in 
electrophilic substitution of this and related molecules' ' . 

(9) No values of .u+ortho are derivable from this work, and attempts to  do 
this' ' have been shown to be invalid' ' 9. The reason is that direct field effects 
operate between the sidechain a-carbocation and the substituent. Indeed, this 
effect, first identified in the elimination, has been shown to  be a factor governing 
the rates of all ortho-substituted compounds in side-chain reactions which are 
analogues of electrophilic aromatic substitution' ' '. 

(1 0) The reactivity of sulphur-containing compounds emphasizes the importance 
of d-orbital conjugation of sulphur. Substituents containing sulphur thereby appear 
to be able to  show both -M and +b4 effects2 9. 
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E. P-Hydroxy Esters 

These are esters which contain a P-hydroxy substituent in the alkyl group 
attached to  the carbonyl group. On pyrolysis they give an ester and an aldehyde or 
ketone233. The mechanism is the 6-centre process shown in 87 which differs from 
the analogous 26 in that the  polarization of the Cp-C bond in 87 will be less than 

(87) (88) 

that of the corresponding C,-0 bond in 26. On the other hand the polarization of 
the 0-H bond will be greater than that of the C-H bond in 26. However, since the 
former factor is the most important in ester elimination, the overall polarity of the 
transition state should be less than for normal esters and this is found to be so2 ’. 
The similarity of the two processes is indicated by the following facts: (1) Electron 
withdrawal a t  the acyl carbon increases the rate, i.e. P-hydroxy esters are more 
reactive than P-hydroxy ketones (88). (2) The reaction is aided by electron supply 
to the P-carbon which corresponds to the a-carbon in normal ester elimination. (3) 
The reaction may be subject to steric acceleration by bulkier groups at  the acyl 
carbon since ethyl P-hydroxy esters are more reactive than methyl P-hydroxy 
estersZJ3. 

For pyrolysis of a series of related compounds viz. khydroxyesters, -ketones, 
alkenes and -alkynes, the transition state for the former is the most polar2 3 4 ,  and 
this is mechanistically reasonable. 

VII. PYROLYSIS OF LACTONES 

As long ago as 1883, Einhorn observed that the  p-lactone 89, derived from 
P-hydroxy-P(o-nitropheny1)propionic acid, readily eliminated carbon dioxide to  give 
the o-nitrostyrene2 ’ 5 .  Despite the length of time for which this reaction has been 
known, the ease with which the reaction takes place has been such as to preclude 

(89) 
+ c02 

(90) 

any mechanistic studies, so that it is not known if the  electron movements are as in 
89 or 103. Attempts to  prepare the corresponding lactone without the o-nitro 
substituent have been unsuccessful, only the  elimination product styrene being 
obtained2’ 6 .  This suggests that the reaction is retarded by electron withdrawal 
which is consistent with the mechanistically more reasonable 89 rather than with 90. 

The cis (and also the concerted) nature of the elimination was confirmed by the 
fact that the p-lactone of cis-a-methyl-P-(p-chloropheny1)propionic acid (9 1)  gave 
cis-1-(p-chlorophenyl) propene (92)23 ‘. This feature has been developed as a 
method for formation of alkenes with retention of the geometry present in the 
original lactone, and yields of up to  100% of the desired isomer have been 
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recorded238. So easiiy does the reaction take place that many eliminations will 
take place merely on heating in water, e.g. a 68% yield of isobutylene results from 
heating the p-lactone of P-methyl-p-hydroxybutyric acid’ ; indeed this method for 
alkene formation has been the subject of at least two patentsZ4’. clwc: - A c , q +  co2 

0’ 

(91) 

Me 

192) 

Pyrolysis of 2-pyrone and coumarin (93)  produces CO extrusion in each case to  
give furan and benzo[b] furan, respectively; the former was also accompanied by 
formation of propyne and alkene241. The pyrolysis of a-coumaranone ( 9 4 )  also 
produces CO extrusion to  give (after decomposition of the intermediate), fulvene 
and benzene. By contrast the isomer phthalide ( 9 5 )  predominantly undergoes 
extrusion of CO? to give a high yield of fulvene and ethynylcyclopentadiene, 
toluene and benzene; various radical pathways have been proposed to  account for 
these results? ’ . 

y-Lactones are stable towards elimination as expected as no suitable transition 
state can be written. The same is true of 6-lactones except when these are suitably 
unsaturated as in the case of 96 which undergoes the elimination shown; by 
contrast 97 is thermally stable as expected. Kinetic evidence suggests that  in the gas 
phase the concerted mechanism shown in (96)  applies’ 3. 

Me Me 
\ /  

bC 
A CH - I + co2 

Me 0 C 
M< -CH2 

VIII. PYROLYSIS OF LACTAMS 

Since the species O=C=NH is unstable, it follows that a-lactams do not undergo the 
elimination reactions analogous to  those for p-lactones. The only reported decom- 
position is of  2-pyridone which extrudes carbon monoxide to give py r r01e~~’ .  
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I. INTRODUCTION 
The thermal transformation of salts of benzenecarboxylic acids was first attempted 
in the nineteenth century by von Richter' by fusing potassium benzoate with 
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sodium formate and by Wislicenus and ConradZ by fusing sodium benzoate. After 
World War I ,  the  experiments were cohtinued by  Schrader and Wolter3. The 
reactions were performed very primitively and the yields were rather discouraging. 

The need for terephthalic acid in producing polyester fibre or film prompted 
Raecke and coworkers4 to  develop technological processes for the production of 
terephthalic acid by a catalysed 'rearrangement' of potassium salts of phthalic acid 
and isophthalic acid o r  by disproportionation of potassium b e n z ~ a t e ~ - ~ .  

Regarding the course of these reactions, some ideas were presented by Raecke 
but  neither he nor other authors of numerous could propose a detailed 
reaction mechanism4. Later on, when the reaction conditions and interpretation of 
results were improved, some authors became interested in the mechanism of the 
thermal transcarboxylation. Thus, on the basis of avery low incorporation of the 4 C  
radionuclide from radioactive K2 C03-' 4 C  into the molecules of potassium 
terephthalate' g 1  or  by analogy t o  the rearrangement of potassium salicylate' 2 ,  
an intramolecular mechanism was first favoured. However, improved experiments 
indicated a considerable incorporation of C- labelled 
carbon dioxide and removal of the carboxylate group; these observations were in 
accordance with an internuclear reaction course, though the proposed mechanism 
was not correct' - l  5 .  Of great importance was the finding that the isomerization 
of potassium phthalate and the disproportionation of potassium benzoate take 
place with the formation of the other benzenecarboxylates as intermediates' -' 
and that the protons and all carboxylate groups on the benzene ring are removed by 
an ionic mechanism' The evidence favouring the intermolecular, ionic mechanism 
gradually accumulated and resulted in a general acceptance of this 
mechanism' -2 which governs transcarboxylation reactions of all carboxylic 
acids derived from aromatic systems2 '. 

C from the atmosphere of 

II. THE INTERMOLECULAR IONIC MECHANISM OF 
TRANSCARBOXYLATION REACTIONS 

A. -Benzenecarboxylic Acids 

The course and mechanism of transcarboxylations may be elucidated using the 
simplest type of reaction, the transcarboxylation of potassium benzenecarboxy- 
lates. These transformations have been most intensively investigated because of the 
great industrial importance of benzenecarboxylic acids, especially of terephthalic 
acid. The reactions may be expressed by equations (1 ) and (2). 

do, COOK - 

COOK 
I 

-9 COOK 

COOK COOK 
I 

I 
COOK 

Optimum reaction conditions in transcarboxylations of potassium 2alts of ben- 
zenecarboxylic acids are as follows: reaction temperature above 400 C ,  the pre- 
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sence of  suitable catalysts, a protective reaction atmosphere and the  absence of 
compounds releasing protons. 

The course and the mechanism of transcarboxylations was examined as follows: 
( i )  The ionic character of transcarboxylations was established. ( i i )  The time depend- 
ence of the ratio of components in reaction mixtures containing potassium ben- 
zenecarboxylates was determined. (i i i)  The analogous time dependence was deter- 
mined for transcarboxylations performed in fused KCNO or KCNS. ( i v )  Transcarb- 
oxylations of the above potassium salts were performed in an atmosphere of 

C-labelled carbon dioxide. (v) Deuterium was exchanged by protium in transcarb- 
oxylations of mixtures of potassium benzenecarboxylates labelled and non-labelled 
by deuterium in the  benzene ring. ( v i )  Potassium benzoate was carboxylated using 
various carboxylating agents. (vii)  The influence of various cations in benzenecarb- 
oxylates on  the course of t he  transcarboxylation was determined. (vii i)  The influ- 
ence of catalysts on the  course of the transcarboxylation was determined. 

1. ionic character of the liberation of the carboxylate group from the benzene ring 
in transcarbox ylations 

The ionic character of the  cleavage of the  C-C bond between the benzene ring 
and the carboxylate group in transcarboxylations of salts of benzenecarboxylic 
acids is indicated by the following experimental observations. 

( a )  The reaction mixture was free of diphenyl, diphenylcarboxylic acids or oxalic 
acid which would be formed in the radical cleavage of the above C-C bond' '. 

( b )  The reaction is not accelerated by  irradiation with U.V. light o r  by initiators 
(catalysts) of radical reactions. 

(c) The presence of compounds releasing protons in the reaction mixture, e.g. 
water, acids, hydrogen benzenedicarboxylates and the like or  the presence of an 
incompletely neutralized starting material results in a smooth decarboxylation of an  
aliquot of the starting transcarboxylated salt4 p 1  1 ' ' .  

( d )  On the other hand, the presence of compounds capable of binding the 
protons formed in transcarboxylations can make possible a direct carboxylation of 
salts of aromatic monocarboxylic acids when substances are present that can supply 
cations for the carboxylates formed. Thus for example, potassium benzoate can be 
carboxylated to  potassium terephthalate by the action of potassium carbonate and 
carbon dioxide in the presence of calcium carbide or aluminium carbide' with the 
simultaneous formation of acetylene and the  corresponding carbonate (equation 3). 

COOK COOK 

COOK 

( e )  The ionic character of transcarboxylations is also supported by the un- 
usually easy and rapid incorporation of the I 4 C  radionuclide from the reaction 
atmosphere of 4C-labelled carbon dioxide into the carboxylate groups of salts of 
carboxylic acids, proceeding through the  highly labile COOK+ carboxylate 

cr) Finally, the exchange of deuterium by protium during the simultaneous 
decarboxylation-recarboxylation in mixtures of deuterium-labelled and non- 
labelled salts of carboxylic acids may be most readily explained by the ionic 
character of the reaction' 8 , 2  > 3  O .  

cation' 8 , 2  3,2 4 .  
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2. Time dependence of the content of reaction mixtures in transcarboxylations of 
potassium benzenecarbox ylates 

The course of transcarboxylation reactions of salts of aromatic carboxylic acids 
is highly complex not only from the chemical but also from the physical stand- 
point. Thus for example in the transcarboxylation of potassium phthalate, the 
reaction mixture passes from the solid phase into the liquid phase and then a 
compact solid phase is recovered through the stage of a pasty phase* 3. The reaction 
is endothermic in the fusing stage and exothermic in the subsequent solidification 
of the reaction mixture4 J p3 The heat transfer into such a reaction mixture and 
the stirring is very difficult, especially in a thick layer. Furthermore, the reaction 
must be conducted at a high temperature and under pressure of carbon dioxide. It 

60 90 120 

FIGURE 1. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium phthalate. (a) Components of the 
reaction mixture: (1) benzoic acid, (2) terephthalic 
acid, (3) isophthalic acid, (4) phthalic acid and (5 )  
a mixture of isomeric benzenetricarboxylic acids. 
(b) Detailed content of isomeric benzenetri- 
carboxylic acids: (5a) trimellitic acid, (5b) trimesic 
acid and (5c) hemimellitic acid. 
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is therefore very difficult to  determine the reaction conditions which vary from 
author to author' 9' * 1  s' ' v 2  *2 * . The work on a micro scale in sealed glass 
ampoules, which allows a visual check to  be made on the reaction course, appears 
to  be the most advantageous technique for the determination of components of 
mixtures resulting from transcarboxylations' t 2  - 2 4  

a. Transcarboxylation of potassium benzenedicarboxylates. As indicated by 
the relationship between the composition of reaction mixtures and the reaction 
time in transcarboxylations of potassium phthalate (Figure I ) ,  the first stage of the 
transcarboxylation consists in disproportionation of the phthalate (curve 4) into an 
equimolecular mixture of potassium benzoate (curve 1) on the one hand and a pair 
of benzenetricarboxylates (curve 5) on the other, namely, potassium hemimellitate 
(curve 5c) and potassium trimellitate (curve 5a). The third positional isomer, the 
symmetric potassium trimesate (curve 5b) with mutual metu positions of the three 
carboxylic groups, cannot be formed in this stage. In the next stage, the resulting 
mixture of potassium benzoate and the two potassium benzenetricarboxylates 
affords a mixture of all three isomeric potassium benzenedicarboxylates in which 
potassium isophthalate predominates (curve 3). In the third phase, the benzenedi- 
carboxylates disproportionate into potassium benzoate and the benzenetricarb- 
oxylates. At this stage, the hemimellitate (curve 5c) rapidly disappears and is 
replaced in the mixture by the trimesate (curve 5b) while the amount of the 
trimellitate (curve 5a) remains almost unchanged. This effect can be readily ex- 
plained since the symmetric trimesate can be exclusively formed from the isoph- 
thalate, i.e. from the most abundant benzenedicarboxylate in the second stage of 
the transcarboxylation. Potassium trimellitate (curve 5a) can be formed not only 
from the isophthalate (curve 3) but also from the remaining two positional isomers, 
i.e. from the phthalate (curve 4) and the terephthalate (curve 2 ) ,  which are however 
less abundant in this stage of the reaction. The formation of the hemimellitate 
(curve 5c) from the isophthalate (curve 3) is sterically hindered. For this reason, the 
content of the hemimellitate (curve 5c) strikingly decreases in the third stage 
whereas the amount of the trimesate (curve 5b) and the trimellitate (curve 5a) 
increases. In this complex transcarboxylation the respective reaction stages can 
proceed almost simultaneously 2nd are many times repeated as it- will be shown 
below. Finally, potassium terephthalate (curve 2 )  crystallizes from the reaction 
mixture because of the great thermal stability and crystallizing ability of this salt. 
The transcarboxylation of potassium phthalate can be expressed by equation 
(4)' 8923 * 

COOK COOK COOK 

(4) 

COOK COOK 

COOK 
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This reaction course is the same under various reaction conditions e.g. in the 
presence or  absence of catalysts, a: various pressures of  carbon dioxide, and at 
various temperatures from 330-500 C. 

I t  is of interest that no benzene is formed by the irreversible disproportionation 
of potassium benzoate (during the initial stages up to  30% of the benzoate and the 
benzenetricarboxylates is formed, see curves 1 and 5). Most probably, the mole- 
cules of benzenecarboxylates react in ‘dynamically’ associated pairs, the protons 
and carboxylate groups being.exchanged between the two molecules. However, this 
association is very labile as indicated by the statistic exchange of deuterium by 
protium on benzene rings of benzenecarboxylates in the transcarboxylation of a 
mixture of salts labelled and non-labelled with deuterium. The associated pairs of 
salts also operate in transcarboxylations in the absence of catalysts34. This obser- 
vation is not at variance with the interesting hypothesis of Ogata and coworkers- 

on the sandwich-like rr complexes of salts of benzenecarboxylic acids with 
the catalyst in transcarboxylations, but also indicates that the transcarboxylation 
can proceed without these complexes. 

The transcarboxylation of potassium isophthalate resembles that of potas- 
sium phthalate except for the forced reaction conditions3 -3 s. Since the carb- 
oxylate groups are placed in meta positions, the disproportionation of the isoph- 
thalate in the first stage of the reaction (Figure 2 ,  curve 3 )  to the benzoate (curve 
1 ) and the benzenetricarboxylates (curve 5 )  mainly affords the trimellitate (curve 
Sa) and the trimesate (curve Sb), whereas the hemimellitate (curve 5c) is almost 
absent. The first stage of the transcarboxylation of potassium isophthalate thus 
corresponds t o  the third phase in the transcarboxylation of potassium phthalate. 
The second stage, i.e. the formation of a mixture of benzenedicarboxylates from 
potassium benzoate (curve 1)  and potassium benzenetricarboxylates (curve 5), gives 
rise to  the terephthalate (curve 2 )  and isophthalate (curve 3)  while the content of 
the phthalate (curve 4) is very low. The content of the phthalate and hemimellitate 
in the reaction misture in the course of the whole reaction is thus maintained at a 
very low level (curves 4 and 5c). Consequently, when these small amounts of the 
phthalate and hemimellitate are not taken into account, the transcarboxylation 
scheme of potassium isophthalate, when compared with equation (4) for the 
phthalate, may be simplified to equation (5)’ 

9 - 2  

3. 

r 1 

COOK COOK COOK COOK 

COOK COOK 

As has been 
conditions that 
With the use of 

L J 
(5) 

shown earlier, potassium terephthalate is stable under reaction 
bring about transcarboxylation of the other beazenecarboxylates. 
considerably elevated temperatures (above 450 C) and  long react- 

ion times, a negligible amount of the terephthalate is converted (under-partial 
carbonization) t o  the other benzenecarboxylates. The resistance of potassium tere- 
phthalate t o  the transcarboxylation is of a physical nature (thermal stability and 
crystallizing ability) and does not result from the thermodynamic equilibrium in 
the reaction mixture as indicated by transcarboxylations of potassium terephthalate 
in the melt of potassium ~ y a n a t e ~ ~  3 3 7 .  The low transcarboxylation activity of 
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FIGURE 2. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium isophthalate. Designations as in Figure 
1. 

potassium terephthalate (present in a stable crystalline lattice in the course of the 
reaction) is also indicated by the zero incorporation of the C radionuclide from 
the ' 4C-labelled carbon dioxide into the carboxylate groups of potassium tereph- 
thalate' and by  the  negligible exchange of deuterium by protium in experiments 
with a mixture of deuterium-labelled and non-labelled potassium terephthalate 
conducted under reaction conditions that favour the t ranscarb~xyla t ion~ O .  

b.  Transcarboxylation of potassium benzoate. In contrast to the transcarb- 
oxylation of  potassium benzenedicarboxylates, potassium benzoate mdergoes 
transcarboxylation in two stages. In the first irreversible stage, two molecules of the 
benzoate disproportionate, with the formation of benzene and a mixture of 
potassium benzenedicarboxylates (Figure 3); in this mixture*, the phthalate (curve 
4), isophthalate (curve 3) and terephthalate (curve 2) are present in the ratio of 
25 : 5 : 1. This stage can be illustrated by equation ( 6 ) .  It may be seen from this 
equation that the amount of the resulting benzene is the measure of completion o f  
the first stage' 4 .  

*At the beginning of the reaction. 



922 Josef RatuskL 

5 
( b )  

f 

0 60 I20 I80 

f , s  

FIGURE3. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium benzoate. (a) Components of the solid 
reaction mixture [without curve (5) for a mix- 
ture of benzenetricarboxylic acids] : (1) benzoic 
acid, (2) terephthalic acid, (3) isophthalic acid 
and (4) p h W c  acid. (b) Detailed content of the 
isomeric benzenetricarboxylic acids: (5a) tri- 
meUitic acid, (5b) trimesic acid and (SC) 
hemimellitic acid. 

In the second stage of the  transcarboxylation of potassium benzoate, the  
benzenedicarboxylates resulting from the first stage react according to equation (7), 

COOK 

COOK 

COOK COOK 

i.e. analogously t o  the above transcarboxylation of potassium phthalate and potas- 
sium isophthalate. The two stages obviously overlap t o  a certain degree. The 
transformation of benzenedicarboxylates into potassium benzoate and potassium 
benzenetricarboxylates is less marked because in the first stage of the reaction the 
mixture contains mainly the starting potassium benzoate and only very little 
potassium benzenedicarboxylate. Consequently, the content of benzenetricarb- 
oxylates in the whole reaction mixture appears as relatively low (curves Sa.---Sc). 
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The irreversibility of equation (6) was unambiguously established by the react- 
ion of non-radioactive potassium benzoate in the presence of C-labelled benzene. 
From the reaction mixture, non-radioactive terephthalic acid was isolated and the 
whole radioactivity remained in the benzene3 8 .  

c. Transcarboxylation of mixtures containing potassium benzoate and potas- 
sium benzenepoZycarboxyZates. The transcarboxylation of an equimolecular mix- 
ture of potassium benzoate and potassium benzenetricarboxylates (equation 8) 

COOK 

1 

COOK 

(8) 

COOK 

shows the reverse of equation (7). In the present case, however, the stirring and 
homogenization of the reaction mixture cannot be as thorough as with the benzene- 
dicarboxylates in equation (7). For this reason, a proportion of the benzoate 

COOK 
COOK 

K O O C ~ c o o K  COOK +& A @OK + 4 OOK 

COOK KOOC COOK 
COOK COOK 
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undergoes an irreversible disproportion to benzene and benzenedicarboxylates 
according to equation ( 6 )  and the excess benzenetricarboxylates are subjected to  a 
complex reaction, with the formation of potassium terephthalate and potassium 
benzenetetracarboxylates; the latter salts undergo a partial decarboxylation and 
carbonization. The amount of benzene produced by the irreversible disproportion- 
ation of potassium benzoate depends on the homogeneity of the starting reaction 
mixtureZ 4 .  

Benzenetetra-, benzenepenta- and benzenehexacarboxylates react analogously to  
benzenetricarboxylates with two, three, and four equivalents of potassium benzo- 
ate2 4 .  However, the homogenizrtion of such mixtures is very difficult. Moreover, 
the successive reaction of one  molecule of the  benzenepolycarboxylate (e.g. melli- 
tate, see equatioa 9) with the benzoate molecules in ‘associated’ pairs is less 
probable than the interaction of two benzoate molecules. For this reason, the 
successive reaction of one equivalent of potassium mellitate with four equivalents 
of potassium benzoate does not afford the theoretical five equivalents of potassium 
terephthalate (equation 9), but a proportion of the benzoate undergoes an irrevers- 
ible transformation to benzene and benzenedicarboxylates according to  equation 
(6 ) .  

3. Transcarboxylation of benzenecarbox ylates in molten KCNO or KCNS 

In order to  throw some light on the role of reaction equilibria in the complex 
course of transcarboxylations of potassium benzenecarboxylates, these reactions 
were examined with fused inert compounds, such as fused potassium cyanate or 
fused potassium thiocyanate, as solvents. Under the transcarboxylation conditions, 
both these potassium salts are chemically inert towards potassium benzenecarb- 
oxylates and no competitive reactions take place. The transcarboxylation can thus 
be conducted under the same reaction conditions as in the absence of fused KCNO 
or KCNS. On the other hand, these salts interfere with the crystallization of some 
reaction products (mainly the terephthalate) and with the shift of equilibrium The 
ratio of fused KCNO or KCNS to the reactants should be high enough to  ensure a 
homogeneous melt. 

Thus, under the above stated reaction conditions, the transcarboxylation 
affords3 v 3  ’ an equilibrium mixture containing (approximately) 20% of the benzo- 
ate, 18% of the terephthalate, 35% of the isophthalate, 5% of the phthalate, 9% of 
the trimesate, 10% of the trimellitate and 1% of potassium hemimellitate, irrespect- 
ive of the starting benzenecarboxylate (i.e. t he  same product ratio is also obtained 
from potassium terephthalate) (see Figures 4-7). When an insufficient amount of 
fused KCNO is used19-zo*39,  or when an improper mixture (e.g. a mixture of 
potassium cyanate and potassium carbonate4 ) is applied that does not entirely 
suppress the crystallization of potassium terephthalate, the equilibrium is shifted in 
favour of the formation of potassium terephthalate as the final reaction product. 
The transcarboxylation of potassium benzenedicarboxylates or of a mixture of 
potassium benzoate with potassium benzenetricarboxylates in fused KCNO as 
solvent can be thus expressed by equation (10). 

COOK 
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FIGURE4. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium phthalate in fused KCNO. (a) 
Components of the reaction mixture: (1) benzoic 
acid, (2) terephthalic acid, (3)  isophthalic acid, 
(4) phthalic acid and ( 5 )  a mixture of isomeric 
benzenetricarboxylic acids. (b) Detailed content 
of isomeric benzenetricarboxylic acids: (5a) 
trimellitic acid, (5b) trimesic acid and (Sc) 
hemimellitic acid. 

The analogous transcarboxylation of potassium benzoate in fused KCNO pro- 
ceeds similarly to that  performed in the absence of fused KCNO, i.e. in two stages. 
The first irreversible stage can be expressed by equation (1 1 ) and the equilibration 
in the second stage is in accordance with equation (10). 

COOK .() - IKCNO) 0 ~ qcooK 
OOK 

The examination of the  transcarboxylation of potassium benzenetricarboxylates 
in fused KCNO was very helpful in the elucidation of the reaction mechanism of all 
transcarboxylations of benzenecarboxylates. In the  absence of fused KCNO, a 
considerable carbonized reaction mixture is obtained containing potassium tereph- 
thalate along with potassium salts of t he  other benzenecarboxylic acids including 
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FIGURES. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium isophthalate in fused KCNO. 
Designations as in Figure 4. 

the  benzenetetracarboxylic acids. In the presence of fused KCNO, potassium 
benzenetricarboxylates undergo disproportionation to  a mixture of benzenedicarb- 
oxylates and benzenetetracarboxylates (equation 12), as has been determined by 

(KCNO) @COOK + COOK@OOK 

COOK COOK COOK COOK 

- (12) 

analysis of the final reaction mixture4 l .  Disproportionation of the benzenedicarb- 
oxylates to  the benzoate and benzenetricarboxylates (according to equation 10) is 
substantially suppressed by the presence of the starting potassium benzenetricarb- 
oxylates. 

4. Transcarboxylation of benzenecarboxylates in an atmosphere of C-labelled 
carbon dioxide 

Successful incorporation of the ' C radionuclide into the carboxylate groups 
during the transcarboxylation of salts of aromatic carboxylic acids requires the 
following reaction conditions. (i) The C-labelled carbon dioxide cannot be replaced 
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FIGURE6. Time dependence of the ratio of 
reaction products in the transcarboxylation of 
potassium terephthalate in fused KCNO. 
Designations as in Figure 4. 

by C-labelled potassium carbonate, the decomposition temperature (above 
80OoC) of which is too high. (ii) The reactants (salts of benzenecarboxylic acids) 
should be applied to the support in thin layers to ensure the highest contact with 
the atmosphere of C-labelled carbon dioxide' * iz s Z 4 .  (iii) Efficient stirring is 
indispensablez4 * 4 2 .  Under such reaction conditions and in the initial stage of the 
transcarboxylation (when the reaction mixture contains intermediates along with 
some potassium terephthalate), the incorporation of the C radionuclide into the 
salts corresponds to a complete equilibrium between the carboxylate groups of 
benzenecarboxylates and the 

When the transcarboxylation does not proceed or when it proceeds to  a low 
extent only (in the absence of catalysts, at low temperatures o r  when the reaction 
time is too short), no incorporation of 14C into the carboxylate groups of salts 
takes place, or it occurs to a lesser extent corresponding to  the degree of the 
transcarboxylation. Consequently, no l 4  C is incorporated from the ' COz-contain- 
h g  reaction atmosphere into the carboxylate groups of potassium terephthalate in 
spite of reaction conditions that favour transcarboxylations of the other benzene- 
carboxylates' lz 3 .  

C from the ' 4C0z -containing reaction 
atmosphere depends on the removal and readdition of carboxylate groups (the ionic 
mechanism of this process is claimed above) and ( b )  the transcarboxylation of 

COz molecules in the reaction atmosphere. 

In conclusion ( a )  the incorporation of 
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FIGURE7. Time dependence of the ratio of 
the solid reaction products in the transcarboxyla- 
tion of potassium benzoate in fused KCNO. 
Designations as in Figure 4. 

potassium benzenecarboxylates consists in repeated decarboxylations- 
recarboxylations of all carboxylate groups. 

C02 molecules from 
the reaction atmosphere most probably replace the carbon dioxide liberated from 
the removed carboxylate cation (equation 13). The equilibrium in this equation is 

COOK+ = COz + K+ (1 3) 

strongly shifted to the left in favour of the carboxylate cation which is simultan- 
eously bound by the strongly basic carbanion (arisen by ionic removal of the 
carboxylate group); thus the free carbon dioxide does not escape into the reaction 
atmosphere4 3. 

As mentioned above, the reaction conditions strongly affect the I4C  incorp- 
oration into the carboxylate group of salts. In the case of insufficient contact of the 
labelled carbon dioxide with salts to  be transcarboxylated, the incorporation of the 

C radionuclide proceeds to  a low extent only' 3-1 . A similar low incorporation 
is observed when l4C-labe1led potassium carbonate"-' I 9 1 4 4  is used instead of 
l4COz since decomposition of  Kz14CC13 takes place at > 8OO0C while the trans- 
carboxylation temperature is about 400 C. At this temperature the partial pressure 
of * 4 C 0 2  in the reaction atmosphere is very lowz3 9 2 4 .  

Concerning the mechanism of the C incorporation, the 
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A higher incorporation of the  I 4 C  radionuclide from K2I4CO3 into the carb- 
oxylate group of salts would require a very long reaction time. However, the 
formation time of the  final terephthalate by transcarboxylation is relatively short 
and the terephthalate is known not t o  incorporate any 14C radionuclide from the 
4C02-containing reaction atmosphere’ 4.  

5. Exchange of deuterium by protium in transcarboxylations of mixtures of ben- 
zenecarboxylates labelled and non-labelled by deuterium on the benzene 

The assumed formation of carbanions in transcarboxylations of salts of benzene- 
carboxylic acids may occur either by  rupture of the C-C bond between the 
benzene ring and the  carboxylate group, or  by liberation of protons from the 
benzene ring as inferred from the  statistical exchange of deuterium by protium in 
transcarboxylations of mixtures of benzenecarboxylates labelled and non-labelled 
by deuterium in t h e  benzene ring. Benzene itself does not undergo this exchange 
reaction or  the transcarboxylation reaction3 O .  Furthermore, the exchange of deut- 
erium by protium in benzenecarboxylates is faster than the transcarboxylation, as 
exemplified by transcarboxylation of an  equimolar mixture of potassium benzoate- 
5d and non-deuterated benzoate: an exchange of deuterium by protium was already 
accomplished in molecules of benzoate in the initial stage of the transcarb- 
oxyIation3 O . 

When compared with the rate of the corresponding decarboxylation-re- 
carboxylation process, the rate of exchange of deuterium by protium is so high that 
the exchange may also be effected (under suitable conditions) with deuterium 
oxide without any substantial occurrence of the transcarboxylation reaction4 5 .  

This observation was made in two experiments on the transcarboxylation of 
potassium phthalate in the presence of deuterium oxide under different reaction 
conditions. Thus, when the transcarboxylation is performed in excess D2 0 at an 
elevated temperature and with a sufficiently long reaction time, complete exchange 
of deuterium by protium and a simultaneous decarboxylation take place with the 
formation of deuterated benzene. On the  other hand, when the mixture is briefly 
heated at  a low temperature, deuterated potassium phthalate is obtained along with 
a small amount of transcarboxylation products4 5 .  Fast exchange of deuterium by 
protium takes place with all benzenecarboxylates susceptible t o  transcarboxy- 
lations, When the transcarboxylation for some reason does not take place or occurs 
to  a negligible extent only, no  deuterium or only a trace amount of deuterium is 
exchanged by protium. Thus for example in the absence of catalysts or at 
temperatures lower than needed for transcarboxylations, no  D/H exchange takes 
place in the interaction between deuterated and non-deuterated benzoate. Similarly. 
heating a mixture of deuterated and non-deuterated potassium terephthalate at the 
transcarboxylation temperature does not result in any transcarboxylation or 
exchange since the salt of terephthalic acid is unreactive even in the presence of 
catalysts under these conditions3 . 

When the transcarboxylation is effected with a mixture of a deuterated phthal- 
ate and a non-deuterated terephthalate or with a mixture of a benzoate-5d and a 
terephthalate, a negligible exchange may be observed. As suggested by this low 
exchange, potassium terephthalate in the fused reaction mixture is not completely 
resistant t o  the transcarboxylation reaction3 O .  

The above results can be explained by involvement of a relatively stable 
‘dynamic’ carbanion species which is formed in the initial stages of the transcarb- 

r i n g l ~ ~ 2 s ~ 3 Q  
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oxylation reaction, since the liberation and addition of protons is much faster than 
the decarboxylation-recarboxylation process of the carboxylate group3 (for the 
case of potassium benzoate see equation 14). 

COOK COOK COOK COOK COOK COOK 

11 

6. Mechanism of transcarboxylation of benzenecarbox ylates 

As may be inferred from the above observations, the transcarboxylation of 
benzenecarboxylates can be interpreted by an intermolecular, ionic mechanism. It 
may also be seen that the transcarboxylation of all benzenecarboxylates proceeds 
by  a few fundamental pathways, though a very complex and time-dependent 
mixture of intermediary products is involved in the course of the reaction. Thus for 
example, the transcarboxylation of potassium phthalate can be interpreted by a few 
simple consecutive reactions2 : 

( a )  Removal of the carboxylate groups with the formation of a carbanion and a 
carboxylate cation (equation 15). 

COOK COOK 

&''OK - &-'+ COOK' (15) 

( b )  Liberation of a proton from the molecule of the original phthalate by the 
action of a carbanion (as a very strong base) and addition of the liberated proton to  
this carbanion with the formation of the benzoate and two new carbanions which 
are precursors of potassium trimellitate and potassium hemimellitate (equation 16). 

- 
COOK COOK COOK COOK COOK 
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COOK 

;&'OK + COOK+ - 
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(1 6) 
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( c )  Addition of the carboxylate cation to  the resulting carbanions with the 
formation of the corresponding salts of benzenetricarboxylic acids (equation 17). 

The liberation and addition of protons (equation 16) is faster than the decarb- 
oxylation-recarboxylation process (equations 1 5 and 17). This transprotonization 
takes place on all carbon atoms of the benzene ring to  which hydrogen atoms are 
attached, with the formation of a ‘dynamic’ carbanion species bearing an unshared 
electron pair at various positions of the benzene ring30 (see for example equation 
14 for the case of a benzoate). 

These processes occur during the transcarboxylation in repeating cycles and 
yield a complex mixture of intermediates which finally deposits the potassium 
t erepht halate. 

The carboxylate group is split off  and added again, more likely in the form of  the 
carboxylate cation COOK+ than in the form of CO, and then the potassium cation 
K’, since no exchange of the I 4 C  radionuclide is observed in the transcarboxy 
lation of potassium benzoate-7-I C and nonradioactive potassiiim benzoate placed 
in the same nitrogen atmosphere but in separate vessels4 3 .  

As indicated by the fast (faster than the C-C bond rupture in the decarboxy- 
lation of the carboxylate group) exchange of deuterium by protium with the 
formation of a ‘dynamic’ ~ a r b a n i o n ~ O * ~  (equation 14), the liberation of protons 
from the benzene-ring carbon atoms can be more likely ascribed to  the action of 
the unshared electron pair of the primarily arisen carbanion than to  the action of 
the negative charge of the anion of the dissociated salt4 . 

The formation of primary carbanions is initiated by catalysts4’, which accele- 
rate the transcarboxylation of potassium salts of aromatic carboxylic acids. This 
transcarboxylation can also take place in the absence of catalysts, but the reaction 
course is very slow. In the presence of an inorganic cadmium salt, the transcarb- 
oxylation of aromatic potassium salts proceeds as follows. A mixed cadmium salt of 
the benzenecarboxylate is first formed and then readily decarboxylated t o  the 
primary carbanion. By liberation of a proton from the benzene ring of another 
benzenecarboxylate, this primary carbanion gives rise to  a new carbanion (the 
‘dynamic’ carbanion, equation 14). By the addition of a carboxylate cation to this 
carbanion, the salt of the corresponding benzenecarboxylic acid is formed (e.g. 
equation 17). 

The ionic charge of the carbanion also makes possible the formation of the 
above mentioned associated pairs of the reacting salts. The existence of these pairs 
explains the absence of benzene in the course of the transcarboxylation of benzene- 
dicarboxylates, though a disproportionation of benzenedicarboxylates t o  the ben- 
zoate and benzenetricarboxylates takes place in the initial stage of the reaction (e.g. 
equation 4). These associated pairs (the formation of which does not depend on  the 
presence of catalysts) are unusually labile as indicated by the rapid random 
exchange of deuterium by protium in the above mentioned transcarboxylation of 
benzenecarboxylates labelled and non-labelled by deuterium. The lability of associ- 
ated pairs is also due to  the repeated disappearance of the negative charge of the 
carbanion by additions of the carboxylate cation or proton to the unshared 
electron pair of the carbanion. 

The mechanism of the repeated formation of carbanions (by decarboxylation of 
carboxylate groups or by deprotonization) and their repeated disappearance (by 
additions of carboxylate cations or protons) expresses better the course of the 
transcarboxylation than the mechanism of the ‘sandwich’ complex of the reacting 
salts with the catalyst’ 9 - 2 1 .  The ‘sandwich’ theory could hardly explain the 
course of the transcarboxylation even in the absence of catalysts, yet alone the high 



93 2 Josef Ratuskjr 

rate of transcarboxylations in the solid or semisolid state in the presence of a small 
amount of  the catalyst. The sandwich formation from two molecules of the salt to  
be  transcarboxylated and one molecule of the catalyst would require a high 
mobility of salts in the reaction mixture. Remembering the solid state of the 
reaction mixture, such a mobility can be hardly assumed. 

In conclusion, the  transcarboxylation of salts of benzenecarboxylic acids can be 
characterized as an intermolecular, ionic decarboxylation-recarboxylation process 
in combination with an ir?termolecular transprotonation proceeding in repeating 
cycles. 

7. Effect of catalysts on the transcarboxylation of benzenecarboxylates 

Transcarboxylations are markedly accelerated by the presence of catalysts4 s4 , 
though they are known4 *34 s4  to proceed even in the absence of catalysts. Salts of 
metals of the subgroup IIb of the Periodic Table, especially the salts of cadmium 
and zinc4 *4 a ,  have proved to be the most efficient catalysts. The catalytic effect in 
transcarboxylations largely depends on the chemical and physical form of the 
catalyst. Among the  most frequently used cadmium catalysts, the  highest potency 
is exhibited by inorganic acdmium salts, particularly cadmium iodide. Somewhat 
less potent are cadmium salts of the acids to be transcarboxylated, cadmium 
carbonate and cadmium oxide; the least potent catalyst of the cadmium series is 
cadmium metal. The salts of other metals, for example zinc, show a similar decrease 
in catalytic effects. 

The high effectiveness of inorganic salts as catalysts of transcarboxylations might 
be  explained by a high disperion of the catalyst in  the reaction mixture by means of 
the primary reaction with the potassium salt of the aromatic acid to be transcarb- 
oxylated4 (e.g. potassium phthalate in equation 18). 

+ u x 2  - ac:z + * KX (18) 

This dispersion cannot be as fast and efficient when previously prepared cad- 
mium phthalate is used as catalyst. Furthermore, the dispersion of the catalyst is 
obviously affected by the nature of the anions. Thus for example, the higher 
activity of cadmium i o d i e  in comparison to  the other cadmium halides is due to  its 
low melting point (388 C )  which facilitates the reaction according t o  equation 
(18)47. Since the anion of the salt must be chemically inert in the transcarboxyla- 
tion reaction, most organic salts are thus excluded as catalysts. 

The low activity of powdered metals as catalysts is not due to the metal itself 
but t o  a very small amount of oxides or salts on the surface of the metal powder 
from atmospheric corrosion during the storage or from the action of reactants or 
traces of moisture directly in the reaction mixture. The powdered metal itself is not 
engaged in the catalysis and docs not suffer any change during the reaction. 

The catalytically active inorganic salts of metals are transformed to  the corre- 
sponding aromatic carboxylates (equation 18), which undergo a transcarboxylation 
analogous to  that of the potassium salts except for the formation of a mixture of 
benzenecarboxylates instead of the exclusive formation of terephthalate (equations 
19 and 20). The aromatic salts of cadmium being less stable than aromatic 
potassium carboxylates, undergo the transcarboxylation more readily and at  lower 
temperatures, thus initiating the primary formation of carbanions. On the other 
hand, the low thermal stability of aromatic cadmium salts results in considerable 



16. Transcarboxylatioh reactions of salts o f  aromatic carboxylic acids 

coo? 

933 

(19) 

(20)  

destruction of these salts at the higher transcarboxylation temperature of potassium 
salts. Consequently, an equimolar portion (corresponding to  the amount of the  
catalyst) of the potassium benzenecarboxylates to be transcarboxylated is car- 
bonized4 7 .  

It is useful to compare the melting point and the transcarboxylation temperature 
of potassium and cadmium salts of benzoic acid. Thus, potassium benzoate melts a t  
425-430 C, its transcarboxylation rate in the absence of catalysts being negligible 
at this temperature. On the other hand, ca%mium benz2ate melts at 235'C and 
undergoes 'a fast transcarboxylation at 290 C. At 400 C (i.e. the temperature 
applied to  transcarboxylations of potassium benzoate in the presence of catalysts), 
the use of cadmium benzoate as the reactant results in destruction of a considerable 
portion of the reaction mixture4 '. Transcarboxylations of the other cadmium 
benzenecarboxylates show a similar reaction course. 

The catalytic activity largely depends on the dispersion of the catalyst in the 
reaction mixture and on the relatively low melting point of the catalyst since the 
lower temperature makes possible its dispersion and the formation of primary 
carbanions. The rapid initiation of the transcarboxylation reaction by the action of 
catalysts has a further intensified effect on the transcarboxylation rate of aromatic 
potassium salts since the initial decrease of the melting point of the reaction mass 
due to the formation of a complex mixture of intermediates results in an easier 
agitation and thus homogenization of the reaction mixture. In an atmosphere of 
carbon dioxide at 3 atm, with potassium phthalate melting at 385-39OoC the rate 
of transcarboxylation is very low. However, in the presence of 5% of cadmium 
iodide, the mixture melts at 330-335OC and the transcarboxylation process is very 
fast. In addition to  the unreacted phthalate, the melt contains an appreciable 
amount of the other benzenecarboxylates (Figure 1 ). The transcarboxylation rate 
of potassium isophthalate is much slower. This can be ascribed t o  the higher 
mslting point of potassium isophthalate: the melt is less easily formed. Conse- 
quently, the primary reaction with the catalyst, its dispersion in the mixture and 
the formation of primary carbanions are all slower. 

In conclusion, the effect of catalysts in transcarboxylations of salts of aromatic 
acids is of a complex nature since the chemical effect which initiates the formation 
of primary carbanions is accompanied by the physical effect which easily converts 
the reaction mixture to  the melt. 

8. Effect of various cations on the transcarboxylation of benzenecarboxylates 

The transcarboxylation of potassium benzenecarboxylates to potassium tere- 
phthalate is a special case of a general reaction since instead of the potassium cation 
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other cations can be used4?. As shown in the preceding section, the use of other 
cations such as Cd2+ or Zn2+ is of great importance for the catalysis of transcar- 
boxylation of potassium salts. The common feature of all transcarboxylations is the 
formation of the corresponding carbanions by removal of carboxylate groups in the 
form of cations o r  the liberation of protons by the action of carbanions. On the 
other hand, the formation of the final product depends on the thermal stability and 
crystallizing ability of some of the  intermediary products; the final product is 
usually deposited in crystalline form by the reaction mixture. The structure of 
these final products depends on the nature of both the aromatic acid as anion and 
the metal as cation. In the field of salts of benzenecarboxylic acids, the trans- 
carboxylation of potassium salts has been examined in detail; in this case, potas- 
sium terephthalate is the final product of the complex reaction. 

Using salts of other alkali metals, the final product differs from that resulting 
from the transcarboxylation of potassium salts. The rubidium and caesium salts are 
easy t o  melt and decarboxylate with the formation of carbanions, but their thermal 
stability is relatively low and the crystallizing ability of the corresponding rubidium 
or caesium terephthalate is rather low. The final complex mixture thus contains a 
lower amount of the terephthalate than in the case of the potassium 
cation4 ,4 g .  Furthermore, the amount of the carbonized material is considerably 
high. 

On the other hand, the lithium and sodium benzenecarboxylates are more 
difficult to melt than the potassium salts and their crystallizing ability differs from 
that of potassium salts. Particularly in the case of sodium salts, the final reaction 
mixtures exhibit a higher content of sodium trimesate at the expense of sodium 
terephthalate4 ,4 9. By the addition of suitable fusing agents, the transcarb- 
oxylation is accelerated and the destructive side-reactions suppressed; in such a 
case, sodium trimesate crystallizes as the main product from the reaction mixture- 
4 7 9 4 9 , 5 0  (equations 21 and 22). 

$OONa 

FOONa FOONa 

COONa 

121) 

(22) 

The transcarboxylation mechanism of Li, Na, Rb and Cs benzenecarboxylates is 
analogous to that of potassiuin salts as indicated by H/D exchange on the benzene 
rings and by incorporation of the l 4  C radionuclide into the carbosylate groups of 

111 the transcarboxylation of salts with bivalent cations of calcium, strontium 
and barium, the reaction course differs markedly from that with alkali metal salts. 
In the case of alkaline-earth metal salts, the reaction stops at the stage of ortho 
isomers, which are less fusible than the alkali metal salts and crystallize from the 
reaction mixttire4 7 * 5  (cf. equations 23 and 24 for the transcarboxylation of 
barium salts of benzoic acid and isophthalic acid). 

The content of  the ortho isomers of alkaline-earth metal benzenetricarboxylates 
in the final transcarboxylation mixture can be markedly increased by the use of a 

salts4 7 . 5  1 , S  2 
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suitable fusing agent’ ; this increase is particularly surprising in the case of the 
sterically hindered hemimellitic acid. The complex course of the transcarb- 
oxylation of alkaline-earth metal benzenecarboxylates requires an efficient analyt- 
ical method t o  detect all the  occurring isomers in the final reaction mixture, since 
otherwise incomplete results are obtaineds4 ,’ 5 .  Thus, the transcarboxylation of 
barium phthalate or  barium isophthalate has been claimed to give a low yield (up t o  
10%) of a single product, namely, barium hemilaellitate, while barium phthalate 
and an  equimolar amount of benzene should result from the transcarboxylation of 
barium benzoate. However, as indicated by a detailed analysis, the above transcarb- 
oxylations afford a similar mixture of products, namely, the barium salts of 
hemimellitic and trimellitic acid (the ortho isomers) and of benzoic and phthalic 
acid, and a lesser amount of barium trimesate, barium isophthalate and barium 
terephthalate (the mefa and para  isomer^)^ ‘1’ 3. The calcium and strontium salts of 
b enzenecarboxylates are transcarboxylated similarly t o  the barium salts. 

The transcarboxylation of bivalent alkaline earth metal benzenecarboxylates is 
again based on  the formation of carbacions arising from decarboxylation of 
carboxylate groups. This is confirmed by H/D exchange on the benzene rings and 
by incorporation of the 14C from the 14C-labelled carbon dioxide into the 
carboxylate groups of the corresponding salts’ 6 .  

This group of salts with bivalent cations also contains the earlier mentioned 
cadmium and zinc salts, which are important as catalysts in the transcarboxylation 
of the other salts. The course of their transcarboxylation (see equations I9  and 20) 
is similar to that of the alkaline-earth metal salts; moreover, the cadmium and zinc 
benzenecarboxylates melt and undergo decarboxylation to  carbanions at much 
lower temperatures4‘. The behaviour of lead (11) and cupric benzenecarboxylates in 
transcarboxylations is similar t o  that of the cadmium and zinc salts except for a 
lower catalytic activity. 

6. Napthalenecarboxylic Acids 

Naphthalenecarboxylic acid salts also undergo transcarboxylation react- 
ions4. In this series, too the potassium salts give the best results. As the final 
product of the complex reaction, potassium 2,6-naphthalenedicarboxylate is iso- 
lated (equations 25 and 76). When compared with benzenecarboxylates, the trans- 

COOK m C O O K  - COOK mcooK 
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carboxylation of flaphthalenecarboxylates is more complex and so is the final 
reaction mixture too, obviously because of the more complex structure of the 
naphthalene ring system5 - 6  2. Nevertheless, the removal of carboxylate groups 
from the naphthalene ring follows the same ionic mechanism as established with 
benzenecarboxylates. Thus, smooth decarboxylation takes place in the presence of 
protons while potassium 2,6-naphthalenedicarboxylate is obtained from potassium 
a- or  P-naphthoate in the presence of potassium carbonate, carbon dioxide and 
calcium carbide. 

C-labelled carbon dioxide in 
the carboxylate groups of naphthalene~arboxylates~ p62 and the exchange of 
deuterium by protium on the carbon atoms of the naphthalene ring system6 take 
place in the initial stage of the reaction with involvement of the original derivatives 
that have not yet undergone the transcarboxylation. 

The course of the transcarboxylation as inferred from the time dependence of 
the components of reaction mixtures is similar t o  that of the benzenecarb- 
oxylates5 7 .  In the first stage of the reaction, the salts of naphthalenedicarboxylic 
acids disproportionate into a naphthalenemonocarboxylate and naphthalenetricarb- 
oxylates, the mutual interaction of which affords a mixture of naphthalenedicarb- 
oxylates. From this complex, the crystalline potassium 2,6-naphthalenedicarb- 
oxylate is finally deposited (equation 27). 

Similarly, both the incorporation of C from 

COOK COOK COOK 21@5 = a + @@ ___* mcooK (271 
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Potassium a - and 6-naphthoate (similarly to  potassium benzoate) undergoes an 
irreversible disproportionation in the initial step with the formation of naphthalene 
and naphthalenedicarboxylates (equation 2 8 ) .  Contrary to the view of McNelisS ' , 

COOK COOK 

COOK 

the irreversibility of this initial step was unambiguously established3 by transcarb- 
oxylation of potassium a-naphthoate in the presence of C-labelled naphthalene. 
This experiment yielded non-radioactive potassium 2,6-naphthalenedicarboxylate 
while the whole radioactivity remained in the naphthalene. 

When the transcarboxylation of naphthalenecarboxylates is performed in the 
melt of an inert diluent such as potassium cyanate, a complex equilibrium mixture 
is obtained even when using potassium 2,6-naphthalenedicarboxylate as the starting 
material (equations 29 and 30). The initial step in the transcarboxylation of 

COOK COOK 2m (KCNO! + @$)OK (29) 
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potassium a- or  P-naphthoate is irreversible; this is true also in the presence 
(equation 30) of fused potassium cyanate. The above results show that the trans- 
carboxylation of naphthalenedicarboxylates also occurs by repeated ionic, inter- 
molecular decarboxylation-recarboxyletion processes with simultaneous liberation 
and addition of protons. The transcarboxylation is again based on the formation of 
carbanions by removal of the carboxylate cation as exemplified by equation (31) 

COOK &) - + COOK’ (31 

for the transcarboxylation of potassium a-naphthoate. Protons are then liberated 
from a further molecule of the a-naphthoate with the formation of a new carbanion 
and naphthalene (e.g., equation 32). Finally, potassium naphthalenedicarboxylate is 
formed by the addition of the carboxylate cation to  the carbanion (equation 33). 

FOOK COOK w-+ COOK+ &‘‘OK 

Seven new carbanions can theoretically arise by reaction of the naphthalene 
carbanion with the naphthoate according to equation (32), leading to  the product- 
ion of seven isomeric naphthalenedicarboxylates according to equation (33). I t  is of 
interest that the initial step consists of the preferential formation of the ortho 
isomer according to equations (32) and (33). The isolation of this isomer from the 
complex reaction mixture of potassium salts is very difficult. However, when 
barium a- or P-naphthoate is used as the starting material, the reaction is interrupted 
at the stage of the poorly fusible orrho isomers. Thus, a mixture of barium 
1,2-(major product) and 1,8-naphthalenedicarboxylate is obtained from barium 
a-naphthoate and a mixture of barium 2,3-(major product) and 1,2-naphthalene- 
dicarboxylate results from barium P-naphthoate’ 7 .  A similar formation of the 
ortho derivatives was encountered in the transcarboxylation of sodium salts of a- 
and P-naphthoic acids’ 9 .  

Analogously t o  the series of benzenecarboxylic acids, the exchange of deuterium 
by protium in transcarboxylations of mixture.s of deuterium-labelled and deuter- 
ium-free naphthalenecarboxylates is faster than the decarboxylation, irrespective of 
the initiation of the reaction by the formation of primary carbanions which is 
accomplished by elimination of the carboxylate cation. In the napthalenecarb- 
oxylate series, too, the existence of a ‘dynamic’ carbanion with an unshared pair of 
electrons on different carbon atoms of the naphthalene ring can thus be assumed6 3. 

The mechanism of the transcarboxylation of potassium naphthalenecarboxylates 
can also be applied to  transcarboxylations of salts with other cations (e.g. sodium, 
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rubidium, caesium and barium naphthalenecarb~xylates~ ' 9 5  ), when the final 
products can be considerably different. Of great importance again are the cadmium 
and zinc salts as catalysts in transcarboxylations of other salts due to the initiation 
of the formation of primary carbanions in the reaction mixtures. Analogously to 
the benzenecarboxylate series the low thermal stability of cadmium and zinc 
napnthaleiiecarboxylates results in various side-reactions and destruction of an 
aliquot portion of the reaction product4 7 .  

C. Biphenylcarboxylic Acids 

the mechanism of the transcarb- 
oxylation is again governed by an intermolecular, ionic decarboxylation-recarbo- 
xylation process combined with an ionic intermolecular transprotonation. This was 
determined by analogous methods with the  use of C- and H-labelled specimens 
and by the smooth migration of the carboxylate group from the biphenyl t o  the 
benzene ring in the mixed transcarboxylation of potassium benzoate with potas- 
sium 2-biphenyl~arboxylate~ 6 .  

The transcarboxylation of biphenylcarboxylates is a very complex process 
affording a complex mixture of final products, even when potassium salts are used 
which are known t o  yield a uniform product in the series of benzenecarboxylates or 
naphthalenecarboxylates. The reaction course varies according to whether the 
carboxylate groups are attached to  a single phenyl group only or t o  both phenyl 
groups. in  the former case, the unsubstituted benzene ring is highly unreactive and 
the migration of carboxylate groups takes place on the substituted benzene ring 
only, as shown by detailed analyses of the products and by D/H exchange experi- 
ments. Thus, when an equimolar mixture of potassium benzoate5d and nondeute- 
rated potassium 2-biphenylcarboxylate is subjected t o  transcarboxylation, the  ex- 
change proceeds on the substituted benzene ring only6 6 .  When an ,equimolar 
mixture of potassium benzoate-5d and non-deuterated potassium 2,2 -biphenyl- 
dicarboxylate is used as the starting material, the exchange proceeds on  both rings 
of the  biphenyl system6 6 .  

Compared t o  benzenecarboxylates (cf. equations 1 5 - 1 7) the transcarboxylation 
of biphenyldicarboxylates is more complex and the number of theoretically pos- 
sible products is inuch greater. The amount of the thermally very stable potassium 
4,4 -biphenyldicarboxylate (resistant t o  transcarboxylation) is low. A very small 
amount only of this compound is obtained in the transcarbosylation of potassium 
phenylbenzenedicarboxylates (i.e. with carboxyl groups on the same benzene ring 
of the biphenyl ring system), probably due to  the low reactivity of the unsubsti- 
tuted phenyl group. 

In the group of biphenylcarboxylic acids64 -6 

D. Substituted Benzoic Acids 

When a n  additional substituent (inert under conditions of the transcarboxylation 
reaction) interferes with the symmetry of the benzene ring in benzenecarboxylates, 
e.g. in the transcarboxylation of potassium toluates (the mechanism of which is 
siinilar to  that of benzenecarbosylates and naphthalenecarboxylates), a complex 
final reaction mixture is obtained since none of the products has the ability to 
crystallize from the reaction 

The transcarboxylations of halogenated benzenecarboxylates also afford com- 
21es mistures of products along with a substantial amount of tar, due t o  side- 
reactions with the formation of benzyne derivatives as intermediates6 l6 * .  
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Of special interest are the mixed transcarboxylations of salts of aromatic 
carboxylic acids and aromatic sulphonic acids. Thus, for example, sodium benzene- 
sulphonate alone thermally disproportionates into benzene and sodium 1,4- 
benzenedisulphonate, while the thermal disproportionation of sodium naphthalene- 
sulphonate alone affords naphthalene and 2,6-naphthalenedi~ulphonate~~. When the 
benzenesulphonate is heated with potassium benzoate, a mixture of benzene and 
potassium 4-sulphobenzoate results; when potassium benzoate is replace by potas- 
sium a- or P-naphthoate, a mixture of naphthalene and potassium 4-sulphobenzoate 
is obtained. When these reactions are effected in an atmosphere of 4C-labelled 
carbon dioxide, the whole equivalent of radioactivity is concentrated in the carboxyl 
group of the resulting 4-sulphobenzoate. When a mixture of the benzenesulphonate 
and benzoate-5d is subjected to  the transcarboxylation, the benzene rings of both 
salts are involved in the statistic exchange of deuterium by protiuni. The above 
transcarboxylations-transsulphonations thus appear to  obey a similar mechanism. 

E. Heterocyclic Carboxylic Acids4v7* 

As shown with salts of toluic acids, the asymmetry introduced into the molecule 
by  substitution of the benzene ring with a methyl group, highly affects the course 
of the transcarboxylation since complex mixtures of products are formed. It was, 
therefore, of interest to examine the influence of the introduction of a heteroatom 
into the ring of aromatic carboxylic acids on the course of the transcarboxylation 
since transcarboxylations of heterocyclic carboxylates were reported to  afford the 
expected products in a low yield in addition t o  numerous isomers7 T ~ ~ .  Using the 
earlier described methods such as incorporation of C 0 2  into the carboxylate 
groups6 2 ,  exchange D/H, time dependence of the composition of reaction mixtures 
and the like, the transcarboxylation of salts of heterocyclic carboxylic acids (i.e. 
pyridine-, furan-, thiophene-, pyrrole-, quinoline- and pyrazinecarboxylic acids, 
etc.) was again shown to be governed by an intermolecular, ionic decarboxy- 
lation-recarboxylation process combined with ionic t r a n s p r ~ t o n a t i o n ~ ~  . Evidence 
in favour of such a mechanism was also provided by mixed transcarboxylations of 
salts of heterocyclic carboxylic acids with potassium benzoate or potassium naphth- 
alenemonocarboxylatesr 9 7 3  (see Table 1). 

F. Polynuclear Carboxylic Acids 

As shown in the preceding chapters, the aromatic character of aromatic carb- 
oxylic acids is an important proviso in transcarboxylations of their salts. It was 
therefore of interest t o  examine the transcarboxylation of salts of carboxylic acids 
derived from anthracene, phenanthrene and the like. Salts of this type were shown 
to  undergo a smooth disproportionation t o  the hydrocarbon and the corresponding 
salt. Further heating led to  complex reaction mixtures contaminated with decom- 
position products. Nevertheless, the incorporation of C 0 2  atmos- 
phere, exchange D/H,  and mixed transcarboxylations with benzenecarboxylates or 
naphthalene nionocarboxylates (see Table 1 ) again indicated that the transcarb- 
oxylation of salts of polynuclear carboxylic acids obeys the mechanism of an 
intermolecular, ionic decarboxylation-recarboxylation process combined with an 
ionic transprotonation2 v 7 4 .  

C from the 
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TABLE 1. Ratio of products in mixed transcarboxylations of salts of aromatic carboxylic acids' 

Products 

No. Reactants Hydrocarbons Molar ratio Acids Molar ratio 
Experiment 

b 

(%I (%I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

BK + a-NK 
BK + p-NK 
2 BK + 1.8-NK2 
BK + PicK 
BK + NicK 
BK + IsoNicK 
2 BK + 3,4-PyrK2 
BK + 2-DiphK 
2 BK + 2,2'-DiphK, 
BK + a-FurK 
BK + a-PyrrolK 
BK + a-ThiophK 
BK + PyrazinK 
BK + AnthK 
BK + PhenK 
PNK + PicK 
a-NK + NicK 
a-NK + isoNicK 
a-NK + 2-DiphK 
a-NK + a-FurK 
a-NK + I-PyrrolK 
a-NK + a-ThiophK 
p-NK + PicK 
p-NK + NicK 
p-NK + isoNicK 

B:N 
B:N 
B:N 
B:Pyr 
B:Pyr 
B:Pyr 
B:Pyr 
B:Diph 
B:Diph 
B :Fur 
B:Pyrrol 
B:Thioph 
B:Pyrazin 
B:Anth 
B:Phen 
N : Pyr 
N:Pyr 
N:Pyr 
N:Diph 
N:Fur 
N:Pyrrol 
N:Thioph 
N:Pyr 
N:Pyr 
N:Pyr 

5:95 
10:90 
21:79 
53:41 
27.5 : 12.5 
25.5 : 74.5 
38:62 
20:80 
25 : 75 
10:90 
15:85 
10:90 
19:81 
14:86 
16:84 
90: 10 
70:30 
77:23 
40: 60 
12:88 
31:69 
32:68 
81:19 
71:29 
72.5 :2 7.5 

BH,:NH, 
B H, : NH, 
BH,:NH, 
BH, : Pyr H, 
BH, : P yrH, 
BH,:PyrH, 
BH,:PyrH, 
BH, :DiphH, 
BH,: DiphH, 
B H, : FurH, 
Bil, :PyrrolH, 
BH, :ThiophH, 

NH,:PyrH, 
NH,:PyrH, 
NH,:PyrH, 
NH, : DiphH, 
NH,:FurH, 
NH, : PyrrolH, 
NH,:ThiophH, 
NH,:PyrH, 
NH,:PyrH, 
NH,:PyrH, 

95:s 
90:lO 
77:23 
5 0 5 0  
70:30 
75 :25 
69:31 
84: 16 
18:22 
92:8 
87:13 
90: 10 

15:85 
33:67 
28:72 
55  :45 
85:15 
70:30 
74:26 
2 4 ~ 7 6  
30:70 
29:71 

'Abbreviations: B, benzene; N, naphthalene; BK, potassium benzoate; a-NK, potassium a-naphthoate; 
p-NK, potassium p-naphthoate; PicK, potassium picolinate; NicK, potassium nicotinate; isoNicK, 
potassium isonicotinate; 3,4-F'yrK2, potassium 3,4-pyridinedicarboxylate; 2-DiphK, potassium 
2diphenylcarboxylate; 2.2'-DiphK, potassium 2.2'-diphenyldicarboxylate; a-FurK, potassium 
2-furoate; a-PyrrolK, potassium a-pyrrolecarboxylate; a-ThiophK, potassium a-thiophenecarboxylate; 
F'yrazinK, potassium pyrazinecarboxylate; AnthK, potassium 9-anthracenecarboxylate; PhenK, 
potassium 9-phenanthrenecarboxylate. The symbols BH,, NH,, PyrH,, DiphH,, FurH,, PyrrolH, 
and ThiophH, designate a mixture of mono-, di-, tri- to polycarboxylic acids derived from benzene, 
naphthalene, pyridine, diphenyl, furan, pyrrole and thiophene, respectively. Reaction conditions: 
reactions were carried out in a sealed ampoule on a mMole scale; catalyst, CdI, (3% Cd* w/w); 
reaction atmosphere, 3 atm CO,; reaction temperature, 400-410°C (expt. 1-15). 380-390°C 
(expt. 16-22), 390-400°C (expt. 23-25); reaction time, 10  min (expt. 1-15), 12 min (expt. 16-25). 
Analyses were performed by gas chromatography; the acids were analyzed in the form of methyl esters; 
in experiments 13-15, the ratio of acids was not determined. 
bThe ratio of reactants is indicated (1 : 1 or 2: 1). 

111. M IXED TRANSCARBOXYLATIONS OF SALTS OF AROMATIC 
CARBOXYLIC ACIDS 

As briefly ment ioned  in the preceding sections, t h e  mixed transcarboxylations o f  
salts o f  two different a romat ic  acids result i n  a more  or less predominant  carb- 
oxyla t ion  o f  t h e  salt o f  one  ac id  b y  the action of  the salt of t h e  o ther  acid. Thus f o r  
example  in  t h e  mixed transcarboxylation o f  potassium benzoate  and  salts of 
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naphthalenecarboxylic acids, a mixture of potassium terephthalate and naphthalene 
is almost quantitatively formed. 

A similar reaction course in which the salt of one acid acts as a donor of 
carboxylate groups and the salt of the other acid as their acceptor, can be observed 
in transcarboxylations of salts of numerous aromatic acids* v 7  3. The salt which in 
one  pair of carboxylates acts as a donor of carboxylate groups can be their acceptor 
in another pair of salts. 

The course of the mixed transcarboxylations can be explained using a simple 
transcarboxylation of an  equimolar mixture of potassium benzoate and potassium 
a-naphthoate. The separate transcarboxylations of the two components are shown 
to be governed by an intermolecular, ionic decarboxylation-recarboxylation mech- 
anism (equations 15-1 7 and 3 1-33, respectively). In both these separate transcarb- 
oxylations, the  final reaction mixtures deposit a crystalline product (equations 6 ,  7, 
27 and 28). The identical transcarboxylation mechanism of the two separate salts 
suggests t he  possibility of a mixed transcarboxylation. Virtually 95% of the carb- 
oxylate groups is transferred from potassium a-naphthoate to potassium benzoate. 
The hydrocarbon mixture then contains about 5% of benzene and 95% of naphthal- 
ene and the mixture of salts contains 95% of potassium terephthalate (along with a 
small amount of potassium salts of some other benzenecarboxylic acids) and 5% of 
potassium naplithalenecarboxylates (mainly the 2,6-isomer). 

The ratio of the two hydrocarbons is almost constant during the whole reaction 
until the reaction is completed. Concerning the salts, 3 considerable amount of 
potassium a-naphthoate disproportionates in the initial stages of the transcarb- 
oxylation into naphthalene and a mixture of naphthalenedicarboxylates, while 
potassium benzoate remains almost unchanged at  this stage of the reaction. In 
transcarboxylations, the hydrocarbons arising by decarboxylation are known to not 
undergo a recnrboxylation. In summary, in the mixed transcarboxylation of potas- 
sium benzoate and potassium a-naphthoate, the latter salt is first transcarboxylated 
to naphthalene and a mixture of naphthalenedicarboxylates (equation 28) and then 
potassium benzoate is carboxylated by the action of these naphthalenedicarb- 
oxylates with the formation of a mixture of benzenecarboxylates (equation 34) 

FOOK COOK COOK 

, 
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This mixture finally deposits crystalline potassium terephthalate (equation 7 ) 2 7 .  
The small amount of benzene produced in the initial stages of the reaction is due to  
the transcarboxylation of cadmium benzoate as catalyst which initiates the for- 
mation of primary carbanions. 

In view of the easier rupture of the C-C bond between the naphthalene ring and 
the carboxylate group, the transcarboxylation of naphthalenecarboxylates is faster 
than that of benzenecarboxylates. In the next stage of transcarboxylation, the 
resulting mixture of naphthalenedicarboxylates acts as a donor of carboxylate 
groups. 

Potassium benzoate acts as an acceptor of carboxylate groups in mixed trans- 
carboxylations with potassium salts of numerous additional carboxylic acids, 
though the amount of t he  accepted carboxylate groups may be different depending 
o n  the particular acid. The reactivity of the appropriate aromatic carboxylates with 
respect to potassium benzoate can be expressed by the ratio of the resulting 
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benzene to  the other hydrocarbon or heterocycle, or by the ratio of the resulting 
potassium terephthalate (along with a small amount of admixed salts of the other 
benzenecarboxylic acids) to the other aromatic carboxylates. 

Thus, in the above mixed transcarboxylation of potassium benzoate and potas- 
sium a-naphthoate, the ratio of benzene to  naphthalene is 5 : 9 5  and the ratio of 
terephthalic acid (with a small admixture of the other benzenecarboxylic acids) to  
naphthalenecarboxylic acids is 95: 5.  For the ratios in mixed transcarboxylations of 
potassium benzoate with potassium salts of some other aromatic carboxylic acids 
see Table l2  ' . 

Furthermore, the  mixed transcarboxylation can be used as a method for the 
determination of the  unknown transcarboxylation mechanism of the other reaction 
partner2 7 .  The first information is supplied by the ratio of the hydrocarbons 
formed. In the mixed transcarboxylation of a salt with an unknown transcarb- 
oxylation mechanism, the other salt (of a known transcarboxylation mechanism) 
must be selected in such a manner that easy separation of the resulting two 
hydrocarbons and of the resulting carboxylic acids is possible, i.e. the transfer of 
carboxylate groups from the salt of one acid (donor) to the salt of the other acid 
(acceptor) must be as complete as possible. Since the number of aromatic carb- 
oxylic acids, the salts of which are susceptible to transcarboxylations, is great, such 
a selection can be easily accomplished. 

IV. CONCLUSION 

The knowledge of the mechanism of transcarboxylation reactions of salts of 
aromatic carboxylic acids is very useful in many respects, for example, in the 
determination of reaction conditions in the production of some important aromatic 
carboxylic acids, especially terephtlialic acid, and i ~ i  the preparation of some 
otherwise almost inaccessible aromatic carboxylic acids labelled with l 4  C or with 
deuterium. Furthermore, the mixed transcarboxylation can be used as a simple 
method for the determination of the course and mechanism of transcarboxylations 
if the mechanism is unknown for the respective acid. 

V. REFERENCES 

1.  W. von Richter, Clzern. Ber., 6, 876 (1873). 
2. W. Wislicenus and Conrad, Ozetn. Ber., 6, 1395 (1873). 
3. H. Schrader and H. Wolter, Gesaintnelte Ablt. Kerzritri. Kolzle, 6 ,  8 1 (1921). 
4. B. Raecke, Atzgew. Clzenz.. 70, 1 (1958). 
5. B. Raecke (Menkel & Cie), Geniiarz Puterzt, 936 036 (1955); Clzern. Abstr., 52, 20 065 

(1958). 
6. B. Raecke, W. Stein and H. Schirp (Henkelk Cie), Gerrnarz Patent, 965 399 (1957); Clzern. 

Abstr., 53, 10 132 (1959). 
7. B. Raecke (Henkel & a e ) ,  Cerrnari Patent, 958 920 (1957); Ozern. Abstr., 53, 3 155 

8. Henkel& Cie, Frerzch Patent, 1 184 005 (1959). 
9. J. Ratuskq, Oiernie. 9, 422 (1957). 
10. Y. Ogata, M. Tsuchida and A. Muramot0.J. Amer. Clzern. Soc.. 79,6005 (1957). 
11. Y. Ogata. M. Hojo, M. Morikawa J. Org. Clzern., 25, 2082 (1960). 
12. J. 1; Jones, A. S. Lindsey and H. S. Turner, Clzein. Iizd. (Lotzd.), 659 (1958). 
13. F. Sorm and 1 .  Ratysk9, Chein. Iizd. (Lorid.), 294 (1958). 
14. J .  Ratuski and F. Sorm, Coll. Czech. Clzem. Cotnmun., 24, 2553 (1959). . 
15. 0. Riedel and H. Kienitz,Arzgew. Clzetn., 72, 738 (1960). 

(1959). 



16. Transcarboxyla t ion  reactions of salts of aromatic carboxyl ic  acids  943 

16. hl Kraus, K. Kochloefl, L. Berinek, V. B a h t  and F. 'Sorm, Oiem. hid. (Lorid.), 1160 
(1961). 

17. M. Kraus, K. Kochloefl, K. Sethek,  L. Berinek, M. Houda and V. BaZant, Client. Prhm., 
12.529 (1962). 

18. J. Ratusk?, Fiiial Report on Preparatioii ofDimetlijd Terephtlialate, Part 111, Czechoslovak 
Academy of Sciences, Prague, 1961, pp. 20 -23. 

19. Y. Ogata and K. Sakamoto, C7iein. fiid. (Lorid.), 749 (1964). 
20. Y. Ogata and K. Sakamoto, C71em. hid. (Loiid.), 2012 (1964). 
21. Y. Ogata and K. Nlakajima, Tetrahedroii, 21, 2393 (1965). 
22. J. Ratusk? and F. Sorm, Chem. fiid. (Lorid.), 1798 (1966). 
23. J. Ratusk?, R. Tykva and F. Sorm. COIL Czech. Cliem. Commriii., 32, 1719 (1967). 
24. J. Ratusk?, Coll. Czech. Oiein. Coinmiin., 32,2504 (1967). 
25. S. Furuyama, B d l .  Chein. SOC. Japan, 40, 1212 (1967). 
26. S. Furuyama, Sci. Papers Geii. Ediic. (Uiiiversit?, Tokyo) ,  16, 203 (1966). 
27. J. Ratusk?, Coll. Czech. Chem. Commiiii.. 38, 87 (1973). 
28. J. Nelles and R. Streicher, Zeit. Cliem., 3. 188 (1963). 
29. Maek, Z. Novosad, V. Svib, J. Silidi, K. KO&' and J. Smuta?, G e m .  R h . ,  15, 479 

30. J. Ratusk?, J. Lab. Conip., 6, 124 (1970). 
31. K. Setihek and V. B h t ,  Chem. Mom.,  13,509 (1963). 
32. J. RatuskL, Czechoslovak Patent, 96 503 (1959); Chein. Abstr., 55, 19 867 (1961). 
33. B. Raecke (Henkel & Cie), Geniiaii Patent. 951 566 (1956); Chein. Abstr., 53, 3 155 

34. B. D. Kruzhalov, Kh. E. Khcheyan and A. F. Pavlichev, Khim. &om., 10 (1959). 
35. B. Raecke, B. Blaser, W. Stein and H. Schirp (Henkel & Cie), Arrstraliaii Patent. 202 893 

36. J. Ratusk?, Chein. hid. (Loiid.), 1093 (1967). 
37. J. Ratusk?, Coll. Czech. Cheni. Coi~zimiiz., 33, 2346 (1968). 
38. J. Ratusk? and R. Tykva, Radiochein. Radioaizal. Lett., 1, 325 (1969). 
39. Y. Dozen and S. Fujishima, J. SOC. Org. Syiith. Clieni.. Japan, 25, 155 (1967). 
40. Henkel8c Cie, French Patent. 1 201 434 (1959). 
41. 1. Ratusk?, D S c .  Thesis, 1970,~. 38. 
42. J. Ratusk?, R. Tykva and F. Sorm: Czechoslovak Patent, 121 513 (1965); Chem. Abstr.. 

43. J .  Ratusk?, D.Sc. llzesis, 1970, p. 49. 
44. Y. Ogata, Y. Furuya and T. Go, Chein. Ind. (Loiid.), 2011 (1964). 
45. J.  RatuskL, D.Sc. Tliesis, 1970, p. 62. 
46. K. Chiba and T. Murakami, J. Chem SOC. Japan,liti. Chem. Sec.. 69,1285, 1289 (1966). 
47. J. RatuskG, COIL Czech. Cliein. Coinmiin., 38, 74 (1973). 
48. F. Sorm, J.  RatuskG and J .  Novosad, Fiiial Report oii Preparatioii o fDimethy1 Tereph- 

49. S. Furuyama and N. Ebara, Sci. Papers Gen. Educ. (Uiiiversity Tokyo) ,  17, 81 (1967). 
50. Mitsubishi Chemical Co., Ltd., Japaiiese Patent, 61, 19 264; 61, 19 265; 61, 19 266 

51. J. Ratuskc, Czechoslovak Pateiit, 159 608 (1975); Chein. Abstr., 84, 150 357 (1976). 
52. J .  Ratusk?. Czechoslovak Pateiit, 159 614 (1975). 
53. J .  RatuskG, Czechoslovak Patent, 161 164 (1975). 
54. Henkel& Cie, British Patent, 806 569 (1958);Chein. Abstr., 53, 12 246 (1959). 
5 5 .  B. Raecke, H. Schirp and B. Blaser (Henkel & Cie), Gertnaii Patciit, 1 028 984 (1958); 

Cheiii. Abstr., 54 ,  10 963 (1960). 
56. J .  RatuskG, Czechoslovak Patent, 169 541 (1975). 
57. E. McNelis,J. Org. Chetn., 30, 1209 (1965). 
58. J.  Ratusk?, R. Tykva and F. Sorm, Proceediiigs Sec. ln t .  Con!: Met. Prep. Stor. Lab. 

Coiiip.,Brrissels, 897 (1966). 
59. Y. Dozen, Brill. Cliein SOC. Japaii. 41, 664 (1968). 
60. J .  W. Patton and M. 0. Son, J. Org. Cliein., 30, 2869 (1965). 

(1965). 

(19 59). 

(1956). 

68,77 982 (1968). 

thalate, Part 1, aechoslovak Academy of Sciences, Prague, 1958, pp. 37 -39. 

(1961). 



944 Josef Ratusk? 

61. J. Yamashita, K. Enomoto, H. Ebisawa and S. Kato, J. SOC. Synth. Chem. Japan, 20.501 

62. J. Ratusk? and R. Tykva,J. Lab. Comp., 5,211 (1965). 
63. J. Ratusk9,J. Radioanal. Chern, 8, 107 (1971). 
64. Y. Ogata, M. Hojo, M. Morikawa and J .  Maekawa,J. Org. Chem., 27, 3373 (1962). 
65. Y. Dozen, Bull. Chenr SOC. Japan, 40,1218 (1967). 
66. J. Ratusk?, Coll. Czech. Chem. Commun., 37,2436 (1971). 
67. Y. Dozen and H. Shingu,J. C h e m  SOC. Japan, Ind. Chem. SOC., 67,581 (1964). 
68. E. McNelis,J. Org. Chem, 28,3188 (1963). 
69. I. Goodinan and R. A. Edington (JCJ., Ltd.), German Patent, 1 083 258 (1960); see British 

70. J. Ratusk?, Coll. Czech. Chem Commuri., 36, 2843 (1971). 
71. Henkelk Cie, British Patent, 816 531 (1959); Chem. Abstr., 54, 1 5 5 2  (1960). 
72. B. Raecke, B. Blaser, W. Stein, H. Schirp and H. Schiitt (Henkel & Cie), Germun Patent. 1 

73. J. Ratusk?, Chem Itid. (Lorid.), 1347 (1970). 
74. J. Ratusk?, D.Sc. Thesis, 1970, p. 148. 

(1962). 

Patent, 834 250-1 (1959), Chem Abstr., 54.20 985-6 (1960). 

095 281 (1960); Chem. Abstr., 56,2 425 (1962). 



CHAPTER 17 

Micellar effects upon deacylation 

C. A. BUNTON and L. S. ROMSTED 
Department of Chemistry, University of California, Santa Barbara, Ca. 
93 106, U. S.  A. 

I. 

11. 

111. 

1V. 

V. 

VI . 

VII. 

VIIl. 

IX. 

X. 

SYMBOLS USED IN TEXT . 946 

INTRODUCTION . . .  
CARBOXYLIC ESTERS AS PROBES FOR MICELLAR CATALYSED 
REACTIONS 

MICELLAR STRUCTURE 
A. Distribution of  Hydrophilic Ions in Micellar Solutions . 
THE SIMPLE KINETIC MODEL . 
A. Effect of Micelles on Unimolecular, Spontaneous Reactions 
B. Effect of Micelles on Bimolecular Reactions . 
KINETIC MODELS FOR MICELLAR CATALYSED REACTIONS . . 
A. Quantitative Treatment of Micellar Catalysed Bimolecular Reactions . 
B. Second-order Reactions Between Hydrophobic Substrates . 
C. Second-order Reactions Between Hydrophilic Ions and Organic Substrates . 
D. The Problem of  Buffers - an Aside . 
E. Qualitative Comparison between Theory and Experiment . 
F. Unimolecular and Third-order Reactions . 
G. Micellar Inhibition of Bimolecular Reactions 
H. Effect of Added Electrolytes . 
J .  Effect of Changing the Concentration of the Hydrophilic Nucleophile 
K. Summary and Implications of the Current Models . 
L. Other Kinetic Models . 
MISCELLANEOUS . 
A. Non-ionic Micelles . 
B. The Effect of Non-ionic Additives on Reaction Rates . 
C Zwitterionic Surfactants 
D. Self-aggregating Systems . 
E. Reactions in Reversed Micelles 

EXPERlMENTAL PROBLEMS . 
PREPARATIVE ASPECTS. 

A. Caiboxylic Esters 
B. Amides . 
C. Acyl Anhydrides 

. 

. 

. 

. 

DEACYLATIONS 1N NON-FUNCTIONAL MICELLES . 

947 

948 

95 1 
955 

957 
95 8 
959 
960 
961 
9 64 
969 
97 1 
972 
9 75 
9 76 
977 
980 
982 
983 
984 
984 
984 
985 
985 
985 
986 
988 

989 
9 89 
99 1 
993 

Supplement B The Chemistry of Acid Derivatives 
Edited by Saul Patai 

Copyright 0 1979 by John Wiley & Sons Ltd. All rights reserved. 



94 6 C. A. Bunton and L. S .  Romsted 

XI. FUNCTIONAL MICELLES AND COMICELLES . . 995 
A. Factors which Contribute to Catalysis by Functional Surfactants. . 996 
B. Thiols . . 1001 
C. Amines and Imidazoles . . 1002 
D. Oximes and Hydroxamates . . 1007 
E. Hydroxyalkyl Derivatives . . 1008 

XII. THE QUESTION OF BIFUNCTIONAL CATALYSlS . . 1011 
XIII. CONCLUSIONS, CONNECTIONS AND CONJECTURES . . 1013 
XlV. ACKNOWLEDGMENTS . . 1015 
XV. REFERENCES . . 1016 

I. SYMBOLS USED IN TEXT* 

a! 

P 
cmc 
CTABr(C1) 

[Dl 
[Dn I 
f 
K 

K X  

K F  

Ka 
KaPP 

KS 
K N  , Kk, KG ,, = nucleophile binding copstants 
KK,  KG',  K N  =binding constants of the anion of the nucleophile 
k $  = observed first-order rate constant 
k:, = first-order rate constant for a reaction in water 
k:, = first-order rate constant for reaction in micelles 
kmax = maximum observed first-order rate constant for reaction in micellar 

k2 = observed second order rate constant 
krd = k 2  /k,,,  or k$ /kh ratio of the rate of reactions in the micellar phase 

k\V = second-order rate constant for the reaction in water 
kM = second-order rate constant for the reaction in the micellar phase 

solution 

with the rate in water 

using concentration in mole ratio 

= degree of ionization of the micelle 
= fraction of counterions bound to  micelle, /? = 1 - a! 
= critical micelle concentration 
= n-hexadecyltrimethylammonium bromide (chloride) or 

= stoichiometric concentration of surfactant 
= micelle concentration 
= fraction of nucleophile incorporated into micellar phase 
= ion-exchange constant for two counterions between micellar 

= ion exchange constant for a hydrophilic anionic nucleophile and 

= ion-exchange constant for a hydrophilic anionic nucleophile and 

= ionization constant of a weak acid in water 
= observed or apparent ionization constant of a weak acid in micellar 

= substrate binding constant 

cetyltrimethylammonium bromide (chloride) 

surface and the aqueous phase 

any other nonreactive counterion 

fluoride ion 

solution 

*The symbols [ 1 denote concentrations in mole 1 - I  . 
The rate constants are generally espressed in terms of seconds, except for those figures from 

the literature in which the authors espressed time in minutes. In some captions the observed 
fust-order rate constants are denoted as kObsd,  m h - ' .  
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= second-order rate constants in the  micellar phase in terms of the 
Stern layer volume and the total  micellar volume respectively 

= moles of micellar-bound nucleophile per mole of micellized 
surfactant 

= moles of micellar-bound non-reactive counterion per mole of 
micellized surfactant 

= concentration of nucleophile or  second reactant 
= sodium lauryl sulphate, often designated as SDS in the literature 
= p-nitrophenyl acetate 
= p-nitrophenyl hexanoate 
= p-nitrophenyl laurate 
= micellar phase 
= aqueous phase 
= total concentration of a species in both phases 
= n-tetradecyltrimethylammonium bromide 
= 12 tetradecyltrimethylammonium chloride 
= concentration of non reactive counterion 
= NZ -a cet ylhist idine 
= Iv" myristoylhistidine 

k y  , kF' 

"I 
NaLS 
PNPA 
PNPH 
PNPL 
Subscript m 
Subscript w 
Subscript t 

TTACl 

AcHis 
MirHis 

TTABi 

r XI 

I I .  INTRODUCTION 
Mechanistic organic chemists generally choose to follow reactions in the condensed 
phases under homogeneous conditions. Although finely divided solids can often 
strongly catalyse organic reactions it is generally difficult to  obtain reproducible 
results, in part because interactions between the solid surface and the reactants change 
as the reaction proceeds. However many preparative reactions are carried out  under 
heterogeneous conditions, and most biological reactions occur at  interfaces.' 
Micelles are submicroscopic aggregates and reactions can occur at  their surface. 
Micelles, therefore, provide simple models for the study of interfacial effects o n  
chemical reactivity, and recent studies of their physical properties have been very 
helpful. 

Early experimental work on micellar catalysed reactions delineated a number of 
factors which contribute to  rate enhancement o r  inhibition in micellar solutions. 
The result of this work, covering a wide range of chemical reactions under a variety 
of  experimental conditions, is the subject o f  a number of recent monographs and 
reviews2-". A number of models have been developed over the past decade to 
account for rate changes as a function of a number of experimental variables: for 
example, surfactant concentration, head-group charge and structure, surfactant 
chain length and the effect of added electrolytes and non-ionic solutes3 ,s a 9  

I 2 - l  5 .  However, none of the models currently in use are sufficiently precise or 
general to provide consistently reliable interpretations. One of the most difficult 
problems has been the clear separation of the rate effects of the micelle as a 
medium, isolated from the surrounding water, from its ability to alter the distri- 
bution of reactants (and transition states) between the micellar and aqueous phasec 
for bimolecular reactions. 

The purpose of this and the followiizg sections is threefold. First, to  introduce 
the current models used t o  interpret micellar catalysis and inhibition. Second, to 
consider the factors that contribute to observed rate effects and to test the 
explanatory and predictive power of the models. Third, to use this information to 
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outline the problems in the design of experiments and interpretation of data. In the 
generalizations listed below and in the discussion t o  follow, attention will be 
focused largely o n  reactions in water catalysed by ionic surfactants composed of a 
long hydrocarbon chain, a cationic or anionic head group and a small and usually 
hydrophilic counterion. Much of the experimental work has been done in solutions 
of these types of surfactants. A small amount of work has been done on non-ionic 
and zwitterionic micelles and even less in mixed, or co-micelles, composed of two 
different surface active solutes. Finally, all of the kinetic treatments have been 
developed specifically for aqueous solutions and no attempt has been made to 
extend the treatments to inverse micellar solutions composed of surfactznt aggre- 
gates dissolved in non-aqueous solvents. 

111. CARBOXYLIC ESTERS AS PROBES FOR MICELLAR CATALYSED 
REACTIONS 

Much of the early work in micellar catalysis and inhibition was done on the 
deacylation of carboxylic esters. There are several reasons for the selection of 
esters, especially p-nitrophenyl esters, as substrates. First, micellar catalysis was 
viewed as a potentially simple model for enzymic catalysis, so it was natural to 
select a substrate that was commonly used in enzyme mechanism studies' 9 '  '- This 
hope has not been realized since micellar catalysis has also proved to  be com- 
plicated, but the attempt has produced results that will provide new insight into the 
factors contributing to enzyme-catalysed reactions; and micellar catalysis has 
proved interesting in  its own right. 

Second, deacylation of p-nitrophenyl esters is an excellent reaction for mechan- 
istic study because the formation of the nitrophenoxide ion product can easily be 
followed spectrophotometrically in the visible region at  very low concentrations (on 
the order of 1 0 - 5 M ) .  Also, the mechanism of the reaction in aqueous solution is 
well understood. Deacylation is a multi-step reaction, and the initially formed 
tetrahedral intermediate may go forward to  products or  back to starting material' 6 .  

0 
I I  

0- 
I 

0 
I1 

N-+ R-C-OAr R-C-OAr - R-C-N +-OAr 
I 
N 

Often the rate-limiting step is nucleophilic attack on the ester and the back-reaction 
is of little importance. This is true for example, of the most commonly studied 
reaction, the attack of hydroxide ion on p-nitrophenyl esters' 

The early results of the work on  micellar catalysed deacylations provided the 
initial experimental observations that must be accounted for by any model of 
micellar catalysis in dilute aqueous solution. 

(1) Almost all reactions between an  organic substrate and a charged nucleophile 
that are catalysed by micelles of one charge are inhibited or unaffected by micelles 
of the opposite charge (Sections V1. A. C. and G), whereas some reactions between 
neutral species are catalysed by micelles of either charge (Section VI. B). For 
example cationic micelles speed, while anionic micelles inhibit, the  attack of the 
hydroxide ion on p-nitrophenyl esters, while non-ionic and zwitterionic micelles 
have little effect' ' , and the benzimidazole-induced deacylation of p-nitrophenyl 
esters is catalysed by both anionic and cationic micelles' O .  

(2) The shape of the rate-surfactant conentration profile changes dramatically 
when the  molecularity of the  reaction changes. The profiles for ester hydrolysis 

' 9 .  
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with either anionic or  non-ionic nucleophiles are typical of bimolecular reactions 
(Sections VI. B andE). Once micelle formation begins the rate increases rapidly to  a 
maximum followed by a gradual but steady decrease in rate. Unimolecular 
reactions, on  the other hand, have a plateau region which may extend t o  very high 
surfactant concentrations and rate maxima are not  observed (Section V. A), Third- 
order reactions have the same basic shape as bimolecular second-order reactions but 
with much higher and sharper maxima (Section VI. F). There are no examples of 
micellar catalysed unimolecular deacylations, but micellar catalysed ester amino- 
lysis has a third-order component of reaction in which the amine also acts as a 
general base2 l .  

Anionic surfactants containing either sulphate of carboxylate head groups are 
effective inhibitors of ester deacylation' l ,  and the carboxylate ion is not suf- 
ficiently nucleophilic to  displace the  p-nitrophenoxide ion. This accords with the 
observation that in homogeneous solution carboxylate ions are generally poor 
catalysts of ester deacylation' 6 .  

(3) Increasing either substrate o r  nucleophile hydrophobicity increases the 
magnitude of the rate effects for both micellar-catalysed and inhibited reactions 
(Sections VI. B, E and G).  The hydrolyses o f  p-nitrophenyl alkanoates provide 
excellent examples of this behaviour and are good probes. The hydrophobicity of an 
ester can be increased by extending the length o f  the alkyl chain with little or no 
effect on  the chemical reactivity, and hydrolysis of the more hydrophobic esters is 
catalysed more strongly by cationic surfactants and is inhibited more strongly by 
anionic surfactants than that  of the shorter chain-length esters. 

(4) Bimolecular reactions between an organic substrate and an anionic nucleo- 
phile are inhibited by inert electrolytes (Section V1. G). The saponification of 
p-nitrophenyl esters in the presence of cationic surfactants is inhibited by added 
salts and the  inhibition increases with the increasing size of the anion (F-< C1 - < 
B r - z  NO3-). Although changing the cation type has little effect on  micellar- 
catalysed deacylation, it will change the inhibition of reactions catalysed by anionic 
surfactants, e.g. of acid-catalysed acetal hydrolysis. Added non-reactive electrolytes 
have complex effects o n  unimolecular reactions. 

(5) In the few examples studied, addition of such hydrophobic non electrolytes 
as long-chain alcohols always produces a marked rate decrease (Section V11. B), but 
the effect on deacylation has not been studied. 

( 6 )  Cationic surfactants containing functional groups such as hydroxyl or 
imidazole are much better catalysts of deacylation than are simple surfactants 
(Section XI). The catalytic action of these surfactants is complex. As might be 
expected, the rate of the reaction of in the functional micelle is strongly dependent 
upon pH because the anionic form of the nucleophile is generally the active species. 
However, cationic micelles lower the apparent pK, of these functional groups by as 
much as 1-2 pK, units (micelles have similar effects on the ionization of micellar 
bound weak acids) and the contribution of this change of acid dissociation to  the 
overall effect has not been established. 

Some examples of micellar effects on ester deacylations are shown in Table 1. A 
more comprehensive list is available in Reference 1 1 *. In  using compilations here 
and in the literature the reader should be aware that the extent of micellar catalysis 
o r  inhibition can be very sensitive t o  the reaction conditions. For example, most of 

*This reference is of special importance because the authors have compiled all the kinetic and 
equilibrium studies done in micellar solutions and in such related systems as inverse micelles, 
polyelectrolytes and cyclodextrins to date (through 1974). 
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TABLE 1. MiceUar effects on rates of ester saponification 
for various types of surfactants and substrates 

(a) Effect of surfactant type on tlie rate of saponification 
of p-nitrophenyl hexanoate 

Surfactant Effect 
~~~~ ~ 

i- 
n-C,,H,,N(CH ) Br- a Catalysis 
n C ,  , H, SO; Na ' p b  Inhibition 
Polyoxyethylene( 18)dodecylphenol Inhibition 

n-C, H, N(Me), CH, COOH Br -' Inhibition 
Sodium deoxycholate Inhibition 

+ 

(b) Effect of surfactant chain length on the maximum 
rate enhancements for saponification of p-nitrophenyl- 
hexanoate iq n-alkyltrimethylamm onium bromide 
micelles (RN(CH,), Br-la 

= l  
==2 
-5  
5.5 
>6 

(c) Effect ofsubstrate hydrophobicity on the maximum 
rate enhancements /or saponification of p-nitroplienyl 
alkanoates in n-tett-adecyltriin ethylammonium chloride" 

Substrate 
~~~~~ ~ ~ ~ 

p-Nitrophenyl acetate 
p-Nitrophenyl hexanoate 
p-Nitroplienyl laurate 

1.8 
5 
8 

'Reference 22. 
bReference 23. 
=Reference 24. 
dReference 25. 
ek,,, = rnasirnurn observed first-order rate constant 
for the reaction in micellar solution; k h  = first.order 
rate constant in water. 

the experiments relied on buffers for pH control and added salt to control the ionic 
strength, ignoring micellar effects o n  pH and the question of the distribution o f  
ions between micellar and solvent solution and the effect of such changes on 
reaction in the micelle. Consequently, experimental observations of different 
workers are generally riot comparable, and the extents of micellar catalysis and 
inhibition are very dependent on the actual experimental conditions. 

Finally, inuch of the data in the literature is too fragmentary to allow a 
complete interpretation of tlie results. For example, in many reactions only a few 
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surfactant concentrations were used, leaving the shape of the rate-surfactant 
concentration profile undefined, and sometimes the  rate constants were not 
measured at sufficiently high concentrations of surfactant to determine whether o r  
not a maximum was present in the profile. 

IV. MICELLAR STRUCTURE 

Micelles have gross structural features in common with enzymes: e.g. molecular 
weights within the same order of magnitude, hydrocarbon-like interiors, with ionic 
or polar surfaces, and the capacity to  bind ionic and non-ionic solutesz6. In 
addition, both enzymes and micelles undergo strong hydrophobic interactions with, 
and are structurally affected by, solutes which disrupt water structure6 J 7 J g .  

Finally, the polarities of the surfaces of ionic micelles are similar t o  those of 
proteins, at least in terms of spectrally measured polarity scalesz9. However, here 
the similarity ends, for there are enormous differences in structural detail and 
consequently in catalytic efficiency and especially selectivity. 

The general structural features of micelles and micellar solutions are well 
established and are the  subject of numerous reviews and monographs6lLo * 

’ ’ gZ6-’ 0-3 3 .  Micelles are stable but dynamic aggregates composed of 
long-chain surfactant molecules. Surfactants are amphiphatic species, i.e. they have 
both hydrophilic and hydrophobic properties. Large structural variation is possible 
in both parts of the molecule: the head groups can be of varying charge (e.g. alkyl 
sulphate, alkyl phosphate or alkylammonium ion), and size (e.g. ammonium, 
trimethylammonium or triethylammonium ion), with accompanying counterions, 
and they can be attached to  alkyl groups of various lengths (8- 18 carbons) or t o  
other hydrophobic moieties (Table 2). 

In very dilute solutions, of the order of lo-’ M to 1 0 - 4 M  and below, surfactants 
exist as monomers. When their concentration exceeds a certain minimum, the 
so-called critical micelle concentration (cmc), approximately spherical aggregates 
form. These aggregates generally contain at least 50 monomers when the surfactant 
is ionic, but  are usually much larger when the surfactant is non-ionic. 

In water, micellization is generally detected by a sharp change in some physical 
property of the solution, e.g. conductivity, surface tension, refractive index or light 
~ c a t t e r i n g ~ ~ .  Spectral changes that result from the  micellar incorporation o f  dyes is 
often used to  detect micellization, although the interpretation o f  results and 
comparison with other methods are complicated by the fact that  such sparingly 
soluble solutes may ,  artificially induce micellization. Ln any event these abrupt 
changes suggest that  micelles exist in equilibrium with monomers and that sub- 
micellar aggregates are relatively unimportant, at least in w a t ~ r ~ ~  ~ However, even 
though it is difficult to provide a theoretical basis for the concept of  the critical 
micelle concentration, it is still an experimentally useful parameter. 

As the  surfactant concentration continues t o  increase above the cmc, additional 
monomers form new micelles, and the  monomer concentration changes slowly, if at  
all. This fact leads to the commonly used approximation that the monomer 
concentration, at any surfactant concentration above the cmc, is equal to  the 
cmcZ6i33. 

Micelle formation is a non-specific phenomenon, and requires that the hydro- 
phobic effect, i.e. the tendency for the hydrocarbon chains to aggregate and reduce 
their contact with water, overcomes a net repulsive force between head groups 
which is reduced by absorption of counterions at the micellar surface34. Conse- 
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quently, both micelle formation (as measured by changes in the cmc) and micellar 
size and shape (as measured by the aggregation number) are sensitive functions of 
many experimental variables, including the surfactant concentration and chain 
length, head-group type and structure, counterion type and concentration, temper- 
ature and the concentration and type of added non-electrolytes26 *28*3 s. 

The actual size and shape of micelles is still in dispute. Most workers in the field 
assume that a micelle in dilute solution is approximately spherical and mono- 
dispersed, having a narrow range of aggregation numbers36 (Figure 1). Tanford, 
however, has recently concluded that experimental data from a variety of studies 
support a disk-like shape for NaLS micelles at moderate ionic strength3 ’-‘ , while 
Israelachvili and coworkers suggest that micelles in dilute solution can be treated as 
spheres without significant e n o F  . 

In more concentrated surfactant solutions, or in the presence of added electro- 
lyte, the solution viscosity often increases Pynormously, although the concentration 
range at which the transition occurs is variable and depends on the natures of the 
surfactant and salt42. This increase in viscosity is generally assumed to  be caused by 
formation of long flexible rods of high molecular weight having a wide range of 
aggregation numbers (Figure * 4 4 .  At very high surfactant concentrations new 
phases appear2 The treatment here is restricted to relatively dilute surfactant 
solutions below the concentration required for any major phase change. 

Hydrophobic interactions between solutes are the consequence of the three- 
dimensional structure of water and therefore micelles do not form in associated 

C. A. Bunton and L. S. Romsted 

TABLE 2. Examples of amphiphatic molecules which form micelles 

Anionic surfactants 

CH, (CH,),OSO; M CH, (CH, ),SO; M 
CH, (CH, ),CO; M CH, (CH, ),OPOi- M 

M = Li’, Na+, K+, Ca2+, Mg’+, etc. 

Cationic surfactants 
+ + 

CH3 (CH, ),N(CH, )3 X CH3 (CH2 )nNH3 X 

X = F - , C1 -, Br -, I -, NO;, etc. 

Zwitterionic surfactants 

(7. P 
CH3 (CH, )n’N-(CH, ),-OSO; CH, (CH, ),?N-CH, -CO; 

I I 
CH3 CH 3 

I 

R 
CH, (CH, ),Z-C-O-CH, 

HO-CH 0 
I I1 

CH, -0-P-OCH,CH, -6(CH,),  
I 
0- 
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TABLE 2 (continued) 

Non-ionic surfactants 

Eile salts 

'Polysoaps have interesting but poorly understood 
structures, which combine the properties of both 
micelles and polyelectrolytes. When polyelectrolytes 
contain a sufficient percentage of long-chain alkyl 
side-chains they undergo a transition from random- 
coiled to compact structures with micellar 
properties4 l S  O .  For example, poly4-vinylpyridine 
alkylated with dodecyl bromide will catalyse the 
saponification o f p  nitrophenyl hexanoate' ' . The 
rate enhancements are quite similar to those of 
cationic surfactants, and the polysoap-catalysed 
reaction is also inhibited by added salt. 

solvents which have only a twodimensional structure, e.g. in monohydric alcohols 
or dipolar aprotic solvents. Many of these solvents, e.g. ethanol, tend to  break up  
micelles b y  disrupting water structure, as do solutes such as urea and guanidine in 
relatively high concentration' '*' ' . However, micelles form in some associated 
solvents such as dihydroxy alcohols and primary amides in which there is a degree 
of three-dimensional structure4 -48 .  

Reverse micelles can form in non-polar aprotic solvents, especially if a small 
amount of water is present' l .  The properties of these micelles depend critically 
upon added solutes, and in their absence the aggregation number of the micelle is 
very small, but the size can increase sharply as solutes are incorporated. When water 
is present these micelles have an aqueous interior, the so-called water pools, and an 
apolar exterior. The structures of these reverse micelles are very different from 
those of  normal micelles where a hydrocarbon-like interior is surrounded by polar 
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Gauy-Chapman layer 

/ Shear surface 

0 

0 
FIGURE 1. Representations of cationic surfactant monomers with ac- 
companying counterions and crosssections of spherical and rod-like micelles. 
Curved arrows illustrate liquid-like nature of the micelle core. 

o r  ionic head groups which are in contact with the solvent. However, both normal 
and reverse micelles can attract solutes out  of bulk solvent and provide a submicro- 
scopic reaction medium and so control reactivity. 

Many surfactants are synthetic materials, but many natural products have 
surfactant properties and examples are shown in Table 2. The properties of bo th  
synthetic and natural surfactants depend critically upon the polar and apolar groups, 
and both classes of surfactants have structures appropriate for their functions. To 
date, most physical studies have been made with the simple synthetic surfactants or 
with such biologically important surfactants as the bile salts o r  the phospholipids. 
Kineticists have generally used commercially available surfactants, although there is 
an increasing use of surfactants with structures designed for kinetic work. 

Two widely used approaches describe the thermodynamics of micelle formation, 
the pseudo-phase and mass-action models. The mass-action model treats micelles as 
individual aggregates in dynamic equilibrium with monomers2 *3 3 .  This approach 
is probably more formally correct because it provides an explanation of the  increase 
in micelle size as a function of increasing surfactant o r  salt concentration. However, 
its application to  micellar catalysed reactions is difficult because aggregation 
numbers are seldom accurately known, and even less information is available on  the  
change in aggregation number as a function of the structural variables listed at  the 
beginning of this section. 

The pseudo-phase model treats micelles as a homogeneously distributed separate 
phaseZ v 5  z * 5  3 .  This model is conceptually simpler to use because: ( a )  it focuses 
on the change in volume or mass of the  whole micellar phase as a function of 
surfactant concentration; ( b )  it assumes the  monomer concentration to  be constant 
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above the cmc; and ( c )  consequently, its mathematical description for use in 
kinetics requires information only on the cmc, and the density of the micelle if rate 
constants are measured using the  conventional concentration units of moles per 
litre. 

A. Distribution of Hydrophilic Ions in Micellar Solutions 

While the  basic structure of the micelle in dilute aqueous solutions is not  in 
doubt, there is no general consensus on how best t o  describe the distribution of 
counterions (and coions) from the head groups at  the  surface out  into the aqueous 
phase. Another problem is that most of the theoretical and experimental work on 
micellar solutions has been done on systems with only one type of counterion 
present, while kinetic studies are usually done on solutions containing two o r  more 
counterions, and often in the  presence of buffers which contribute additional ions 
to the system. Consequently, none of the theoretical treatments of micelle structure 
can be applied unambiguously t o  kinetic systems. 

Two basic approaches are currently used to  describe the distribution of counter- 
ions: the Gouy-Chapman theorys4 originally developed t o  account for the effect 
of added salts on the properties and surface potentials of electrodes55 and hydro- 
phobic colloidsS 6 ,  and its successor, the  Stern theory, which modified the 
Gouy-Chapman theory t o  account for specific ion effects5 7 9 5  

The Gouy-Chapman treatment is inadequate because it assumes that ions can be 
treated as point charges whose distribution is governed only by coulombic interac- 
tions with charges on a smooth surface and with each other, neglecting the 
dimensions of the small ions5 a. This approach is inconsistent with the dependence 
of such properties as the cmc and the aggregation number on the charge density of 
the  counterion. In addition, the theory predicts a much higher electrophoretic 
mobility for  micelles than is generally observed. To  overcome some of these 
discrepancies Stigter5 a, in 1964, developed the concept of the rough- rather than 
smooth-surfaced micelle first proposed in 1955 (see Figure 1)‘ O .  

The innovative part of Stigter’s treatment is contained in his assumptions about 
the structure of the Stern layer. A spherical micelle is assumed to  have a liquid-like 
hydrocarbon core surrounded by the Stern layer composed of it fully hydrated 
surfactant head groups, (1 - c y ) n  fully hydrated counterions which are located 
between the  surfactant head groups, and free water. The remaining (YII counterions 
are in the Gouy-Chapman layer. The degree of dissociation, a, defines the fraction 
of counterions contributed to  the aqueous phase. The counterions are considered to  
be ‘bound’ only in the sense that they are part of the kinetic niicelle, that is the 
hydrocarbon core plus head groups plus counterions, whose properties are amen- 
able to  experimental measurement. Thus counterions neutralize head groups only in 
the  sense that  they are associated with the  micelle, and they move freely within the 
Stern layer and between it and bulk water. 

Using this model, Stigter calculated both the specific adsorption potential of  
hydrated counterions to  the Stern layer and the surface potelitial at  the Stern layer 
as a function of increasing counterion ccncentration. He found that the specific 
adsorption potential of counterions to  micelles of both sodium lauryl sulphate 
(NaLS) and dodecylammonium chloride showed no specific trends with increasing 
counterion concentration. Also, the difference between the calculated surface 
potential at  the  Stern layer and the experimental values for the zeta potential at  the 
shear surface between the Stern and Gouy-Chapman layer (see Figure 1 )  changed 
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little for either surfactant with increasing ionic strength, although the absolute 
values of both potentials decreased steadily*. 

These results suggest that the degree of ionization of micelles, a, is not a 
sensitive function of changes in counterion or  surfactant concentration. Significant 
changes in the Stern layer counterion concentration should be reflected by changes 
in a values. A recent review6 of experimentally estimated (Y values as a function of a 
number of different variables showed that a generally increases with temperature, 
non-electrolyte concentration, increasing surfactant head group size, decreasing 
surfactant chain length, and increasing ionic radius of the hydrophilic counterion 
(following a Hofmeister series). However, no consistent trends were found for Q! 

values with increasing hydrophilic counterion concentration or surfactant concen- 
tration. The validity of these generalizations must be tempered by the fact that the 
numerical agreement between a values determined by different experimental metn- 
ods is seldom good, but these trends showed up repeatedly using several methods. 
The few exceptions were attributed to  the presence of an additional binding force, 
e.g. to charge transfer interactions between the surfactant head group and its 
counterion. 

The concept that a values are essentially independent of ionic strength has 
received recent theoretical support6 Using the Langmuir adsorption isotherm 
combined with either the Gouy-Chapman o r  Stern layer model for monolayers, 
spherical micelles and rod-shaped micelles and polyelectrolytes, Stigter found that  
calculated values of a as a function of salt concentration were roughly constant for 
reasonable values of intrinsic binding constants between the counterion and the 
interface. 

Typical a values are usually within the range a = 0.3 to  a= 0.1. This means that 
70-90% of the counterions contributed to  the solution by micelles are contained 
within the Stern layer volume of the micellar phase. Using Stigter’s molecular 
dimensions for the NaLS micelleSga, an aggregation number of 6 2 ,  and a density of  
lg ml-’ for the micellar phase, the estimated molar concentration of sodium ions in 
the Stein layer in moles of sodium ion per litre of Stern layer volume varies from 
4.5 M (a = 0.1) to  3.5 M (a = 0.3)’. These differences in ionic concentration are 
small compared with the 10- 1 00-fold changes in added counterion concentration 
used in experiments designed to  measure a values as a function of salt con- 
centration. More importantly, this calculation supports the concept that the Stem 
layer is saturated with respect to its counterion because small changes in a may 
result in insignificant changes in the Stern layer concentration of counterions. 

The physical model used by Stigter can be adapted to  micellar systems contain- 
ing a mixture of ions. The Stern layer can be viewed as a loosely cross-linked ion 
exchange resin with the concentration of an ion at the surface being determined by 
the selectivity of the surface for the ions present and their relative concentrations6. 

This analysis, if correct, has important implications for the analysis of the 
factors that contribute to  the observed catalysis. The operational assumption, now 
supported by a large body of experimental evidence, is that the Stern layer is the 
reactive ‘site’ for bimolecular reactions between polar organic molecules and hydro- 
philic ions4 3 5  ,’. This means that both the ground state (hydrophilic ion and organic 
reactant) and the transition state for the reaction experience an essentially invariant 
electrostatic potential when bound to  the micelle even though the counterion or 
surfactant concentration is increased. Consequently, any changes in the observed 

*In his morc rccent papers Stigter has refined his original treatment and delineated more clearly 
the forccs contributing to micellc formation and gr0wth59b-~. 
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reaction rate which occur at surfactant concentrations sufficient to  bind all the 
organic substrate can only be caused by changes in the concentration of the reactive 
hydrophilic ion in the  Stem layer. This approach has recently been used with some 
success to interpret the  effect of increasing concentation and type of counterion on  
micelle-catalysed reactions (see Section VI. E). Finally, although similar kinetic 
studies have been carried out using soluble polyelectrolytes' O s 6  T~ , and ionex- 
change resins as catalysts64, little work has been done on the effects of added inert 
electrolyte. Perhaps the  models developed here will also serve these systems. 

V. THE SIMPLE KINETIC MODEL 

Because early work on  micellar catalysed and inhibited reactions was pursued with 
the hope that micelles would function as simple models for enzyme cata!ysis, it 
became the paradigm directing both the design of experiments and the inter- 
pretation of results. The enzyme-like model was developed for, and successfully 
applied to, micellar catalysis of unimolecular, spontaneous reactions and micellar 
inhibited reactions involving hydrophobic reactants and hydrophilic ions: for exam- 
ple, ester saponification. The basic kinetic equations were developed by Menger and 
Portnoy for the inhibition of ester saponification65 and Bunton extended the 
treatment to catalysed unimolecular reactions* The primary assumptions involved 
in the kinetic treatment illustrated in Scheme 1 are: ( a )  below the cmc the substrate 
reacts at a rate characteristic of its concentration in water and the appropriate rate 

Ks 
nD D, f S + SD, 

kLd"cts Jkk 
SCHEME 1 .  

constant, k b  ; ( b )  above the cmc, increasing surfactant concentration increases the 
binding of the organic reactant bv micelles, and reaction in the micellar pseudo- 
phase has the rate constant, k ; ;  ( c )  the concentration of organic substrate [S] is 
always sufficiently small compared to  the surfactant concentration [ D] that bind- 
ing of the organic substrate t o  the micelle does not significantly alter the catalytic 
properties of the micelle; ( d )  changes in aggregation number or  micellar structure 
do not alter the reactivity of the reactants in the micelle; and (e) the concentration 
of surfactant monomer in solution is constant and equal in value to the cmc once 
micelle formation begins. 

The observed first-order rate constant, k ~ l  , is given by: 

and 

[D,,] = [Dl - cmc (2) 

The binding constant, K , ,  is written in terms of the concentration of micellized 
surfactant. It can also be written in terms of the concentration of  micelles, by 
including the aggregation number of the micelle in equation (2). This equation is 
formally identical to the classical Michaelis-Menten equation for enzyme-catalysed 
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reactions, except that significantly, in micellar systems the  substrate is being 
saturated with catalyst, whereas in enzyme kinetic studies the substrate is generally 
in excess over the enzyme. 

A. Effect of Micelles on Unimolecular, Spontaneous Reactions 

As mentioned above the effects of micelles on the rates of unimolecular 
reactions can be successfully described by the model shown in Scheme 1, and they 
illustrate the ability of the micelle to provide a submicroscopic reaction medium. 

Only two types of micellar catalysed unimolecular reactions have been examined 
to  date: decarboxylations, and hydrolyses of aryl phosphate and aryl sulphate 
esters”“. These systems have been considered in detail and we shall only 
summarize the results here. The reactions are catalysed by cationic surfactants but 
are unaffected by anionic surfactants. Non-ionic surfactants usually give small rate 
increases, but zwitterionic surfactants either speed reaction o r  have little effect, for 
example, the decarboxylation of  6-nitrobenzisoxazole-3-carboxylate ions ( 1 ) is 
catalysed not only by cationic surfactants but also by the long-chain derivatives of 
glycine, N,N-dimethyl-N-dodecylglycine, but is only weakly catalysed by lyso- 
lecithin6 6 .  

co, 

mjN + coz 
02N 0 2  N 

(1 1 

The rate profiles are characteristic of  all unimolecular reactions: once the cmc is 
reached there is a rapid increase in the rate constant which rises sigmoidally to  a 
plateau, extending in some cases to  high surfactant concentrations. Equation (1) 
successfully describes these profiles where the onset of catalysis marks the kinetic 
cmc, the steepness of the increase in rate constant is determined by the substrate 
binding constant (K , )  and the extent of catalysis is determined by the value of the 
micellar rate constant (/th ). 

However, even though equation (1) provides the correct qualitative picture for 
the effect of micelles on  unimolecular reactions, more precise quantitative results 
are nearly impossible at  this time. First, added reactant may lower the cmc of the 
pure surfactant to  a new value (the kinetic cmc) depending upon the type and 
concentration of the reactant. This change has several implications, including in- 
duced micellization by the organic reactant or possibly t h e  formation of small 
catalytic premicellar aggregates. This observation is consistent with the known 
dependence of the cmc on the concentration and type o f  added hydrophobic 
solutes. Second, the binding constant for these substrates cannot be measured 
independently under the experimental conditions because of the substrate’s reac- 
tivity; Independent estimates of the binding constant, which have not  yet been 
made, will require the  use of non-reactive model compounds. 

Micellar catalysis of a unimolecular reaction demands that  k k .  be greater than 
&, and this ‘solvent’ effect can be ascribed a t  least in part to  initial state 
destabilization due t o  reduced solvation of the anionic moiety of the substrate, and 
to the lower polarity of the micelle-water interface as compared with water. In 
addition the transition state could be stabilized by transfer of charge towards the 
organic portion of the substrate and interaction of this charge with the cationic 
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head groups of the micelle. For example, for decomposition of an aryl phosphate 
dianion : 

t he  forming phenoxide ion could interact beneficially with cationic head groups. 
The effective catalysis of decarboxylation by zwitterionic micelles can be ration- 

alized on  the assumption that there are unfavourable initial-state coulombic inter- 

R i M e 2 C H 2 C 0 2  

actions between the carboxylate groups of the substrate and the micelle which are 
relieved in the carbanion like transition state6 6. 

ArCH(CN)CO? - A r c l i C N  + C 0 2  

Products 

Both cationic and anionic micelles typically inhibit SN 1 reactions, probably 
because of the  lower polarity of the micelle-water interface relative to  water6 'i6 8 .  

6. Effect of Micelles on Bimolecular Reactions 

The application of the simple kinetic model t o  bimolecular reactions in micellar 
solutions creates difficulties in interpretation for several reasons. Direct application 
of the  experimental conditions often used in enzymatic studies t o  micellar systems, 
for example the  use of buffers and high salt concentrations to  control the ionic 
strength, complicates the interpretations, because micelles affect buffer equilibria 
and added salts affect micellar catalysis (see Section VI. D). 

More seriously, early workers also adopted a second operational assumption used 
in studies of enzymic catalysis which created fundamental difficulties in interpret- 
ation. They assumed that a small reactive hydrophilic ion (e.g. the hydroxide ion in 
ester saponification) was located almost wholly in the  aqueous phase and that  
therefore an increase in the micelle concentration had an insignificant effect on the 
distribution of the reactive hydrophilic ion between the aqueous and micellar 
phases3. While it is true that both micelles and enzymes have charged surfaces, 
protein surfaces generally have a low charge density and bind only a small number 
of c o u n t e r i o ~ i s ~ ~ ,  although their effective concentrations may be high at  the active 
site. Micelles, however, bind a large number of counterions. In addition, typical 
reaction conditions for enzyme-catalysed reactions hold the reactive ion concen- 
tration constant with a buffer, o r  maintain it much larger than the enzyme 
concentration, so that a large change in enzyme concentration will usually not 
affect distribution of the reactive ion' 7 .  I n  unbuffered and especially in buffered 
surfactant solutions, however, the micellized monomer concentration, even near the 
cmc, may be similar t o  that of the reactive ion and generally exceeds it at high 
surfactant concentration. Consequently, just as changing the micelle concentration 
has a profound effect on the distribution of the organic substrate so it may have a 
large effect o n  the distribution of hydrophilic ions between the  aqueous and 
micellar pseudo-phases. For example, approximately 75% of the hydrogen ions 
were bound to  NaLS niicelles when the  surfactant concentration was approximately 
10 times the cmc ( 8 m ~ )  and the acid concentration was in the millimolar range7'. 
The presence of a buffer does not guarantee a constant distribution o f  ions between 
the micellar and aqueous phases. Micelles alter the apparent pK,s of hydrophobic 
weak acids such as phenols and amines by as much as 1-2 PI(, units' I ,  and they 
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may also change the buffering capacity of hydrophilic organic o r  inorganic buffers 
in the  micellar phase. If this occurs, the concentration of reactive ions, fo r  example 
hydrogen or  hydroxide, in the micellar phase will be uncontrolled and impossible to 
estimate. Unfortunately many kinetic studies of acid- and base-catalysed reactions in 
micellar systems suffer from this defect. 

The original assumption that micelles do not significantly alter the distribution 
of reactive ions in buffered solutions suggested that rate-surfactant concentration 
profiles for bimolecular reactions between hydrophobic substrates and hydrophilic 
ions should reach a plateau at  high surfactant concentrations just like unimolecular 
reactions (Scheme 1 ). This assumption is completely wrong. 

VI. KINETIC MODELS FOR MICELLAR CATALYSED REACTIONS 

The simple distribution model, Scheme 1 and equation ( l ) ,  fails for bimolecular 
micellar catalysed reactions which generally show maxima in the rate-surfactant 
profiles. For a unimolecular reaction the rate will be the sum of the reaction rates 
in the water and the micellar pseudo-phase, and each will depend only upon the 
concentration of the reactant in each pseudo-phase, and the first-order rate con- 
stant in that pseudo-phase. For bimolecular micellar inhibited reactions the micelle 
merely keeps the reactants apart by incorporating a hydrophobic substrate and 
repelling the ionic reagent, so that again the overall rate depends only upon the 
distribution of substrate between water and micelle. 

For bimolecular micellar catalysed reactions we must consider, for the reasons 
discussed above, the distribution of both reactants between water and micelles. 

There are two general and complementary ways of solving this problem. In the 
first the distributions of the reactants between water and the micelles are deter- 
mined by physical measurement. For example, for hydrophobic ionic o r  non-ionic 
solutes we can estimate the concentration of solute in the micelle by assuming that 
any increase in solubility is caused by incorporation of the solute into the micelle. 
For a hydrophilic ion, e.g. the  hydrogen o r  bromide ion, we can use a specific ion 
electrode to  determine the ionic concentration in water, and therefore estimate the 
concentration in the micellar pseudo-phase by difference. 

The alternative approach is t o  use a theoretical model for the distribution of the 
reactants between water and the surfactant and to estimate their concentrations in 
each phase from binding constants calculated from kinetic data. Berezin and his 
coworkers have used both of  these approaches and have obtained reasonable 
agreement for reactions involving hydrophobic reactants (Section VI. B). 

In treating reactions of hydrophilic ions one can assume that the distribution of 
ionic reactants depends upon the competition between all types of  counterions 
present in the solution for a limited number of ‘sites’ on  the micelle surface. A 
direct analogy can be drawn between the micelle surface and an ion exchange resin, 
allowing ion exchange constants to be estimated for mixtures of  two (and possibly 
more) ions (Section V1. C). 

All the treatments contain assumptions that limit their generality, as well as a 
number of experimental limitations. In fact, because of the large number of special 
interactions that are possible between reactants and surfactant molecules, both 
individually and in aggregates of variable size, no general method for treating the 
kinetic form of all bimolecular catalysed reactions may be feasible. 
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A. Quantitative Treatment of Micellar Catalysed Bimolecular Reactions 

For reaction of substrate S and nucleophile N (or any second reactant): 

S + N -products 

we follow Scheme 1 and write the overall first-order rate constant with respect to S 
as: 

[Dn]= [Dl - cmc 

where k L  and kh are first-order constants in water and the micelle respectively, 
and K ,  is the binding constant of S, written in terms of the molar concentration of 
micellized surfactant. 

The rate constants kL and k& will depend on the concentrations of N in water 
and the micelle, and it is convenient t o  write them in terms of the second-order rate 
constants k ,  and k ~ ,  so that: 

( 5 )  

and equation (4) becomes: 

For dilute surfactant solutions, in which the volume of  the micellar pseudo- 
phase makes a negligible contribution to the total solution volume, the con- 
centration of  N in the aqueous phase is conveniently expressed as moles of N per 
litre of solution. However, the concentration of N in the micellar phase is expressed 
in mole ratio units, i.e. as the moles of N per mole of micellized surfactant, D,,, so 
that : 

(8) 

where [ Nm ] is moles of micellized N per litre of solution*. 
The advantage of writing the concentration of N in the micelles in mole ratio 

units is that we need consider only the concentration of micellized surfactant, 
eliminating the need t o  estimate the total volume of  the micelles in the solution, or 
to  decide whether the reaction site is restricted to the micellar Stern layer. 

If we express the concentration of N in these terms, equation (7) takes the very 
simple form: 

W Z ~  = “m I /[D, 1 

where as before [D, = [D]  - cmc, and [ D ]  is the total concentration of surfactant. 
Equation (9) is written in terms of the observed firstarder rate constant, but 

can easily be converted into the second-order form by writing the fraction, f, of 

*The concentration of micellized nucleophile, m k ,  is expressed as a mole ratio instead of a 
mole fraction because its concentration may not be small relative to that of micellized 
surfactant. 
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micellar incorporated N as: 

C. A. Bunton and L. S. Romsted 

[Nm 1 
[rdm 1 + IN,] 

f =  

Then, if the  volume of the micellar pseudo-phase remains small, the second-order 
rate constant, k2, is given by: 

The values of f can be measured directly by methods such as gel filtration7 
~ l t ra f i l t ra t ion '~  , solubility7 or spectral changes for hydrophobic reactants7 4 ,  or  
for hydrophilic ions such as hydrogen or bromide by the use of specific ion 
 electrode^^^. When the concentration of reactant is small compared t o  the concen- 
tration of micellized surfactant, the  fraction of bound reactant can also be ex- 
pressed as a binding constant, K N :  

and equation (1  1) becomes: 

This form of the equation is identical t o  one derived by Berezin and coworkers' 4 ,  

except that  theirs involves the volume of the micellar pseudo-phase, and either one  
can be used for reactions in which the binding constants K ,  and K N  are measure- 
able. Equation (13) predicts a maximum in the value of k2 as the surfactant 
concentration increases, conforming to  the common observation for bimolecular 
micellar catalysed reactions (see Figures 2 and 3). 

For bimolecular reactions where one of the reactants is a hydrophilic ion, either 
equation (1 1) o r  (13) can be used, provided that f can be measured directly o r  
estimated from kinetic data using the ion exchange model as described in Section 
VI. c. 

Most of the approximations involved in the derivation of equations ( 1  1) and 
(1 3) have been discussed. Several other untested assumptions have been made both 
in the theoretical and experimental work. Most workers have assumed that the  
binding of one  reactant does not affect the other, i.e., that  K ,  and K N  are 
independent  parameter^'^. The error introduced by this assumption may be especi- 
ally serious when the reactants are hydrophobic and the surfactant concentration is 
near the cmc. For example the incorporation of phenol and p-cresol, and their 
aryloxide ions into CTABr has been determined spectrally, by working at  low and 
high pH76. I n  principle it should be possible to use these results and the values of 
the apparent p K ,  to estimate the amount of micellar incorporated aryloxide ions in 
solutions buffered at pH 10 where both phenol and the aryloxide ion are present. 
However, the extents of incorporation so estimated do not agree with those 
determined by direct measurement at pH 10. Also, the extent of incorporation of 
the aryloxide ion at  pH 12 decreases as the aryloxide ion concentration 
increases. Both of these discrepancies suggest that in general the micellar binding of 
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organic molecules may not be independent parameters, so that the binding of a 
reactant to a micelle should be measured whenever possible under the actual 
reaction conditions and not inferred from indirect measurements. Changes in 
counterion type and concentration may also alter the extent of hicorporation of 
reactants. For example, the addition of tosylate ions to  CTABr solutions displaces 
the bromide ions from the micelle surface7 7 ,  and the exchange of hydrogen ion for 
sodium ions on micelles of  NaLS has been observed over a range of surfactant 
concentrations78. 

The method of estimating the amount of micellized surfactant using the cmc 
also has limitations. Solutes, especially hydrophobic ones, may reduce the cmc 
significantly* 7,  so that we customarily use the cmc determined under kinetic 
conditions, by assuming that the onset of catalysis marks the  beginning of micelle 
formation. However, as the surfactant concentration increases and the extent of 
incorporation of the solute increases, the solute's ability to alter the cmc will be 
reduced, and the value of the cmc will increase steadily towards the value in pure 
surfactant solution. We see no  simple way of treating this problem. 

The treatment described in this section has not been applied to deacylations, but 
it has been used with similar nucleophilic displacements and some examples are 
shown in Table 3.  

It should be noted that the dimensions of k M  are s-' because mole ratios are 
dimensionless quantities. However, k M  can be converted into a secondarder rate 
constant expressed in terms of moles per litre of micelles, or moles per litre of  Stern 
layer, by estimating the volume of one mole of micellized surfactant. We esti- 
mated this volume assuming the density af the micelles t o  be 1 g ml-' and using 
Stigter's model of the Stern layer of an ionic micelle. Multiplying k~ by the factors 
shown below gives k F ,  M 
of one litre of Stern layer". (Second-order rate constants in water can also be 
written in terms of mole fractions, although solution kineticists are probably too 
wedded to  niolarities to  indulge in such a transformation.) 

963 

s - l ,  which is the second-order rate constant in terms 

CTABr) : k y  = 0 . 1 4 k ~  
NaLS 

TABLE 3. Second-order rate constants in miccUes and in water 

Reaction Surfactant K, krel k M ( s - '  )' k :( M - '  s - ' ) ~  

0, NC, H, OPO(OPh), + OPh- ' CTABr a 2  x lo4 2800 0.11 (1.8) 0.015 (0.032) 
0, NC, H, OPO(OPh), +-OC,H, Me a CTABr =2 x l o 4  3700 0.12 (1.9) 0.017 (0.034) 
2,4<0,  N), C, H,F +-OPhb CTABr 55 230 3.4 (38) 0.5 (0.7) 
2,4-(0, N ) ,  C, H, I: + PhNH, CTABr 55 .8 0.035 (1.7) 0.005 (0.03) 
2,4-(0, N), C, H, CF + PhNH, NaLS 23 4 0.026 ( 1 . 7 )  0.004 (0.03) 
p - 0 ,  NC, kI,CH(OEt), + H+-d XaLS 8-28 0.1 (16) 0.014 (0.3) 

OReference 79. 
bRcference 80. 

Reference 8 1. 
dReference 70. 
eTlie values in parentheses are for reaction in  water. 

'Estimates of kinetic solvent effects upon bimolecular reactions change markedly if second- 
order rate constants are written in terms of  mole fractions instead of molarities. 
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Values of k& are included in Table 3.  They are generally smaller than the rate 
constants in water, especially for the reaction of the hydrophilic hydrogen ion with 
p-nitrobenzaldehyde diethyl acetal and of aniline with 2,4dinitrofluorobenzene. In 
the latter case we would expect the lower polarity of the micellar surface, as 
compared with water, to reduce the rate constant. The value of k F  for acetal 
hydrolysis in NaLS may be less than in water because the sulphate head group 
interacts strongly with a hydrogen ion, by hydrogen bonding or  covalent inter- 
action, thus decreasing its acidity, and this effect would decrease the second-rder 
rate constant. 

For  the other reactions the values of k p  are similar to the second-order rate 
constants in water, expressed in M-'s - ' ,  as has been noted for a number of 
deacylations (Sections VI. A. and E). If this similarity of the second-order rate 
constants in the two phases is general, then it is relatively easy to estimate the 
contribution of the proximity effect t o  catalysis in a functional micelle o r  other 
submicroscopic aggregate such as a polyelectrolyte o r  enzyme. 

The maximum reasonable value of mk is one, assuming one ionic reagent per 
head group of a functional micelle. If the substrate is fully bound to the micelle, 
K, [ D, I 3- 1 and there is no reaction in water, then from equation (4): 

kq, = k& (14) 

But O.lkk - k F ,  and k F  -k, (Table 3), so that if the concentration of 
reactants into a small volume in the Stern layer is the sole source of  micellar 
catalysis, the maximum value of the firstarder rate constant, kq, , with respect to 
substrate for catalysis by a functional micelle should be given by: 

kq, -10 k ,  

where kw is the second-order rate constant in water*. These conclusions, however, 
do not apply to  spontaneous, unimolecular, reactions, where the maximum rate 
effects are due solely to the differences between water and the micellar surface as 
reaction media. 

B. Second-order Reactions between Hydrophobic Substrates 

The most reliable interpretations of reaction rate-surfactant concentration 
profiles are for reactions between a neutral organic substrate and a neutral organic 
nucleophile. The kinetic analysis for this type of reaction was first developed by 
Berezin and coworkers and the results are available in a series of 
papers' y 2 O  *7 s2 including a major review8. Although the approach used in 
the derivation of their equations is different from the one used here, the basic 
assumptions are the same, so that the final form of their equation is very similar to  
equation (13). From the kinetic data, they used linearized forms of their equation 
to calculate binding constants for some reactants. The calculated binding constants 
agreed reasonably well with ones determined independently, usually by solubility 
measurements (Table 4,  and Reference 14). 

The treatment was extended to reactions between neutral hydrophobic substrates 
and nucleophiles which were either fully charged or partially ionized under the 
reaction conditions. In these cases, verifiable values for the extent of binding of the  
reactants were not obtained. We believe that this may create a problem at least in 

*Note that k, is the numerical value of the fustixder rate constant in water when the 
concentration of the nucleophile is 1 M. 
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part, because of the assumptions about the effect of micelles on  the distribution of 
hydrophilic ions and moderately hydrophobic ions, especially when a mixture of 
counterions is present in solution. All the work of Berezin and his group was done 
in the presence of buffers, and they assumed, as one normally would for enzyme- 
catalysed reactions, that the presence of a buffer controls the pH at the micelle 
surface, even though the surfactant concentration or salt concentration may 
change. We believe that this assumption may be invalid. As noted earlier, it has been 
known for some time that micelles strongly affect acid-base equilibriaE ; in fact 
Hartley developed a series of rules which successfully predict the direction, but not 
the extent of the change, as a function of the charge on the acid and base forms of 
indicators and the surfactant chargeg -9 While it is easy to  measure the change in 
the overall acid dissociation, i.e. the apparent pK,, it is difficult t o  separate the 
contributions due to the (different) distributions of the acidic and basic forms 
between water and the micellar pseudo-phase arid the actual acidity at the micellar 
surface, i.e. the concentration of  hydrogen or  hydroxide ion in the Stern layer. 

It is simplest, therefore, t o  consider first deacylation by non-ionic nucleophiles. 
The rates of reaction of p-nitrophenyl alkanoates with N-alkylimidazoles are 
affected in a parallel fashion by both CTABr and NaLSB8 (Scheme 2). The results 

R = H, Me, n-Pr, n-heptyl, CHzPh 

R' = Me, n-Pr, n-hexyl m - i i  
R-N /N + 0-C-R' 0 

SCHEME 2. 

are: (a)  the maximum catalysis observed is small and little affected by micellar 
charge; ( b )  increasing the hydrophobicity of the alkylimidazole (increasing the 
chain-length) increases the catalysis, but increasing the hydrophobicity of the ester 
inhibits the reaction. Data for the acylation of N-heptylimidazole are shown in 
Table 5. 

Several factors must be considered in the interpretation of the results. First, as 
the authors point out, the Stern layer of the micelle is a medium of lower polarity 
than water, making it more difficult to form the partially charged transition state 
from the neutral starting materials, c.f. Reference 8 6 ,  and the calculated values of 
the micellar rate constants (using an equation that is formally identical with 
equation 13) are considerably smaller than the rate constants in water. Second, the 
rate increase found with increasingly hydrophobic alkylimidazoles attacking 
p-nitrophenyl acetate no doubt reflects an increase in the extent of binding of the 
nucleophile. The decreasing values of k y  with increasing hydrophobicity of the 
ester is more difficult to understand. It may be that the more hydrophobic esters 
are drawn into the micellar core away from the hydrophilic imadazole moietyI4. 

The reactions of benzimidazole with p-nitrophenyl esters are more difficult to  
interpret. The rate enhancements by CTABr micelles are very large, in part because 
of increased formation of the highly nucleophilic benzimidazole anion in CTABrZ0 
(Scheme 3). The problem lies in the treatment of the micellar effect upon the pK, of 
benzimidazole. To describe the effect of the shift in pK, of  benzimidazole as a 
function of CTABr concentration mathematically on the observed secondarder 
rate constant, the authors added an additional term to their basic equation. We have 
followed their approach and modified the equivalent equation (1 3)  in the same way 
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H 

0 
I a-l> + -0-C-R I 1  

SCHEME 3. 

I 
U a-l> + -0-C-R I 1  

SCHEME 3. 

to give: 

where KN is the binding constant of the benzimidazole anion, [H$] is the 
hydrogen ion concentration in in the aqueous phase, which is assumed to  be held 
constant by a buffer, and the apparent ionization constant, Kapp ,  of benzimidazole 
is defined by equation ( 16): 

where K, is the ionization constant of benzimidazole in water. 
A serious problem appears at this point. While the binding constants of many 

other solutes appear to be essentially constant over a range of surfactant concentra- 
tion, the calculated binding constant for the benzimidazole anion, KN, decreases 
sharply zs a function of surfactant concentration, when Kap is measured spectro- 
photometrically at several surfactant concentrations. This effect is ascribed to ‘an 
increase in counterion concentration, and hence, a decrease in the surface potential 
of the micelles which must cause a weaker bonding of the anionic species, in this 
case the [benzimidazole anion]’ 7 3 b .  In support of this argument it was shown that 
added 0.12 M K N 0 3  not only decreases the rate in CTABr but also dramatically 
lowers the apparent binding of the benzimidazole anion (Table 4). 

This apparent dramatic decrease in the binding of the benzimidazole anion with 
increasing surfactant concentration or added potassium nitrate is a singular observa- 
tion that conflicts with observations in other systems. For example, the relatively 
hydrophobic benzimidazole anion should not be displaced significantly from the 
micelle surface by either bromide or nitrate ion and neither increasing surfactant 
concentration nor added electrolytes are expected to  have a significant effect on 
the binding of neutral substrates in this reaction. Also, the apparent change of 
binding requires that the very favourable distribution of the benzimidazole anion 
towards the micellar phase decreases as the volume of the micellar phase increases, 
which if true is a novel observation. Direct measurement on the binding of 
phenoxide ions to CTABr shows that the incorporation of phenoxide into the 
cationic micelles increases steadily with increasing surfactant concentration, and we 
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see no  reason why this pattern should not be followed by the benzimidazole 
anion’ ‘. However, the greatest contradiction appears when this conclusion is 
compared with results on unimolecular reactions. The rates of  unimolecular 
reactions are constant once all the  substrate is bound, indicating that the binding 
constant of  these substrates, some of which are structurally similar to the 
benzimidazole anion, are independent of changes in surfactant concentration (see 
Section V. A.). Also, added hydrophilic salts have produced both modest rate 
increases and decreases in the observed rate of unimolecular  reaction^^*^^, but 
never the approximately 100-fold rate decrease the authors attribute to  decreased 
binding of the benzimidazole anion. Finally, the authors have generally assumed 
that the  Guy-Chapman model provides an adequate description of the distri- 
bution of counterions between micelles and the aqueous phase. However, the 
validity of this model has been severely criticized and an alternative model and 
experimental approach has been proposed (Section VI. C). 

C. Second-order Reactions Between Hydrophilic Ions and Organic Substrates 

Recently Romsted modified the approach developed by Berezin and coworkers, 
expanding it to include the effect of micelles on reactions of hydrophobic sub- 
strates with hydrophilic ions6 * 1  s - The fundamental change is to  assume that the 
distribution of the reactive ion is controlled by competition with other counterions 
present in the solution for  a limited but large number of  ‘sites’ available in the Stern 
layer of the micelle, instead of being controlled by changes in surface potential. 
Based on  the structural model of the micelle developed by Stigter (Section 1V. A), 
the micellar surface is treated as very concentrated and saturated salt solution 
composed of a constant ratio of surfactant head groups to  counterions. Further- 
more, this surface is assumed to  act like the surface of a slightly cross-linked ion 
exchange resin or  soluble polyelectrolyte to changes in the concentration of ions 
and mixtures of ions in the aqueous phaseg 3. 

The development of the original equation followed the approach used by Berezin 
and coworkers. All the assumptions were the same except for the factors control- 
ling the distribution of the hydrophilic ions. Consequently, micelles were treated as 
a separate uniformly distributed pseudo-phase in water unaffected by changes in 
the concentration or  type of counterions or  the presence of organic substrates, 
making the kinetic equation once again independent of micellar shape and size. 

While the original derivation is different from the approach used here, the final 
expression differs from equation (13) only in terms of the factors controlling the 
fraction of the nucleophilic (or any reactive) ion bound to the surface, e.g. 
hydrogen ions in anionic surfactant solutions or hydroxide ions in cationic systems. 
Therefore, only the portion of the derivation concerned with distribution of 
hydrophilic counterions will be presented here. 

If the interaction of a single counterion with the micelle surface is independent 
of increasing surfactant concentration o r  increasing counterion concentration, then 
the observed changes in rate under these conditions (see, for example, Figure 2) 
must come from the fact that the micellar solutions contain a mixture of reactive 
and non-reactive counterions competing for ‘sites’ on the micel!e surface. In a 
micellar system containing a mixture of two counterions, the distribution of a 
reactive hydrophilic ion, N, must contain a term for the distribution of non-reactive 
ion, X, whose concentration is equal to  the total surfactant concentration, [D]  
(remembering that the addition of each ionic surfactant also adds one counterion), 
plus the concentration of added salt ([X,= [D]  + [MX]). 
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counterions is assumed to be expressed by: 

C. A. Bunton and L. S. Romsted 

The concept that the Stern layer is saturated with respect t o  a mixture of 

m & + m k =  P (17) 
where m& and m s  are the concentrations of the two ions in the Stern layer 
expressed in mole ratio units m& = [N,I/[D,I and m$ = [X,l/[D,] and 
/3 = (1 -a). Equation (1 7 )  contains the implicit assumption that the rate of reaction 
in the micellar phase is not significantly dependent on the nature of the counterion 
in the Stern layer and the explicit assumption that the rate does not depend upon 
the difference in /3 values for different ions, but only on  the ionic concentration in 
the Stern layer. While neither of these assumptions can be completely valid, for 
example they fail for some unimolecular reactionsg 2 ,  they are reasonable, primarily 
because /3 values are in the range 0.7-0.9, and reaction rates do not appear to be 
strongly dependent upon changes in electrostatic interactions at the Stern layer, at 
least for hydrophilic counterions6. 

The two counterions are assumed to exchange rapidly between the aqueous and 
micellar phases: 

m & + [ X , l  m $ + [ N w ]  

so that their distribution will be expressed by a simple ion exchange constant, K, 
where: 

One important consequence of this approach is that even when the non-reactive 
counterion concentration is much greater than the reactive ion concentration 
([XI S "I), the concentration of the reactive ion in the micelle can still be 
greater than in the aqueous phase. Also, because both the reactive and non-reactive 
ions are assumed to affect the properties of the Stem layer approximately equally 
relative to the reaction being studied, the concentration of N need not be kept 
small relative to the surfactant concentration to make the assumptions of the 
treatment valid, although it often is. 

If the surfactant volume is small relative to the total solution volume, the 
material balance equations for the two ions are: 

",I =m&[Dnl + ""1 (19) 

[ & I  =m%[D,l  + [&I  (20) 

Equations (17) through (20) are combined, rearranged and solved for the con- 
centration of reactive ions in the micellar phase, mk. 

The major simplifying assumption required in the derivation (to eliminate higher 
order terms), that [N, ] 3 [D, ] Kmh, limits the applicability of the final 
expression to  relatively dilute micellar solutions. Substituting equation (2 1) into 
equation (7) and setting [Nt 1 = [ N,v 1 gives the observed secondarder rate constant 
kz : 

(22) 
kMPKs [Dn 1 + kw 

( 1  + K s [ D n I )  
kz = 

("tl + [xtIK)(1 +Ks[D,l)  
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[TDTAB] x lo3, M [HDTAB] x i03 ,M CODTAB] x lo4, M 

FIGURE 2. Firstarder rate constants for the basic hydrolysis of p-nitrophenyl 
acetate (A), p-nitrophenyl hexanoate (o), and p-nitrophenyl laurate (0) at 25°C and pH 
10.07 plotted as a function of the concentration of a series of n-alkyltrimethyl- 
ammonium bromides: From left to right starting at the top, the n-alkyl groups are octyl, 
decyl, dodecyl, tetradecyl, hexadecyl and octadecyl. Taken from L. R. Romsted and 
E. H. Cordes, J. Amer. Chem. Soc., 90, 4404 (1968). Reprinted with permission of the 
American Chemical Society. 

The complete derivation of equation (22) in slightly different form is published 
elsewhere6. 

D. The Problem of Buffers - an Aside 

Figure 2 shows the  observed first-order rate constants for the  hydrolysis of 
p-nitrophenyl acetate (PNPA), hexanoate (PNPH) and laurate (PNPL) esters as a 
function of surfactant concentrations for a series of n-alkyltrimethylammonium 
bromide surfactants (n = 10,12,14,16 and 18)22 .  A complete quantitative analysis 
of the curves in Figure 2 is impossible at  this time (as in all ester saponifications 
studied to date), because a buffer was used to  control the pH (0.01 M carbonate, 
50% base, p H =  10.1). The use of equation (22) requires knowledge of the total  
hydroxide ion concentration, [Nt] , which is impossible in the  presence of the buffer 
since the  amount of hydroxide ion bound to  the micellar phase is an  unknown, and 
at present an unmeasureable, variable. It might be tempting to  discard the analysis 
leading t o  equation (22) because it does not apply directly to  buffered solutions, 
however, the profiles in Figure 2 fit the requirements of the equation, in that they 
are identical in form to  those of many other micellar catalysed reactions between a 
hydrophobic reactant and a hydrophilic ion when no  buffer is p r e ~ e n t ' ~ . ~ ~ ~ ~ ~ ,  and 
they have the same basic profile as reactions between two hydrophobic substrates. 
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This striking similarity to  other second-rder reactions implies a similar catalytic 
mechanism. 

As noted earlier (Section VI) the parallel nature of  these results indicates that 
the buffer cannot be operating efficiently, if at all, in the micellar phase. If the 
buffer was acting effectively in both phases, then it would be holding the pH 
constant in both phases. Consequently, once the micelle concentration was 
sufficient to  bind all the hydrophobic reactant, further increase in micelle con- 
centration would produce no  change in the observed rate, because the pH of the 
micellar phase would remain constant. 

There is support for this analysis. Spectrophotometric measurements of con- 
centration ratios of the acid and base forms of indicators show that micelles alter 
the apparent pK, of organic acids by 1-2 pK, unitsa9 p9 i 9  7 .  Measurements of the 
apparent pK,s of hydrophobic buffers using the glass electrode show shifts of 
around 0.5 pK, unitsg8. These results suggest that organic buffers which bind 
strongly to  micelles may have their ratio of acid/base forms altered as much as 
100-fold, destroying their capacity to buffer effectively in the micellar phase. 
Alternatively, if the buffer is extremely hydrophilic, little or  any of the buffer may 
be bound. Or, if one form of the buffer has the same charge as the surfactant 
monomer, it will be totally excluded from the Stern layer. Either condition will 
prevent the buffer from operating in the micellar phase. 

If this latter supposition is correct, the  conceptual approach leading to  equation 
(22) can be applied to buffered solutions even through the total reactive ion 
concentration, N t ,  cannot be estimated. For example, in the CTABr-catalysed 
reactions in Figure 2, the hydroxide ion concentration on the micelle surface will 
be controlled by its concentration relative to the concentration of the other ions. in 
solution (Cl-, Br-, CO3- and HCO;) and their relative ion exchange constants with 
hydroxide ion. 

Another indirect piece of evidence for the lack of buffering action in the 
micellar phase comes from an experiment that preceded the development of 
equation (22). The concept of ion exchange implies, and equation (22) predicts, 
that if the ratio of reactive to  non-reactive stoichiometric counterion concentration 
is held constant while the surfactant concentration is increased, then the apparent 
first-order rate constant will plateau once all the substrate is bound (equation 23). 

This result has been observed in several systems. One example is the base-catalysed 
hydrolysis of PNPH in TTACl solutions with the total chloride ion concentration 
held constant and the hydroxide ion concentration controlled with a trimethyl- 
amine/ammonium chloride buffer? ?.  Another example is the acidcatalysed 
hydrolysis of methyl orthobenzoate in NaLS solutions with the total sodium ion 
concentration held constant and the pH buffered at about 53. 

E. Qualitative Comparison between Theory and Experiment 

On the assumption that the buffer holds the hydroxide ion concentration 
constant only in the aqueous phase, the difference between the curves in Figure 2 
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- 0.000 0010 0020 0030 0.040 0050 
Surfactant concentrotion, mol L-’ 

FIGURE 3. Computergenerated plots of the change in the relative rate con- 
stant for a secondader reaction, k,, as a function of the surfactant concen- 
tration, [D]. The substrate binding constant, K ,  is the second independent 
variable. K, = (a) 1000, (b) 500, (c) 250, (d) 100, (e) 50, ( f )  10, (g) 1; 
cmc=0.001; k Y = k , = l ;  B=0-8;  K =  1.0; [Nt] =0.01; [X,] = [D] .  Taken 
from L. S. Romsted, Ph.D. nes i s ,  Indiana University, 1975. 

can be interpreted almost completly in terms of the concentration and ionex-  
change effects. To illustrate the relation between the model and equation (22) a 
FORTRAN progam was written t o  produce relative rate constants (kre, = k2  /k,) as 
a function of two independent variables6. In each example the rate constants in the 
micellar phase and the  aqueous phase are assumed to  be equal ( k ,  = k ,  = 1 ). This 
assumption gives full play to  the concentration effect. Values for the constants used 
to produce the curves are specified in the figure legends. the families of curves 
produced in these plots will be compared with published results for changes in 
equivalent experimental variables. 

Figure 3 shows a family of  curves produced t o  illustrate the effect of increasing 
substrate hydrophobicity, which is mathematically equivalent t o  increasing the 
binding constant K,. The general shapes of the curves in Figure 3 can be interpreted 
as the  summation of two oppositing effects. Once the surfactant concentration has 
exceeded the cmc, the relative concentrations of the organic substrate and the 
hydrophilic ion increases rapidly in the Stern layer of the micellar phase. the larger 
the binding constant, K,, the greater the concentration increase in the micelle, the 
faster the rate increase, and the greater the rate attainable at a lower surfactant 
concentration. In addition, the rate maximum shifts to  lower surfactant concen- 
tration with increasing K, because the concentration effect is opposed by a 
continuous decrease in the Stern layer concentration of the reactive counterion. 
mk. The non-reactive counterion concentration increases continuously 
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([X,] = [D]), while the total reactive counterion concentration is constant. Conse- 
quently, because there is a limited number of binding ‘sites’ available, the ratio 
rnk/rn% decreases continuously. This effect will predominate at higher sur- 
factant concentration producing the observed maximum followed by the gradual 
decrease in the observed rate of reaction. 
h Figure 2 ,  the experimental rate profiles for the micellar catalysed reactions 

generally agree with the shapes of the curves shown in Figure 3. For example, for 
CTABr in Figure 2, the rate maximum clearly increases and shifts to lower 
surfactant concentration with increasing substrate hydrophobicity. 

The differences between the plots in Figures 2 and 3 can be rationalized by 
assuming that k, > kp‘(PNPA) > kp’(PNPH) = k$”(PNPL). This assumption 
correlates the following facts. (a )  The differences in maximum attainable rates are 
small compared to  those shown in Figure 3, even though the binding constants (as 
measured independently by gel filtration) are very different, 1.6 x lo4 M - l  for 
PNPH and 33 M - l  for PNPA in C1 4H29NMe3C122. ( b )  At high surfactant concen- 
trations the rate constants for PNPL and PNPH are below that of PNPA for all 
surfactants except C1 H3, NMeJ Br. (c) The order for maximum rate enhancement 
with substrate hydrophobicity is reversed in octyl-, decyl-, and dodecyl-trimethyl- 
ammonium bromides. Also, because the cmc values of these surfactants are quite 
high, the rn&/rng ratio is already small at the cmc, so that little if any catalysis 
can be produced by the concentration effect. The results for PNPL are slightly 
different because the substrate is insoluble in water and no catalysis can be 
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FIGURE4. Computergenerated plots o f  the change in the relative rate con- 
stant for a second-order reaction, k,, as a function of the surfactant concen- 
tration, [D]  ; The cmc is the second independent variable; cmc = (a) 0.00016. (b) 
0.00071. (c) 0.0032, (d) 0.015, (e) 0.063; k, = k F =  1 ;  K,= 1 0 0 ;  p = O . 8 ;  
K = 1.0; [N,] = 0.01; [X,] = [D].  Taken from L. S. Romsted, Ph.D. Thesis, 
Indiana University, 1975. 
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observed until the micelle concentration is sufficient t o  solubilize it. The rate 
profiles for the reactions in C1 H3, NMe, Br are incomplete because the surfactant 
precipitates at high concentrations. 

Figure 4 is a .computer plot based on an equation with the same form as 
equation (22) and Figure 5 gives the experimental data from Figure 2 for PNPH 
which show the effect of increasing surfactant chain length (or its mathematical 
equivalent which is a decreasing cmc) on the reaction rate-surfactant concentration 
profiles. The experimental profiles for the saponification of PNPH in Figure 5 look 
remarkably like the computer plots. Even more important, however, the increase in 
the rate maximum can be accounted for without invoking a change in the micellar 
rate constant. A smaller value for the cmc simply means that micelles form at lower 
surfactant concentrations. At lower surfactant concentrations, the rnkIrn5 ratio in 
the Stem layer is higher, making the concentration effect more important and the 
potential maximum rate increase higher. 

The analysis outlined above is supported by the experimental results from other 
micelle-catalysed reactions which show similar trends for both increasing substrate 
hydrophobicity and increasing surfactant chain length6. 

F. Unimolecular and Third-order Reactions 

Since the underlying assumptions of all the kinetic models presented are essenti- 
ally the same, these various equations reduce to  the same form as equation (4) for 

0 0.2 0.4 0.6 0.8 1 . 0  1.2 1.4 1.6 1.8 

Surfactant x lo2, M 

FIGURE 5 .  First-order rate constants, /cobs& for the basic hydrolysis of p-nitro- 
phenyl hexanoate at 25°C and pH 10.07 as a function of the concentration of a 
series o f  n-alkyltrimethylammonium bromides: ndodecyl- (A), n-tetradecyl- (0). 
n-hexadecyl- (o), and nactadecyl- (0). Taken from L. S. Romsted, Ph.D. Thesis, 
Indiana University, 1975. 



976 C. A. Bunton and L. S. Romsted 

unimolecular reactions, predicting the often observed plateau in the first-order rate 
constant at high surfactant concentration. 

Two examples of third-order reactions catalysed by micelles have been studied. 
Bunton and Rubin measured the specific acid-catalysed hydrolysis of the benzidine 
rearrangement in NaLS99*100, which is first order in hydrazobenzene and second 
order in hydrogen ions, and Oakenfull studied the reactions between longchain 
alkylamines and long-chain carboxylic esters of p-nitropheno12 

Both reactions show dramatic rate enhancements. The rate of the benzidine 
rearrangement reaction increased more than 1 000-fold at surfactant concentrations 
slightly above the cmc with a very sharp maximum in the rate-surfactant concen- 
tration profile. This result is in accord with the predictions of an equation for a 
third-order reaction derived in the same way as equation ( 2 2 ) ,  but containing a 
second-order term in hydrogen ion concentration6 

Oakenfull found that the reaction of the ester with amine is basecatalysed and is 
therefore second order in amine2 l .  The mixed micelles formed from the reactants 
produced up to 107-fold rate enhancements. While the data were not gathered in a 
form amenable to quantitative interpretation, the rate enhancements are much 
larger than those found for otherwise similar second-order reactions. 

s. 

G. Micellar Inhibition of Bimolecular Reactions 

Although the simple kinetic Scheme 1 fails for bimolecular micellar catalysed 
reactions, it is quite successful for bimolecular micellar inhibited reactions, simply 
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FIGURE 6. Plots of observed rate constants :br the hydrolysis of (a) 
p-nitrophenyl acetate (b) a monop-nitrophenyl dodecanedioate and (c) 
p-nitrophenyl octanoate at pH 9.59, ionic strength O.1,50.O0C vs concentra- 
tion of laurate. The rate constants of (a) have been divided by 2.00 to bring 
the curve on scale. Taken from F. M. Menger and C. E. Portnoy, J. Amer. 
Chetn. Soc., 89, 4698 (1967). Reprinted with permission of  the authors and 
the American Chemical Society. 
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First-order rate constants for hydrolysis of p-nitrophenyl hexanoate in 
the presence of 0.009 M tetradecyltrimethylammonium chloride, pH 10.15, as a func 
tion of the concentration of several anions. Total anion concentration is plotted on the 
abscissa: 0.029 M C1- (0.009 M ITACI and 0.02 M triethylamine-ammonium chloride 
buffer) + [NaX] , M. Taken from L. R. Romsted and E. H. Cordes, J. Amer. Chem. SOC., 
90,4404 (1968). Reprinted with permission of the American Chemical Society. 

because the sole function of the micelle is to  keep the reactants apart6. For 
example, in t he  reaction of several different carboxylic esters with hydroxide ion in 
the presence of anionic micelles of sodium laurate, the ester enters the micelle 
which excludes the hydroxide ion, so that the  reaction occurs only in the water and 
the reaction rate decreases steadily as ester is transferred from water t o  the micelle 
(Figure 6 ) 6 5 .  Also, as the  hydrophobicity of the ester increases the inhibition 
occurs more rapidly, in accord with the  increased binding of the ester. 

H. Effect of Added Electrolytes 

A consistent observation in micellar catalysed reactions between hydrophobic 
substrates and hydrophilic ions is the sharp and apparently hyperbolic decrease in 
the observed rate with added inert counterion at constant surfactant concentration 
well above the  cmc (Figure 7)233*6*7122*92. These salt effects are different from 
those o n  unimolecular reactions because they seem to  depend only on the concen- 
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tration and type of counterion and not on the reaction studied15. This behaviour 
is interpreted in terms of the ion-exchange model developed above (Section V1.C). 

As noted earlier, all the effects of added inert hydrophilic salts are attributed in 
the ionexchange model to  competition between the added inert ion and the 
reactive ion for the micelle surface, i.e. the binding of counterions to the surface is 
assumed to be dominated by the individual specific adsorption potentials for each 
counterion. Equation (22) expresses these assumptions mathematically, with the 
reaction rate being inversely proportional to the reactive ion, N, and non-reactive 
counterion, X, concentrations, and the magnitude of the ionexchange constant, 
K*. 

If these assumptions are correct, then at surfactant concentrations well above 
the cmc and sufficient to incorporate all the organic substrate, equation (22) can be 
simplified and rearranged into an expression that predicts a linear relation between 

the reciprocal of the second*rder rate constant and the concentration of added 
counterion (equation 25). If values for N, and P are known, or assumed, values for 
both the micellar rate constant, k M ,  and the ionexchange constant, K ,  can be 
calculated. 

Figure 7 shows the effect of increasing the concentration and changing the type 
of non-reactive counterion on the saponification of p-nitrophenyl hexanoate in 
n-tetradecyltrimethylammonium chloride (TTACI)’ 2. These curves are typical of 
the effect of anions on the observed rates. The effectiveness of an anion in 
decreasing the rate generally follows the Hofmeister series, so that the rate de- 
creases with the increasing ionic radius of the ion’ 2t. Although electrolyte 
effects on anion-molecule reactions do not depend upon the added cation, it is the 
added cation which determines the electrolyte effects in reactions catalysed by 
anionic micellesl 3 .  Finally, the importance of interactions between an ionic 
micelle and added counterions is also exemplified by the decrease of the cmc and 
increase in the size of the micelle on addition of electrolytes. These structural 
effects, like the rate effects, increase with decreasing charge density of the added 
c ~ u n t e r i o n ~ * ~ * ~ .  

Subject to the assumptions which we have discussed, the salteffect data can be 
used to calculate the ratio of ion-exchange constants from the ratios of the slopes 

*A second model, adopted by Berezin and coworkers assumes that the Gouy-Chapman model, 
criticized earlier, describes the effect of an added inert counterion on the distribution of 
reactive counterion’ 4 .  They write the distribution coefficient for the reactive ion PI, as: 

PI = PI, exp(-4e/kT) =  PI^ A& (24) 

At high surface potentials, typical of micellar systems, the exponential dependence of the 
surfact potential on the ionic strength can be approximated by a simple linear dependence. on 
the reciprocal of the counterion concentration, Ci, with PI being a factor which represents the 
nonelectrostatic contribution to ion binding, and A is a c h t a n t .  The distribution coefficient, 
PI should therefore decrease hyperbolically with increasing salt concentration and so therefore 
should kapp because it is assumed to be directly proportional to PI. While Equation (24) agrees 
qualitatively with the observed effects of added salts, we do  not believe that it will prove to be 
generally applicable, in part because it does not predict the dependence of the salt effects on 
the type of counterion added. 

tThe  effect of the sulphate ion appears to be anomalous in these anion-molecule reactions. 
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TABLE 6. Calculated values for the micellar rate constant, k? , the ionexchange 
constant, K ,  and the ionexchange constant ratio, K x / K F  

Counterion 

Br(TTABr)' Br NO. c1 F 

kF'(M -' s I b  0.004 0.005 0.0048 0.0047 0.0045 
k,(M s )= (0.0 14) 
Kb 0.019 0.037 0.024 0.019 0.0026 
K x / K F  14.5 9.4 7.6 1 .o 

Dowex 1 KX/KF 31.1 42.2 11.1 1 .o 
PVCP-8 f K x / K F  5.8 40.2 2.7 1 .o 

KXIKF d e  18.5 25.1 5 -9 1 .o 

=Addition of cyanide ion (0.004 M) t o  n-dodecy1-3-carbamoylpyridinium bromide 
in TTABr at 25 "C, with 0.001 M hydroxide added to ensure that all cyanide is 
present as the anion' 04. 

bThe Same reaction as in a, but with increasing counterion concentration (to 0.5 M) 
in 0.02 M TTABr and 0.001 M cyanide ion at 30°C with the pH maintained at 10.4 
by 0.01 triethylamine-ammonium bufferIo4. The value of kp' was calculated 
from k p  p assuming that p = 0.8 and that the partial molar volume of the micelles 
is 0.33 litres per mole. 
'=Second-order rate constant for the addition of cyanide ion to N-propyl-3-carbomoyl- 
pyridinium iodide measured at 25°C with an ionic strength of 0.5' 5 .  

dBase-catalysed hydrolysis of PNPH in 0.009 M TTACl and 0.02 M trhethylamine- 
ammonium chloride buffer at 25°C. Counterion concentration was increased up to 
0.2 M ". 
eDowex 1 has a trimethylammonium head group on a polystyrene backbone9 3 .  

fi'he ionic strength is about at 25 * 0.5"C' 6 .  

of the lines from the reciprocal plots of the data in Figure 76. The ionexchange 
ratios k x / k ~  (X = F-, C1-, Br- and NO;) are listed in Table 6 together with the data 
of Baumrucker and coworkers for the effect of increasing concentration of the same 
ions on the rate of addition of cyanide ion t o  Ndodecyl-3-carbamoylpyridinium 
bromide in n-tetradecyltrimethylammonium bromide (TTABr)' 04. Because no buffer 
was used in this system, the values of the micellar rate constant and the ion-ex- 
change constant could be calculated from the  data, and the results and the 
ion-exchange ratios are included in Table 6 .  For comparison, K ~ / K I ; .  values for ion 
exchange in two other systems are included in the table; they are Dowex 1 ,  a 
strongly basic anion-exchange resing , and water-insoluble polyvinylpyridinium 
chloride spread as a thin film on aqueous salt solutions' O 6  . 

The results are important for several reasons. First, when the calculated values of 
k? are compared with the second-order rate constant in water for the addition 
cyanide ion to the water-soluble substrate N-propyl-3-carbamoylpyridinium iodide 
(see Table 6 )  k p '  < k,.  Second, the assumptiops used t o  derive equation (25)  are 
tentatively confirmed since the values of k? and K ,  determined from added 
bromide ion and increasing TTABr, are similar. Third, the absolute values of K for 
the cyanide ion show that, as expected, it binds more tightly to micelles than any 
of the added counterions. Fourth, for the halide ions, the values for the K x  / K  I.' 
ratios for the two reactions are similar, providing additional support for the 
assumption of a Stern layer saturated with counterions. A complete discussion of 
these calculations is published elsewhere6. The K ~ / K I ;  ratios for the ionexchange 
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resin and the monolayer show the same trends, indicating the generality of the 
approach as well as its limitations. While little is known about the ionexchange 
properties of monolayers, ion-exchange resins have been carefully studied' 7-1 O .  

Ionexchange constants for resins are empirical constants whose values depend upon 
a large number of variables including resin cross-linking, composition, capacity and 
functional group, solution ionic strength and composition, and other variables 
including temperature and pressure' - Ionexchange constants for micelles no 
doubt will depend upon a similar set of variables. 

The validity of the kinetic model for bimolecular reactions between neutral 
organic substrates has been substantiated by the reasonable agreement of the 
substrate binding constants determined both kinetically and by other methods (see 
Section VI. B). However, only a few independent measurements of  the reactive ion 
distribution for other hydrophilic or hydrophobic nucleophiles have been com- 
pleted in micellar solutions containing mixtures of counterions, so that independent 
varification of the ion-exchange model is incomplete. Two experimental methods 
are immediately available, ion-selective  electrode^^^ s 7  

Ion-selective electrodes are believed to  be sensitive only to the concentration of 
ions in the aqueous phase, allowing the concentration of the ion in the micellar 
phase t o  be estimated by difference. One potential problem is that the interaction 
of the surfactant itself with the electrode may complicate the results. For example, 
in concentrated NaLS solutions, insoluble potassium lauryl sulphate may precipi- 
tate on  a KCI salt bridge. But if such complications can be avoided, the results can 
be used in conjunction with the binding constant for the organic substrate, the 
experimental kinetic data and equation (7) to  calculate the micellar rate constant a t  
various surfactant concentrations. This approach has already been applied with 
some success to  the acid-catalysed hydrolysis of p-nitrobenzaldehyde diethyl acetal 
in NaLS (Section VI. J ) 7 O .  Also, Larsen and others have used ion-selective elect- 
rodes to show that one ion can displace another from the micelle surface, for 
example that relatively hydrophobic ions like tosylate can displace bromide ions 
from the Stern layer of CTABr7 7 .  Alternatively, two ion-selective electrodes could 
be used to measure the distribution of both the reactive and non-reactive ions 
simultaneously at several surfactant concentrations and ionic strength to see if  the 
ion-exchange constant, K ,  is a true constant. 

Ultrafiltration techniques have already been successfully used to  measure the 
binding of neutral hydrophobic molecules to  m i ~ e l l e s ~ ~  and can easily be adapted 
to estimate the binding of the reactive ion and ion-exchange constants. All that is 
required is an analytical method to  measure the concentration of one or both ions 
in the filtrate. 

and ~ l t r a f i l t r a t i o n ~ ~  . 

J. Effect of Changing the Concentration of the Hydrophilic Nucleophile 

Equation ( 2 2 )  predicts an inverse relationship between the concentration of a 
hydrophilic anionic nucleophile, N, and the apparent second-order rate constant, 
and shows that the form of the rate-surfactant concentration profiles depends upon 
the relative concentrations of reactive and non-reactive counterions in solution. 

Figure 8 is a computer plot showing the predicted effect of increasing the 
reactive counterion concentration on the shape of the rate-surfactant concen- 
tration profiles. Increasing the concentration of reactive ion generally decreases the 
apparent second-order rate constant. A similar set of profiles is obtained if the 
concentration of the non-reactive counterion is increased while the reactive ion 
concentration is held constant6. 
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FIGURE 8. Computer-generated plots of the change in the relative rate con- 
stant for a secondQrder reaction, k,, as a function of the surfactant concentra- 
tion, (D] .  The concentration of the reactive counterion, [Nt] , is the second 
independent variable. [Nt] = (a) 0.001, (b) 0.01, (c) 0.1, (d) 1.0; cmc=0.001; 
k, = ky = 1; K = 100; @ =  0.8; K = 1.0; [Xt] = [D]. Taken from L. S .  Romsted, 
Ph.D. i'?zesis, Indiana University, 1975. 

Most micellar catalysed ester saponifications are studied in buffered solutions a t  
a pH which corresponds to  relatively low hydroxide ion concentration, simply 
because the  reactions become too  fast for convenient rate measurement at high pH. 
However, for  a number of other reactions between hydrophilic ions and organic 
substrates the  relations between rate, surfactant and reactive ion concentration are 
consistent with the predictions of equation ( 2 2 ) .  For example, the rate-surfactant 
concentration profiles for the acid-catalysed hydrolysis of p-nitrobenzaldehyde 
diethyl acetal in NaLS with increasing amounts of added HC1 (Figure 9) show 
changes in the  shape of the profiles which are essentially the same as in Figure 8 ' O .  
In addition, the overall rate constants were correlated directly with the concen- 
tration of hydrogen ions in the rnicellar phase, which was estimated independently 
from the  difference between the  stoichiometric proton concentration and the  
proton concentration in the  aqueous phase determined by the glass electrode. 

The analysis leading to equation ( 2 2 )  resulted in the prediction that for the  
special case when the counterion is also the reactive ion (X=O), the observed 
first-order rate will also rise to  a plateau instead of passing through a maximum 
once all the  substrate is bound. This result has recently been observed several times 
under very different experimental conditions. The rate constants for the acid- 
catalysed hydrolysis of p-nitrobenzaldehyde diethyl acetal approach a plateau at  
high concentration of pdodecyloxybenzenesulphonic acid' l o ,  as do those for  
hydroxide ion attack on p-nitrophenyldiphenyl phosphate at high concentrations of  
p-octyloxybenzyltrimethylammonium hydroxide' . 
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FIGURE 9. Variation of k, = k / [H:] with the 
concentration of NaLS in dilute &l at 25.0"C for 
the acid-catalysed hydrolysis of p-nitrobenzalde- 
hyde diethyl acetal: (a) M HC1; (0) 

3.16 x lo-' MHCI; (a) lo-' MHCI; (0) 
3 x 10-'M HC1. Taken from C. A. Bunton and B. 
Wolfe, J. Amer. Chem SOC., 95, 3742 (1973). 
Reprinted with permission of the American Chem- 
ical Society. 

K. Summary and Implications o f  the Current Models 

The ion-exchange model successfully accounts for a number of properties of 
reactions between hydrophobic reactants and hydrophilic ions and includes the  
effect of changing the concentration and type of  non-reactive counterion, making 
the approach an extension of the  work of Berezin and coworkers. However, t he  
relationship between theory and experiment remains qualitative, because of the  
lack of independent determinations of the substrate and reagent binding constants 
in many reactions. Also, none of these current theories account for the  factors 
contributing to  salt effects on unimolecular reactions, and we cannot exclude the  
possibility that some of these factors affect the  second-order rate constants in the  
micellar pseudo-phase. 

However, if the theoretical difficulties can be removed the results discussed 
above indicate that it will be possible to  determine accurately micellar rate con- 
stants which will in turn provide information on the properties of the micelles 
themselves. 
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Unfortunately, meaningful study of the effects of micelles on the energies of 
activation of bimolecular reactions is the task of future research. Most of the past 
work on these systems is not amenable to the types of calculations outlined in the 
preceding pages. Often insufficient data are available for a particular system, for 
example: only a few data points were collected or  only a narrow range of surfactant 
concentration was used, substrate binding constants were seldom measured, and 
unnecessarily high concentration of counterions were used to  'control' the ionic 
strength, or the solutions contained mixtures of counterion type, or the type of  
buffer was changed when a different pH was needed. As noted in the introducticn, 
this makes comparison of maximum rate enhancements and activation parameters 
almost meaningless, because the experimental conditions at that surfactant concen- 
tration may vary considerably from system to  system. In addition, a rate maximum 
does not necessarily indicate complete binding of the substrate, because it depends 
on a balance between the rate enhancement caused by the concentration of 
reactants in the micelle and the inhibition resulting from the continuous dilution of  
the reactants in the increasing volume of the total micellar pseudo-phase. 

L. Other Kinetic Models 

Several other models for micellar catalysed reactions have been proposed. 
Dougherty and Berg's rnodell3 is similar t o  that of Bereziii and coworkers. It was 
applied successfully to  the reaction between the neutral substrates, 2,4dinitro- 
fluorobenzene and aniline in NaLS. The calculated micellar rate constants, in 
accord with the results presented here, were less than the rate constant for the 
reaction in water, but were about three times larger than the value listed in Table 3 ,  
probably in part because of differences in the assumed volume elements. 

Shirahama fitted the rate maximum for the rate-surfactant concentration pro- 
file for reaction of methyl orthobenzoate with hydrogen ions using a distribution 
model similar to the ones presented above, but assuming that the hydrogen-ion 
concentration at the surface was controlled by the  micelle surface potential which 
decreased continuously with increasing surfactant concentration' ' 2 .  We have 
already pointed out the limitations of this approach (see Section 1V.A). However, 
like all the models discussed, the calculated micellar rate constant required to  fit 
the data was less than the rate constant in water, again indicating that observed rate 
enhancement is due largely to  the concentration effect. 

Finally, Piszkiewicz has modified the theoretical treatment of cooperative cat- 
alysis which has been applied to  a number of regulatory enzymes to  micellar 
systems' 3. Binding of additional substrate t o  oligomeric enzymes may increase o r  
decrease the observed reaction rate, and by analogy cooperativity between surf- 
actant molecules and substrate may account for micellar catalysis. The author 
accounts for inhibition at high surfactant concentration and thus the maximum in 
the rate-surfactant profile by assuming that excess surfactant forms non-productive 
aggregates with the substrate' 1 4 .  The treatment predicts that the number of  
surfactant monomers in each aggregate is of the order 1-5, making the aggregate 
considerably smaller than typical micelles. We feel that the linearities obtained in 
the empirical rate versus log surfactant plots used t o  interpret the data do not give 
accurate information about the substrate-micelle aggregate, although the approach 
may be helpful in indicating the way in which substrates may assist micellization or  
comicellization. A major problem with this treatment is that it ignores existing 
evidence on the incorporation of reactants into the micellar pseudo-phase. 
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VII. MISCELLANEOUS 

A. Non-ionic Micelles 

Non-ionic micelles can also incorporate substrate and there is evidence that 
different substrates may reside at different locations in the micelle. Non-ionic 
micelles have little effect upon the rates of ester saponification, o r  aromatic 
nucleophilic substitution, probably because the substrates are located in the poly- 
oxyethylene portion of the micelle, which is extensively hydrated and accessible to 
the hydroxide ion3 s .  However, the reaction of p-nitrophenyl diphenyl phosphate 
with hydroxide ion is strongly inhibited by non-ionic micelles, suggesting that very 
hydrophobic substrates enter the hydrocarbon core of the micelle which protects 
them from the ionic reagent' 9 ' 6. 

B. Effect of Non-ionic Additives on Reaction Rates 

While the effect of added nonelectrolytes on micellar properties has been 
studied in detail for some time, as part of the general phenomenon called solubi- 

, only a little work has been done on the effect of uncharged 
additives on reaction rates in micellar solutions. Dunlap and Cordes studied the 
effect of alcohols of increasing chain length on the rate of acidcatalysed hydrolysis 
of methyl orthobenzoate in 0.0 1 M NaLS120. All the alcohols inhibit the reaction 
to  some extent with ethanol decreasing the rate only slightly, about 10% at 0.1 M ,  
while decaiiol has a very powerful effect, lowering the  rate two-fold at 
7.9 x 10-5 M. 

Ethanol and decanol represent two commonly observed extremes i? the effects 
of non-ionic additives on micellar properties. Ethanol, like urea, is a non-pene- 
trating additive which is believed to  alter micellar properties indirectly by breaking 
up water structure' 9 .  Thus ethanol would inhibit th,e reaction by reducing the 
driving force for micelle formation (the hydrophobic effect), increasing the cmc 
and decreasing the concentration of micelles2 6. When the ethanol concentration is 
large the micelles are completly disrupted. Decanol is a penetrating additive which 
probably orients itself like a surfactant molecule within the micelle, forming a 
comicelle. It may inhibit the reaction in several ways: (a)  by displacing the 
substrate from the micelle surface, (b) by  decreasing the activity of the substrate in 
the micellar phase, or (c) by decreasing ionic concentration at the surface. There is 
some indirect evidence for this last possibility. The addition of long-chain alcohols 
and non-ionic surfactants increases the degree of ionization of micelles' ' 1'  2 .  

Lawrence has rationalized this observation by assuming that the comicellized 
alcohol 'wedges' itself between the surfactant molecules, spreading out the head 
groups, reducing the charge density of the surface and freeing some of the bound 
counterions' I .  These explanations will certainly not exhaust the possible effects 
of non-ionic additives on micelle-catalysed reactions. Addition of short-chain 
a!cohols' will also increase the degree of ionization of micelles, 
although much higher additive concentrations are required. Also, the addition of 
hexadecanol increases the rate of acid-catalysed hydrolysis of NaLS micelles at low 
alcohol concentrations, but inhibits the reaction at higher concentrations, and this 
rate discontinuity is associated with formation of a new, visible phase' 6. 

lization3 5 . 1  1 7-1 1 9  

and urea' 
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C. Zwitterionic Surfactants 

Although many of  the functional surfactants used in deacylation studies are 
zwitterionic, or become so on deprotonation (see Section XI), non-functional 
zwitterionic micelles are seldom used. However, Katzhendler, Sarel and their 
coworkers have shown that the effect of micellized 2 (R = C l o H 2  upon the 

t 

+ 
R- NMe2CH2C0F 

(2) 

saponification of p-nitrophenyl hexanoate and decanoate is similar to  that of an 
anionic rather than a cationic micelle' 

Anionic micelles of n-alkane carboxylate ions inhibit saponification6 5 .  Micelles 
of 2 (R = C1 H2 5 )  are ineffective catalysts of the spontaneous hydrolysis of 
2,4-dinitrophenyl phosphate dianion, but they are very good catalysts of spon- 
taneous anionic decarboxylation' 8 .  The catalysis can be rationalized in terms of a 
decrease in coulombic repulsions in going from the initial t o  the transition state' 9 .  

- 

D. Self-aggregating Systems 

In the reactions already considered substrates have been incorporated into a 
non-functional micelle, but the effect of self-micellization of a hydrophobic subs- 
trate has also been examined. 

One of the earliest kinetic investigations of micellar catalysis and inhibition was 
o n  the hydrolysis of monomeric and micellized sodium salts of  monoalkyl sul- 
phate' 3 0 9 1  ' . Micellization inhibited the base-catalysed reaction, presumably be- 
cause the hydroxide ion was excluded from the micellar surface and prevented 
from attacking the alkyl group. However, the acid-catalysed reaction was strongly 
assisted by micelle formation which increased the local hydrogen ion concentration. 
Furthermore, the rate enhancement increased with increasing chain length of the 
surfactant as expected from the forms of the kinetic models discussed above. 

Long-chain p-nitrophenyl esters aggregate in water, although the aggregates are 
probably small dimers o r  trimers rather than micelles. These aggregates are less 
reactive towards hydrolysis than the monomeric ester, which is understandable 
because aggregation would, if nothing else, lower the concentration of ester in 
solution' 2 ,  and factors which disrupt the aggregates speed sapcn-ification. Indeed, 
urea, which has little affect upon the rate of hydrolysis of non-associated p-nitro- 
phenyl acetate, speeds the saponification of aggregated p-nitrophenyl dodecanoate, 
probably by disrupting water structure and thus reducing the tendency for the 
ester to  aggregate in solution. 

The saponification of the micellized cationic ester 3 is considerably faster than 
that of the similar monomeric ester 4, and addition of dioxane disrupts the micelles 
and reduces the reaction rate' 3 .  

+ + 
~ O ~ N C G H ~ C O O C H ~ C H ~ N M ~ ~ C I  6H33 ~ O ~ N C G H ~ C O O C H ~ C H ~ N M ~ ~  

(3) (4) 

E. Reactions in  Reversed Micelles 

The normal micelles which form in aqueous solution have the apolar organic 
groups in the interior and the polar or ionic head groups at the micelle-water 



986 C .  A. Bunton and L. S. Romsted 

interface. However, completely different aggregates form in aprotic, non-polar sol- 
vents such as benzene and hexane, especially if small amounts of water or other 
polar solutes are present. In these reversed micelles the apolar groups are a t  the 
exterior, and the ionic or polar head groups are in the interior, which also contains 
the water molecules. These aqueous regions of the micelles have been described as 
‘water pools” 4 .  

Electrolytes are extensively ion-paired in these solvents, and the aggregates 
increase in size around ionic or polar solutes. These aggregates are generally 
assumed t o  be micelle-like, although we should be cautious in drawing too close 
analogies between their formation and micellization in water. For example, it is not 
certain that the concept of a critical micelle concentration is applicable to these 
systems*. 

There are now a striking number of reactions for which reversed micelles are 
powerful catalysts, but most of these do not involve deacylation. 

The imadazole-promoted deacylations of the non-ionic p-nitrophenyl acetate 
and the cationic p-nitrophenyl p-guanidinobenzoate hydrochloride have been exam- 
ined in reverse micelles of Aerosol 0. T. [ sodium di(2-ethylhexyl)sulphosuccinate 
in octane] 1 3 5 .  These micelles apparently take up water in their interior, and 
because the rate constant at constant imidazole concentration increases with 
increasing [ Hz 01 / [ surfactant] it was suggested that reaction occurs in the ‘water 
pools’ in the micellar interior which take up both imidazole and substrate, and the 
reaction rate decreases with increasing hydrophobicity of the substrate. However 
the reaction in this system is slower than in pure water. This is contrary to  the 
evidence for rate enhancements in normal micelles which can be related directly to  
the concentration of reagents into a small volume at the micellr: water interface. 

There is a serious question as to the structure of the reversed micelles which 
catalyse these reactions. For example, in toluene, tetra-n-hexylammonium benzoate 
is an effective catalyst for the deacylation of p-nitrophenyl acetate by piperidine or  
imidazole, whereas octadecylammonium benzoate is relatively ineffective’ 6 .  In 
water an octadecylammonium salt forms a normal micelle, whereas salts of the 
highly symmetrical tetrahexylammonium ion would not, although they are very 
effective phase-transfer catalysts. It may be that the aggregates which form in 
apolar solvents are so different from normal micelles in water that comparisons of 
their structures to ‘normal’ micelles may not  be very instructive. Nor is the 
structure of the catalytic aggregate in aqueous solutions always clear. Kunitake and 
his coworkers have shown that aggregates of tetraalkylammonium ions in water 
can be very effective catalysts of deacylation under conditions discussed in Section 
XI. D 

VIII. EXPERIMENTAL PROBLEMS 

Experimental work on micellar catalysed reactions contains traps which if not 
recognized can confound quantitative and sometimes even qualitative interpretation 
of results. one of the most common problems is ensuring surfactant purity, but 
probably the most important is the assumption that experimental precautions and 
controls used in enzyme mechanism studies are adequate for micellar systems. 

A number of problems have already been discussed, but they deserve review. 
First, the assumption that buffers will effectively control the Ph is misleading. For 
example, consider the micellar catalysed hydrolysis of p-nitrophenyl esters shown 

*For a comprehensive discussion of  reversed micelles see Reference 1 1 ,  Chapter 10. 
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in Figure 2. The experimental conditions were, 2SoC, 0.0 1 M carbonate, 50% base 
(pH = lO.l), and 0.01 M KCl added to  control the ionic strength. The fact that the 
rate-surfactant concentration profiles exhibit maxima shows that the relative 
concentrations of ester and hydroxide ion are changing in the micellar phase, i.e. 
that the buffer is not holding the hydroxideion concentration constant on the 
micellar surface, so that quantitative comparisons are impossible in this system. 
Every solution contains Br-, C1 -, HC03 -, C03' and O H  ions, all of which are 
potential counterions. In fact at low surfactant concentrations the predominant 
counterion at the Stern layer may not be the bromide ion. Also, as the surfactant 
concentration increases, the ratio of the ions at the surface changes continuously. 
Thus, while the buffer should control the pH of  the aqueous phase, nothing 
quantitative can be said about either the total concentration of hydroxide ion in 
solution, or  the actual quantity o f  hydroxide ion a t  the micelle surface, because of 
uncertainties about the relative affinities of  the various ions for the micelle surface. 
Addition of 0.01 M KC1 is an additional complication. Added salts inhibit the 
reaction, and the ionic strength may be altered significantly at high surfactant 
concentration by the ions contributed by the surfactant; moreover nothing is 
known about the significance of 'constant ionic strength' as applied to  micellar 
systems. Finally, the addition of potassium chloride inevitably introduces a new 
counterion, and we know that different counterions affect the rates of micelle- 
catalysed reactions to  different extents. 

One should not assume that different buffer systems will behave identically in 
the presence of added surfactant; indeed it may be wise to  avoid the use of buffers 
wherever possible in order t o  avoid the concomitant salt effects. Also, because the 
pH may change on addition of surfactant it is best t o  measure the pH under the 
actual reaction conditions whenever possible. When studying micellar catalysed 
reactions, the effectiveness of the experimental controls cannot be assumed, but 
must be established and specified for each experimental variable. 

The other factor which must be carefully controlled is surfactant purity. Com- 
mercial surfactants are often very impure and need extensive purification before 
use. Some surfactants are notoriously difficult to  purify completely (NaLS, for 
example)13', and many of the usual analytical techniques are not very useful 
because significant quantities of impurities may be only 196, and often less. 
Checking the accuracy of the cmc by independent physical methods provides an 
important test for the presence of small amounts of hydrophobic impurities, which 
are often powerful inhibitors of micellar catalysed reactionsl2 I .  Surface tension 
measurements for determination of the cmc provide additional evidence, because 
traces of highly surface-active impurities produce noticeable minima in the surface 
tension-surfactant concentration plots' - Mukerjee and Mysels have compiled 
cmc data for a large number of surfactants from the literature and have included 
the methods of measurement, experimental conditions (temperature, concentration 
and type of additives) when available, and critical evaluations of the reliability o f  
the measurements3 4 .  

If the reaction followed is to  be used as a probe of miceller stmcture, then 
effects of reactants and products on the structure must be considered. Selection of  
a suitable substrate is often difficult. Surfactants solubilize solutes, so that it is 
often difficult to  isolate products, and if reactant concentrations are increased the 
micellar structure will surely be significantly perturbed. Product determination 
therefore requires a sensitive analytical method if kinetic probes are to  be used. 

The desirability of using low substrate concentrations complicates rate measure- 
ments, because chemical analysis is generally too insensitive, and conductivity is 
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useless in the presence of ionic surfactants. The best methods are spectrophoto- 
metric, and most investigators choose reactions which can be followed in the 
ultraviolet or visible spectral regions, although fluorescence, phosphorescence and 
electron paramagnetic resonance spectra can also be useful' ' v 3  - Nitrophenyl 
moieties are probably the most useful chromophores as seen from our discussion, 
since they can be easily used at lom5 M concentration. However, even these low 
substrate concentrations may significantly lower the cmc of the surfactant, and the 
more pronounced the effect, the greater the possibility that the initial change in 
rate is due to the formation of small aggregates of substrate and surfactant rather 
than micelles. Only independent physical measurements, such as light scattering or 
conductivity will provide information on the nature of such solutions. 

Some of  these problems are relatively unimportant if one is concerned only with 
qualitative information on micellar effects. However, even here, there are potential 
problems. For example, consider hydrolyses by functional micelles which contain 
hydroxyl groups as potential models for serine hydroxyl groups in enzyme- 
catalysed ester hydrolysis (see Section XI. E). In strongly basic solution the attack- 
ing species is probably the alkoxide ion, whose concentration at the micelle surface 
will be controlled by the hydroxide ion concentration in the Stem layer. In turn, 
the hydroxide ion concentration will be determined by the relative amount of other 
anions in solution, primarily by the counterion contributed by the surfactant. If the 
stoichiometric amount of hydroxide ion is held constant, then the surface concen- 
tration of hydroxide ion will decrease continuously with increasing surfactant 
concentration because of the increasing concentration of unreactive counterion. 
Consequently, the concentration of alkoxide ion will decrease simultaneously, 
making it difficult to make meaningful comparisons of the reaction rates at low 
and high surfactant concentrations. 

There are several other kinds of problems that can prove frustrating. Surfactants 
have widely different solubilities that depend on both chain length and counterion 
type. For example it is possible to make a solution of almost 1 M n-tetradecyltri- 
methylammonium bromide at room temperature while a 0.1 M CTABr solution 
tends to precipitate, especially in the presence of hydrophobic substrates. Concen- 
trated surfactant solutions may be extremely viscous, making rapid mixing of the 
reaction solution impossible. Some added salts markedly affect viscosity and 
surfactant solubility, for example, CTABr becomes viscous and precipitates readily 
when only a small amount of NaBr is added, whereas CTACl remains quite fluid 
and does not precipitate even in the presence of a large quantity of NaC1; but the 
addition of other ions such as tosylate, NO; or CN- markedly increases the 
viscosity of CTABr solutions, but the surfactant does not precipitate. These 
different effects upon viscosity and solubility are not surprising, because viscosity 
will depend upon micellar structure, and will increase markedly as the micelles go 
from spherical to r ~ d - l i k e ~ ~ ,  whereas solubility depends not only upon the proper- 
ties of the solutes, but also upon the packing of the solids into the crystal. 

IX. PREPARATIVE ASPECTS 

Although most work in kinetic micellar effects has relied wholly on rate 
measurement there are a few studies of reactions in which micelles control product 
composition. Examples come from the decomposition of (3-bromocarboxylate ions, 
which react by the SN 1 mechanism in dilute aqueous alkali and the E2 mechanism 
in CTABr' g ,  and reactions of 2,4-dinitrophenylsulphate where spontaneous de- 
composition and amine attack are catalysed to different extents by cationic 
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micelles140. There are also a number of SN 1 reactions and deaminations of amines 
in which the stereochemistry is changed when the substrate is micellized14 -144.  

Large rate enhancements by micelles are commonplace for reactions carried out 
in the presence of normal functional and non-functional micelles in aqueous 
solutions, and reverse micelles in organic solvents. But it is difficult to  make use of 
these large rate enhancements in preparative chemistry. Micelles are dynamic 
aggregates whose structures are easily perturbed by even moderately high concen- 
trations of reactants, and in addition surfactants have molecular weights in the 
range 300-500, so that surfactant solutions of low molarity may contain large 
amounts of surfactants on a weight basis. These disadvantages are increased by the 
ability of surfactants to solubilize organic solutes in water, and thereby hinder the 
isolation of reaction products. These considerations are discussed by Menger and his 
coworkers who have evaluated the use of surfactants in preparative chemistry1 4 5 

Although we see considerable difficulties in the use of aqueous micelles as 
catalysts in laboratory-scale preparative chemistry we believe that they may be very 
useful as inhibitors of undesired reactions, and in stabilizing relatively unstable 
solutes. For example, a large number of drugs can be successfully stabilized in 
surfactant solutions, and in some cases can be used in place of aqueous alcohol 
solutions for administering a drug3 s. 

Phase-transfer catalysis neatly avoids some of the problems discussed above, and 
it is worth noting that in some reactions there is a blumng of the distinctions 
between catalysis by micelles and by monomers or  small aggregates of quaternary 
ammonium ions akin to phase-transfer catalysts. For example, there is the con- 
tinuing question of the importance of micellar aggregates as compared with 1 : 1 
complexes in ester deacylations in the presence of hydrophobic amines (Section 
XI). 

Probably the most promising approach in the preparative use of micelles or  
micelle-like catalysts is immobilization. For example, nucleophilic or  basic groups 
bonded t o  a polymeric backbone are effective reagents or catalysts of deacy- 
lation146 * I 4  ', and their efficacy is increased by attaching hydrophobic residues 
which assist substrate incorporation. 

Another approach which has only been used for dephosphorylatim is to bind a 
cationic functional surfactant (e.g. structure 19, Section XI. C, p. 1005) coulombic- 
ally to an anionic ionexchange resin and to use the beads as a reusable catalystI4 

A very interesting discussion of some of the practical applications of micelles is 
given in Reference 149. 

X. DEACYLATIONS IN NON-FUNCTIONAL MICELLES 

A. Carboxylic Esters 

Much of the initial work on micellar catalysis and inhibition was on the 
deacylation of p-nitrophenyl esters. In most of the experiments buffers were used 
to control pH and salts were often added to maintain the ionic strength of the 
solution. For the reasons mentioned in Section VI. D, we believe that it is impos- 
sible to treat these data quantitatively. However, these early experiments were 
extremely valuable in that they demonstrated conclusively that cationic micelles 
catalysed deacylation by hydroxide ion whereas anionic micelles inhibited the 
reaction by keeping the reagents apart. In addition it was shown that monomeric 
surfactant had little or  no effect on the reaction rate, but that the micellar rate 
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effects increased markedly with increasing substrate hydrophobicity, and that 
micellar incorporation of the substrate was therefore of key importance. 

For the inhibited reactions in anionic micelles reliable substrate binding constants 
were estimated (see Reference 132 and Section V1.G). The binding constants 
between hydrophobic esters and micelles were of the same order of magnitude as 
those found in enzymic reactions, and these observations suggested that there were 
similarities between the surfaces of micelles and enzymes. Spectrophotometric 
measurements of surface polarities support this viewZ9. 

As we have zentioned before, these results have been compiled in an important 
book by Fendler and Fendler which includes an exhaustive compilation of rate data 
up to 1974l I .  

Within recent years studies of micellar effects upon ester deacylation have shifted 
largely to the use of functional surfactants and this work is discussed in Section XI, 
and except for brief comparisons, only recent work on  non-functional micelles is 
considered here. 

Deacylations of p-nitrophenyl alkanoates usually follow the B A , ~  mechanism, 
but an El cB mechanism of decomposition' is found in the presence of cationic 
micelles if an electron-withdrawing a-substituent can stabilize a carbanion 
(Scheme 4)l I .  

0 

X C H z C 4 -  
c"'" * I I  

SCHEME 4. 

It appears that in water all these substrates react by the B A , ~  mechanism, as 
indicated by a p-value of ca 0.7, but that CTABr catalyses proton loss so strongly 
that the ElcB mechanism is followed in the micelles, as shown by the value of 
p 2. These conclusions are consistent with evidence for strong micellar catalysis 
of other proton eliminations'397152. 

Oximate ions are very effective deacylating agents and the reactions are cat- 
alysed very strongly by cationic micelles. Berezin and his coworkers measured the 
catalysis by CTABr of the acylation of m-bromobenzaldoxime by a series of 

R = Me, f-Bu, n-Pr, n-hexyl, PhCH2, O-HOCGH,, 

p-nitrophenyl alkanoatesS3. The hydrophobicity of the ester was increased from 
acetate to heptanoate and the extent of catalysis was related directly to the extent 
of micellar incorporation of the substrate as determined by solubility measure- 
ments. It was assumed that the nucleophilic oximate ion was preferentially incorp- 
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orated into the micelle and the amount of incorporated oximate ion was then 
estimated from the apparent pK, of the oxime under the reaction conditions. The 
overall rate-surfactant profiles were interpreted in terms of the amount of each 
reactant in the micellar pseudo-phase following the general approaches outlined in 
Sections VI. A and B. 

The deacylation of p-nitrophenyl 3-phenylpropionate by oximate ions of pyri- 
dine and quinoline aldehydes is also effectively catalysed by micelles of CTABr 
(Scheme S), as is the phosphorylation of these nucleophiles by p-nitrophenyldi- 
phenylphosphate' 3 .  

0 

CH2CH2C-0 II *02 - 0- 
. = , , N O  

RCH=NO- + 

0 

A C H = N O - - & C H ~ C H Z ~  + - C l e o 2  

n20 r b w  

The reaction was carried out in the usual way with oxime in excess over ester, 
and also with ester in excess over oxime. Under the latter conditions there is an 
initial acylation of the oxime which is followed by its slow regeneration by 
hydrolysis. The rate constants for the initial acylation determined under these 
different conditions did not agree, and the differences between them are not 
unexpected because of the change in the extent of micellar incorporation of the 
reactants. As expected the maximum micellar catalysis depended upon the hydro- 
phobicity of the oxime. 

B. Amides 

There have+been only two studies of micellar effects upon the hydrolysis of 
simple amides . The first was on the alkaline hydrolysis of parasubstituted N- 
methyl acetanilides ( 5 )  in the presence of CTABr and the functional surfactant ( 6 )  
derived from choline' * ' 5 .  

*A recent paper descnies modest rate enhancements of the acid hydrolysis of hydroxamic 
acids by NaLS - D. C. Berndt and L. E. Sendelbach,J. Org. Chern., 42,3305 (1974). 
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The rate enhancements are small for all the substrates (kmax / k, <4). When 
X = H and OCHB the maximum rate enhancements are only slightly greater than 
one, but when X = NOz, the functional surfactant, 6 is about twice as effective as 
CTABr. It is difficult to draw definitive conclusions from these data. 

A more comprehsive study is being made by Broxton and his coworkers on the 
reactions of a series of anilides in 0.00053 M NaOH' 6. The rate constants go 
through maxima with increasing concentration of CTABr, as is typical of bimolec- 
ular deacylations. 

For the reactions: 

R = alkyl 

the rate enhancements range from ca 6 for R = Me to ca 80 for R = Cs HI , and the 
surfactant concentration required for maximum catalysis decreases steadily with 
increasing length of the alkyl group, R. This dependence on substrate hydrophobic- 
ity is very similar to  that found for other deacylations (see Section VI. E and Figure 
2), although it is not completely clear at present whether this shift reflects only 
greater substrate binding or also a contribution from an increase in transitionstate 
stabilization. 

Activated amides, e.g. acylimidazoles, are formed in deacylations catalysed by 
functional micelles which contain the imidazole moiety, and a number of invest- 
igators have examined the turnover step which regenerates the imidazole catalyst by 
hydrolysis of the acyl intermediate. Of particular interest is the work of Tonellato 
and Moss and coworkers on the transfer of the acyl group from an imidazole to a 
hydroxyl moiety in micelles which contain both imidazole and hydroxyalkyl head 
groups. These systems are discussed in Section XI. C. 

Micellar effects upon hydrolysis of 1 -trifluoroacetylindole ( 7 )  have been exam- 
ined (Scheme 6 ) l S 7 .  This very reactive a i d e  is strongly hydrated in aqueous 

- m=m=m 
I 

N N 

HO-L -0- 
I 

HO-C-OH 

(8)  CF3 I -7;'- - ip"'. 
CF3C-0- + 

I 
SCHEME 6. H 

O= L 
I 
-3 

( 7 )  

solution, and except at low pH its hydrolysis probably involves the spontaneous 
decomposition of the hydrate (8) o r  its anions. 

The decomposition at p H > 4  is inhibited by NaLS and speeded by CTABr 
micelles, which may simply be due to changes in the extent of ionization of the 
hydrate, with a decrease by the anionic and an increase by the cationic micelle. 

The acid hydrolysis of ureas is akin t o  that of amides. In water the hydrolysis of 
4-tolyl and 4-nitrophenyl urea ( 9 )  are subject to both general acid and base 
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X = Me, NO2 

catalysis, but only small rate effects are observed on the addition of cationic, 
non-ionic or anionic micelles' * . However, the hydrolyses are strongly catalysed by 
reversed micelles of dodecylammonium propionate, with rate enhancements of ca 
3 x lo3 relative to  aqueous solution. The authors attribute these large catalyses to 
incorporation of the substrate into the interior of a reverse micelle which brings the 
acidic and basic groups of the catalyst into close proximity with the substrate. 

C. Acyl Anhydrides 

The catalysis by cationic micelles of the reactions of p-nitrobenzoyl phosphate 
and its salts has been examined in detail. The micellar effects show common 
features with the catalysis of bimoleculzr reactions of carboxylic esters and of 
unimolecular reactions of aryl phosphate dianions' 

The unimolecular reaction is a spontaneous elimination of a metaphosphate ion 
from either the mono- (10) or dianion ( 1  1). 

a- 

0 
(10) 

0 0- 0 

0 
(11) 

The reaction of the monoanion 10 is only slightly affected by incorporation into 
micelles, while the reaction of the dianion 11 is catalysed by cationic micelles of 
CTABr, and as is typical of unimolecular reactions, the firstarder rate constants 
increase to a plateau as the substrate becomes completely incorporated into the 
micelles. This kinetic form is v e y  similar to those observed in hydrolyses of 
dinitrophenyl phosphate dianion' but the overall rate enhancements are much 
smaller, being ca fivefold for the acyl phosphate as compared with ca twentyfold 
for the dinitrophenyl phosphates. 

The situation is more complex when deacylations of the mono or dianion of the 
mixed anhydride are catalysed by nucleophiles. At pH > 8, the bulk species is the 
dianion 1 1, which is deacylated by both hydroxide ion and dodecylamine (Scheme 

Whereas the maximum rate enhancement of the CATBr catalysis of the reaction 
with OH- is only about eightfold, it is thirtyfold for the reaction with dodeclamine. 
These differences, as before, are similar to those generally found for micellar 
catalysis, with the rate enhancements increasing with increasing hydrophobicity of 
the nucleophile. For example, in water, hydroxide ion is much more nucleophilic 

7 1. 
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a 

(11) I C12H25NH2 , 
a 

SCHEME 7. 

than an alkylamine toward an acyl phosphate dianion, but when the reaction is 
carried out in a cationic micelle aminolysk competes effectively with hydrolysis. A 
somewhat similar pattern is found for reaction of the monoanion 10 (Scheme 8). 

0 
(10) 1 C8H170NH2, 

0 

SCHEME 8. 

While there is a little micellar catalysis of the spontaneous hydrolysis of the 
monoanion 10, there is extensive catalysis of the bimolecular deacylation by 
octyloxyamine. In this experiment it was necessary to  use a weakly basic amine, 
because the monoanionic substrate is extensively deprotonated at pH > 5. 

In these reactions the micelles of CTABr bring reagents together into the Stem 
layer and so speed bimolecular reactions, and they also provide a reaction environ- 
ment which assists the unimolecular decomposition of the dianion. The rate attack 
of 0.01 M hydroxide ion upon the dianion in CTABr is approximately doubled 
when ndecylguanidinium ion is added to the micelle, possibly because the guanid- 
iniom ion hydrogen bonds to  the leaving phosphate ion and provides electrophilic 
assistance to the reaction. 

Finally, the functional surfactant 6 ,  derived from choline, is an effective reagent 
for the deacylation at high pH (Scheme 9), and the reaction almost certainly 
involves nucleophilic attack by the alkoxide moiety. Evidence €or nucleophilic 

C ~ G H ~ ~ ~ J M ~ ~ C H ~ C H ~ O H  + -OH 

(6) 

C ~ ~ H ~ ~ G M ~ ~ C H ~ C H Z O -  + H20 

SCHEME 9. 
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attack as opposed to general acid or general base catalysis by the hydroxyl group of 
6 is presented in Section XI. E. 

XI. FUNCTIONAL MICELLES AND COMICELLES 

Elucidation of the factors which govern catalysis by micelles of non-functional 
surfactants was soon followed by the design of functional micelles in which a 
nucleophilic or basic group was covalently bound to the surfactant. So far as we are 
aware there is no compelling evidence for electrophilic catalysis in these systems. 

In many reactions it is evident that the reaction is occurring in a micellar 
pseudo-phase, for example the reaction-surfactant relationships are similar to those 
observed with non-functional micelles in that the reaction is very slow at surfactant 
concentrations below the cmc, and the rate increases as substrate is incorporated 
into the micelle; but sometimes it is difficult to decide whether micelles or  some 
other aggregate are involved. 

Bruice and his coworkers examined deacylation of p-nitrophenyl esters of 
long-chain alkane carboxylic acids by long-chain alkylamines' 6 0 .  By introducing 
charged centres with the reactants they hoped to observe rate enhancements by 
'twinning' of the reactants when the structures of the reactants permitted a 
maximum in the coulombic and hydrophobic interactions. 

While these results were best interpreted simply in terms of micelle formation, in 
a slightly different system large rate enhancements were found for reactions of 
long-chain n-alkylamines with p-nitrophenyl n-alkane carboxylates' ' - Low ester 
concentrations were used, and rate enhancements were found at amine concen- 
trations well below the cmc, suggesting that micelles were not involved in these 
reactions and that the rate enhancements were probably due to formation of 1 : 1 
complexes. A major problem with this explanation is that the long-chain non-ionic 
esters are themselves surface-active, and may also induce micellization of the 
n-alkylamine, and therefore the rate increases with increasing hydrophobicity of the 
mines could be interpreted in terms of micellization'62. 

Although the examples cited above may involve micellar catalysis, the catalysis 
of deacylation of a series of aryl alkanoates by the imidazole derivative 12 appears 
to involve formation of 1 : 1 complexes' 3 

R 

(a) R = H 
(b) R =i-Pr  

The rate enhancements were generally only of one or-Ir of magnitude, and the 
isopropyl derivative (12b) was, as expected, a poorer catalyst than the unsubsti- 
tuted compound (12a). 

Recent work by Kunitake and his coworkers raises questions about the struc- 
tures of the aggregates involved in reactions of functionalized surfactants and 
related hydrophobic solutes. One striking example of this problem is deacylation by 
alkyl hydroxamates' 6 4 .  
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C H 3  0 

The reaction of p-nitrophenyl acetate with the hydroxamate 13, in water, is very 
strongly caralysed by tri-n-octylmethylammonium chloride ( 14), and the catalysis is 
much greater than that given by cetyltrimethylammonium bromide, which forms 
normal cationic micelles. Salts such as 14 are typically phase-transfer catalysts and 
are generally not regarded as micelle-forming agents, so it seems that in the systems 
studied by the Kunitake group we are dealing with aggregates whose structures are 
different from those of the typical micelle. However, there are many examples in 
which all the evidence points to  the existence of functional micelles which incorp- 
orate the substrate, and these cases are discussed in terms of the specific functional 
group. 

In many deacylations catalysed by functional micelles the initial step is acylation 
of a nucleophilic group, e-g. imidazole, which is followed by decomposition of the 
acyl intermediate with regeneration of the catalyst (Scheme 10). 

0 0 
II II 

-N% + R-C-X - -@-C-R + x- 
R , U  R’ 

SCHEME 10. 

One key test for formation of a covalent intermediate is the kinetic form of 
reaction when the electrophile, e.g. RCOX, is in excess over the nucleophile, which 
in this case is a functional surfactant. There is an initial ‘burst’ of X-, e.g. 
p-nitrophenoxide ion, with consumption of the nucleophile which is then re- 
generated in a slower second step. This test has been applied to catalysis by a 
variety of functional micelles which will be considered in this chapter. But in these 
experiments with low concentrations of nucleophilic surfactant and relatively high 
substrate concentration the aggregates present may be different from normal 
micelles which are formed when the surfactant is in high concentration and the 
substrate is low. 

A. Factors which Contribute to Catalysis by Functional Surfactants 

Before discussing particular reactive head groups it will be useful to analyse the 
factors which control catalysis by functional surfactants. Like the early work on 
non-functional surfactants, the impetus for work in this area comes from a search 
for models of enzymic catalysis. 

One of the goals in studying the mechanism of enzymecatalysed reactions is the 
dissection of the overall reaction into its individual steps and determination of the 
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rate of each step. This work should be facilitated by the study of simpler systems 
and micelles, and also soluble polyelectrolytes and resins represent potentially 
useful models. However, Herries, Bishop and Richards, who made one of the 
earliest studies of micellar catalysis, concluded that ‘micelles appear just as compli- 
cated as the proteins for which we had hoped to  use them as models’71. In 
addition, micelles composed of simple non-functional surfactants generally show 
poor selectivity and low catalytic activity. 

A more promising approach is the construction of micelle models that contain 
part or all of the active sites of the enzymes under consideration. A number of 
studies of this type will be discussed briefly in later parts of this section, with much 
of the work focused on duplicating the acylation-deacylation activity of chymo- 
trypsin’ 6 s 1  ’. Functional micelles, comicelles and mixed micelles have been con- 
structed containing groups which serve as models for the amino-acid sidechains at 
the active site of chymotrypsin, e.g. the serine-195 hydroxyl group, the histidine-57 
group, and carboxylate group of asparate-102. Other groups whose catalytic proper- 
ties have been studied in micellar systems include oxime, hydroxamic acid, thiol 
and their respective anions, and the amino group. 

If these models are to  be fully exploited the experiments must be in sufficient 
detail to isolate the individual steps and their respective rate constants for the 
whole mechanism. This means that the reaction conditions must be standardized 
and experimental controls established so that meaningful comparisons between 
various systems can be made. Inspection of the literature indicates that neither 
condition has yet been met. Most of the studies are preliminary, having demon- 
strated only the presence of, or catalysis (albeit, sometimes very large) by, a 
particular functional group. Most workers use consistent experimental conditions 
for their own work, but these often differ considerably from group to group. For 
example, there may be differences in buffer type and concentration, counterion 
type and concentration, surfactant chain length or headgroup structure, substrate 
and nucleophile structure, making quantitative comparisons almost impossible. 
Meaningful comparisons can be made even more difficult by the formation of 
complexes between the surfactant monomer and a hydrophobic substrate or nucle- 
ophile at low surfactant concentrations, by different extents of binding of chemic- 
ally similar reactants differing only in their hydrophobicity, or simply by there 
being insufficient data for separation of the concentration and medium effects of 
the micelle. 

Scheme 11 illustrates the importance of controlling the variables listed above. 
Any of these micellar reaction systems can be used as potential models for the 
various steps involved in enzyme catalysis. Reaction 1 shows the binding of a 
hydrophilic organic nucleophile to a non-functional cationic surfactant. Reaction 2 
shows the binding of the chemically similar nucleophile whose hydrophobicity has 
been increased by the attachment of a long hydrocarbon chain, which produces 
comicelles. Reaction 3 illustrates the formation of mixed micelles when the nucleo- 
phile is attached directly to  the surfactant monomer, which is combined in varying 
ratios with a non-functional surfactant. Reaction 4 shows functional micelles 
composed only of functional surfactant monomers. The non-ionic substrate, S, is 
assumed to be the same in all cases, and in low concentration so that it neither 
perturbs the micelle structure nor depletes the nucleophile concentration signifi- 
cantly during the courSe of the reaction, thus maintaining first-order conditions. 
Scheme 11 also illustrates the important point that many of the nucleophiles 
studied can ionize forming highly nucleophilic anions at an experimental pH well 
below the pK, of the nucleophile in water. 

C. A. Bunton and L. S. Romsted 
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Comparison of the catalytic properties of nucleophiles (or substrates) of differ- 
ent hydrophobicity in micellar solutions (Reaction 1 with 2 or 3) requires that the 
surfactant concentration is high enough to ensure complete binding of the nucleo- 
phile (or substrate) or that the binding constant is known under the experimental 
conditions. If the extent of binding is unknown, it will be impossible to decide 
whether rate increases with increasing reactant hydrophobicity are related to an 
increase in the incorporation of the reactant or to changes in its location within the 
micelle. 

One of the earliest studies of the importance of nucleophile and substrate 
hydrophobicity illustrates many of the potential problems in the interpretation of 
data. Gitler and Ochoa-Solano studied the deacylation of p-nitrophenyl esters by 
p - a c e t y l  (AcHis) and myristoyl histidines (MirHis) in CTABr at pH 7.02 using Tris 
buffer (Soheme 12)' 5.  They found that CTABr catalysed deacylation by MirHis 

0 0 0 

I1 II II 

R-c-NH7HTNH 
R-C-NHj2-iFJN-C-R* HzO , 

COT N- COT N-/ 

O 
I I  

+ -0-C-R' 

R = Me,C13H27 

R' = Me, Et, n-Pr, n-Bu, n-arnyl 

SCHEME 12. 

but inhibited that by AcHis, and that the extent of catalysis and inhibition 
increased with increasing length of the alkyl group (hydrophobicity) of the ester. 
The simplest interpretation of these results is that MirHis is incorporated into 
micelles, while AcHis is not. There is a linear relation between the logarithm of the 
second-order rate constant at constant MirHis and the length of the ti-alkyl group of 
the ester at constant surfactant and MirHis concentration. However, the authors did 
not measure the extent of incorporation of the esters, making it impossible to 
decide whether this free-energy relationship depends on increased binding of the 
ester or on a change in the rate of the reaction in the micellar phase. 

This study also illustrates some of the other important controls required for the 
interpretation of the kinetics of micellesatalysed reactions. Turbidity measure- 
ments provided strong evidence for formation of a 1 : 1 complex between MirHis 
and CTABr below the cmc of pure CTABr. The turbidity disappeared at higher 
CTABr concentrations, and the complexes were apparently not catalysts. At very 
low CTABr concentrations, MirHis was insoluble, making it impossible to compare 
the effect of increasing nucleophile hydrophobicity over a wide concentration range 
of surfactant. In addition a soluble nucleophile, like other added solutes, may lower 
the cmc, so that the cmc under kinetic conditions is generally lower than that of 
the pure surfactant in water. 

Gitler and Ochoa-Solano showed that the initial step of the reaction was 
acylation of the MirHis with release of p-nitrophenoxide ion. The pH-rate profile 
gave an apparent pK, of 6.2 for the micellar-bound MirHis, compared to a pK, of 
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7.0 for imidazole in water, and was consistent with the neutral imidazole moiety 
being the nucleophile. However, the pH was not increased sufficiently t o  exclude 
the possibility that the anion of the nucleophile was the reactive species, and in 
many reactions involving imidazole-derived functional surfactants the anion is the 
reactive species. There are, however, examples of nucleophilic participation by both 
the non-ionic imidazole moiety and its anion (see Section XI. C and Figure 10). 

While reactions of non-ionic nucleophiles and substrates are amenable to the 
analysis discussed earlier (see Section VI. A and B), the complete interpretation 
becomes much more complex as the pH is increased and the nucleophile ionizes. 
Some of the enhanced catalytic activity of functional surfactants and comicelles 
can be attributed to the presence of the nucleophilic anion at  operational pH's well 
below the pK, in water, a conclusion supported by the fact that cationic micelles 
lower the pK, of weak acids while anionic surfactants increase it' '- However, a 
complete interpretation of the effect of micelles on ionic nucleophiles is impossible 
at this time because the data are incomplete and more importantly, the current 
experimental controls are inadequate. 

The complexity of this problem is greatest for functional micelles (Scheme 11, 
Reaction 4), as is demonstrated by the effect of micellization and added salts on 
the apparent pK, of a series of acylcarnitines determined by potentiometric 
titration (Scheme 13)' 1' '. 

0 0 
II 

CH2 C- 0- 0 CH2C-OH 
I I  

0 
II I II I 

+ H+ - R-C-0-CH R-C-0-CH 
I +  
CHzNMe3 

I +  
CH2NMe3 

The titration was carried out at surfactant concentrations significantly higher 
than the cmc. Initially, the carboxyl group is imbedded in a zwitterionic micelle 
which is transformed continuously into a cationic micelle during the course of the 
titration. This change in surface structure produces a dramatic change in the 
apparent pK, of the carboxyl group. 

When the micelle is initially zwitterionic, the apparent pK, is 4.85 for the 
carboxyl groups in the lauryl carnitine micelles 12, R = C1 H2 3, but it decreases 
2 pK, units on complete protonation. The apparent pK, of the carboxyl group in 
the cationic form of the micelle 13 is sensitive to changes in the concentration of 
added salt, with a pK, of 3.4 for the protonated form of lauryl carnitine in 0.2 M 
potassium chloride compared to a pK, of 2.9 in the absence of salt. However, at 
any pH the apparent pK, of micellized myristyl carnitine, R = C1 H2 7 ,  is sensitive 
to the type of anion present, but not to the cation. In 0.2 M added salt the salt 
order on pK, of myristyl camitine is I- > Br- > C1-. Similar trends are observed in 
pK, determinations of micellized alkylamine oxides' 6 8 .  

These results indicate that the rates of reactions catalysed by functional micelles 
may be sensitive to changes in surface charge and the type and concentration of 
buffer and counterions present. Changes in the extent of acid dissociation of the 
functional group at the surface will alter the concentration of counterions at the 
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surface, and perhaps also the pH at the surface and the intrinsic pK, of the 
functional group, and conversely, changes in the salt concentration and counterion 
type may alter the surface pH and the intrinsic pK,. The problem may be even 
more complex when one buffer component is also a counterion to  the micelle. 
Some of these problems can be avoided by measuring the apparent pK, of the 
functional surfactant under kinetic conditions, or by using a mixed micelle system 
with a very low concentration of the functional surfactant to minimize perturb- 
ation of micellar structure. 

Ionization of the nucleophile and the change in micellar charge may also affect 
the binding of hydrophilic nucleophiles, e.g. of acetyl histidine, whose anion will 
bind more strongly than the neutral precursor (Scheme 1 1 , Reaction l ) ,  i.e. 
KK % KN. Addition of non-reactive counterions may alter the pH at the micellar 
surface by displacing hydroxide ions, and possibly the anion of the nucleophile, 
thus further complicating the interpretation of the changes in apparent pK, of the 
functional group, the role of hydrophobicity of added nucleophile, and the signifi- 
cance of the extent of catalysis by a functional micelle. 

Although the various factors have not been separated, in combination they can 
account for rate enhancements of several orders of magnitude. In Section VI. A we 
predicted the magnitude of the catalysis to  be expected from the concentration of 
the reacting entities at the micellar surface. There are currently insufficient data to 
permit a test of this prediction because the conditions of the micellar and non- 
micellar experiments are generally very different. 

6. Thiols 

The first example of the use of a functional micelle containing the thiol group as 
a catalyst of ester deacylation was provided by Heitmann' 9 ,  who used Ndode- 
canoyl-D L-cysteinate in aqueous solutions of anionic and cationic surfactants in the 
deacylation of p-nitrophenyl acetate and nucleophilic substitutions as models for 
-SH enzymes. Incorporation of the functional surfactant into anionic micelles of 
N-dodecanoylglycinate inhibits reaction while incorporation of the nucleophile into 
cationic micelles of CTABr strongly catalyses deacylation. The results are consistent 
with RS- being the reactive species. The rate enhancement in CTABr is due in part 
to increased ionization of the -SH group, while incorporation in the anionic 
micelles decreases ionization producing net inhibition. 

More recently Tagaki and his coworkers have shown that comicelles of alka- 
nethiols' 7 0  and octadecyltrimethylammonium bromide are effective deacylating 
reagents towards p-nitrophenyl acetate (Scheme 14). The rate enhancements over 
reaction in aqueous solution range from a factor of 110 for ethane thiol to  ca. 

R = Et,n-Bu,n-hexyl,n-CsH17, n-CloHzl,n-C1:,H25 

SCHEME 14. 
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5 x lo4 for n-dodecane thiol. This dependence of reaction rate upon reactant 
hydrophobicity is typical of micellar catalysis, and can be related to  the extent of 
partitioning of reagents between water and micellar pseudo-phase. Longchain 
alkane thiols are hydrophobic and therefore should be incorporated largely into the 
micelle, so that the rate constants in the micelle increase with increasing length of 
the alkyl group of the thiol. The reactive species is the thiolate ion and incorp- 
oration should increase the extent of ionization of the thiol, as well as the reactant 
concentration in the micellar pseudo-phase. These factors have not been separated. 

It is reported that the thiol ester formed by initial deacylation is hydrolysed 
under the reaction conditions, with turnover of the nucleophile. However, thiol 
esters are not especially reactive at the pH of these experiments' and it would be 
useful t o  have independent evidence for this turnover step. 

C. Amines and lmidazoles 

W e  consider first reactions in which the nucleophile is a primary m i n e .  Both 
Knowles and coworkers' and Oakenful12 ' have used primary n-alkylamines as 
deacylating agents. The reaction rates increase sharply with increasing hydro- 
phobicity of both the n-alkylamine and the substrate, which was a p-nitrophenyl 
derivative of an n-alkane carboxylic acid. Oakenfull used aqueous ethanol as a 
solvent, with the aim of working at reagent concentrations below the critical 
micelle concentrations of the reactants, but it is not easy to decide whether 
comicelles or 1 : 1 amine-ester complexes are present in these systems, because 
small amounts of hydrophobic solutes can induce micellization*. 

Knowles and coworkers obtained similar results using n-alkylamines, and showed 
that both aminolysis and hydrolysis occurred more readily when the reagents could 
form aggregates. However, much of the work of both groups was done using 
n-alkylimidazoles, and again very large rate enhancements were found with the 
more hydrophobic reactants. 

The major unsolved problem in these systems is distinguishing between the 
formation of reactive 1 : 1 complexes, by 'twinning' of the reagents, or the 
formation of comicelles as was suggested by Guthrie' 6 2 .  Unfortunately, an increase 
in reaction rate with increasing reactant hydrophobicity may not distinguish be- 
tween these possibilities. Blyth and Knowles161 for example, cited a parallel 
between the rate enhancements of these reactions and the increase in hydrophobic 
bonding between the long-chain esters and amines as evidence for the formation of 
1 : 1 complexes. However, this trend is equally consistent with comicellization, 
because the driving force for the formation of both types of aggregates is the release 
of water molecules from the surface of hydrophobic groups in aggregation. Elucid- 
ation of this problem will probably require physical study of the aggregates using 
chemically inert model compounds. 

Imidazole derivatives provide many examples of intramolecular catalysis in 
homogeneous systems, and functional surfactants which contain imidazole in the 
head groups have been used extensively in deacylations catalysed by normal 
micelles in aqueous solutions. The pattern of reactivity is similar to that discussed 
earlier for deacylation by n-alkylamines, in that the rate constants increase with 
increasing hydrophobicity of both reagents. 

*Another example of powerful catalysis of  deacylation by aggregates which are apparently not 
typical micelles is provided by the work of Kunitake and coworkers on the deacylation of 
p-nitrophenyl acetate by hydrophobic hydroxamate ions in the presence of  trioctylmethylam- 
monium chloride (see Section XI. D, Reference 164). 
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The ambiguities regarding the nature of the association between reactants are 
absent in some, but not all, or the systems composed of mixed micelles and 
functional micelles. Mixed micelles of CTABr and Na-acyl histidines discussed 
earlier (Section XI. A) provide an excellent example of the properties of micelles 
composed of two types of surfactants. 

An early example of catalysis by functional micelles is the decomposition of the 
cationic carbonate ester 14 by micelles of Na-stearoylhistidine (1 5) (Scheme 15)' 72. 

0 co, 1 
II I 

C 1 7 H 3 5 C - N H C H 6 p  + CO;! + HOCH2CH;!&Me;!C1 2H25 
N L /  
H 

SCHEME 15. 

In this system the rate constant increases sigmoidally to a plateau with increasing 
concentration of N"-stearoylhistidine, which is typical of micellar incorporation of 
a substrate, suggesting that this catalysis almost certainly involves micelle for- 
mation rather than 1 : 1 complexation. However, the authors interpreted the 
catalysis in t e r m  of the formation of 1 : 1 complexes because it was observed at 
surfactant concentrations well below the cmc. This system, like others discussed in 
this section, illustrates the difficulty in distinguishing between the formation of 
micelles and small substrate-surfactant aggregates. 

The pH-rate profile shows that the neutral form of the imidazole moiety was 
reactive under the experimental conditions (pH < 8.5). This result is understand- 
able because the imidazole group is physically close to the carboxylate anion and 
kinetic evidence for the presence of a reactive imidazole anion has been found 
only in cationic functional micelles at pH > 8 (see below). 

The acyl intermediate (16) breaks down rapidly with loss of C 0 2 ,  but there are 
several deacylations in which the formation of acyl imidazoles has been demon- 
strated kinetically or by trapping (cf. Section XII). 

Tagaki and his coworkers have used the functional surfactant 17 (Scheme 16) to  
catalyse the deacylation of p-nitrophenyl acetate and they have also followed the 
decomposition of the acyl intermediate' 1 3 .  They suggest that the initial acylation 
step involves the anion of 17, and ionization should be assisted by the cationi'c 
micelle, as is deacylation of the intermediate by attack of hydroxide ion. This 
explanation is supported by the observation that comicelles of 17 and sodium 
tetradecyl sulphate are poor catalysts. The effect of pH upon the reaction of 
p-nitrophenyl acetate in the presence of micelles of the functional surfactant 
Na -dodecanoly-L-histidine (DoHis) and in mixed micelles of DoHis with CTABr 
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0 
II CIgH37NMeZCH2 / N -6 H + -0-c-cH3 

SCHEME 16.' 

and DoHis with N'4odecylglycine was investigated in detail by Heitmann and his 
coworkers who concluded that here too the active nucleophile is the imidazole 
anion' 74 .  However, they did not attempt to estimate the rate constant in the 
micellar phase with respect to  the imidazole anion. The uncertaintaies as to the 
second pK, of imidazole and its derivatives, both in water and in micelles, 
complicate quantitative interpretations. 

Berezin and coworkers studied the deacylation of p-nitrophenyl heptanoate by a 
variety of imidazole derivatives in CTABr in 0.02 M borate and phosphate 
buffers8 7b. Some of these derivatives were sufficiently hydrophobic that the 
aggregates could be regarded as comicelles with CTABr rather than as CTABr 
micelles which contained small quantities of bound nucleophile. These results 
indicate quite clearly that in moderately basic solutions the anionic form of the 
imidazole derivative is the active species. 

6 7 8 9 

PH [POI  

FIGURE 10. Log k vs pH @D) profile 
for the hydrolysis of (R)-p-itmphenyl-N- 
acetylphenylalanine in micelles of the chiral 
surfactant, 19. Solid symbols denote differ 
ent samples of surfactant. Taken from S. 
Diaz, Ph.D. Besis, University of California, 
Santa Barbara, 1977. 
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Taken together, these observations suggest that at pH > 8 in cationic surfactant 
solutions the active nucleophile is the imidazole anion, but that in anionic or  
zwitterionic micelles, or in 1 : 1 complexes, the neutral imidazole group may be the 
active species. However, the evidence is unambiguous for the deacylation of 18 by 
the histidine derivative 19, examined over a wide range of pHI4*. In these reactions 

(a) R’ = Ph, R 2  = M e  

(b) R ’  = PhCH2, R 2  = MeCONH 

the surfactant was in large excess over the substrate and the rate constants increase 
sigmoidally as the micelle incorporates the substrate. Under conditions in which the 
substrate is largely micellar incorporated the rate constants increase in going from 
pH 6.5 to  6.9, then become approximately constant, and then increase again at  
pH> 8 (Figure 10). This general form of the rate-pH (pD) profile has been 
observed with p-nitrophenyl-3-phenylpropionate (1 8a) and (R)-p-nitrophenyl-N- 
acetylphenylalanine (18b). The pH-rate profile for this system can be rationalized 
using the acid-base equilibria in Scheme 17, on the assumption that the cation (20) 

H 
(20) (19) (21 1 

SCHEME 17. 

is unreactive and that the anion (2 1) is a better nucleophile than the undissociated 
form (19). The apparent p K ,  of the surfactant is consistent with the hypothesis, 
and the deuterium solvent isotope effect, k ~ , ~ / k ~ , o  = 1.3, for the hydrolysis of 
18b catalysed by 19, is in the range expected for nucleophilic attack. As expected 
the kinetic solvent deuterium isotope effect increases with increasing pH as the 
imidazole group becomes deprotonated, because of the normal deuterium solvent 
isotope effect on acid dissociation. 

The surfactant 19 has two chiral centres and a single diastereoisomer could be 
isolated. It was a stereospecific catalyst for the hydrolysis of 18b, with the rate of 
reaction of the S-substrate being approximately three times that of the R’ 7 5 .  This 
stereospecificity was not derived from differences in substrate binding, because the 
binding constants estimated from the rate-surfactant profiles in Figure 11 were 
equal within experimental error, but it stemmed from differences in the transition- 
state interactions. These interactions probably involve hydrogen bonding between 
the amido group of the surfactant and the acetamido group of the substrate 22, a 
conclusion supported by the fact that there was little stereospecificity in the 
catalysed hydrolysis of R- and S-p-nitrophenyl-2-phenylpropionate where there can 
be no such interaction. 
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1 2 3 4 5 6 

~ ~ u r f o c t o n t l  x103, mol i' 
FIGURE 11. Variation of kobs with concentration of the 
chiral surfactant, 19. Solid circles are the R points; open circles 
are the S. Taken from J. M. Brown and C.A. Bunton,J. Chem. 
Soc., Ozem Commun., 969 (1974). Reprinted with permission 
of the Chemical Society, London. 

(22) 

Chiral recognition has not been observed in deacylations catalysed by non- 
functional cationic micelles which contain chiral head groups' '. These obser- 
vations are consistent with micelles having structures which are mobile and easily 
deformable by added substrates. Thus, chiral non-functional micelles do not distin- 
guish between chiral substrates or the transition states derived from them. 

(Non-functional micelles can change the stereochemical course of SN 1 reactions 
of chiral substrates bound to them14 1 * 1 4 2 1 1  77-1 7 9 -  For example, the deamination 
of non-micellized chiral primary amines involves predominant inversion of configur- 
ation, while deamination of the micellized amines leads to  predominant retention 
of configuration' 7 9 .  These observations can be rationalized in terms of preferred 
front-side nucleophilic attach upon the carbocationic intermediates in these reac- 
tions.) 
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D. Oximes and Hydroxamates 

Oximate ions are excellent nucleophiles and recently functional surfactants 
containing oxime or hydroxamic acid head groups have been shown to Se excellent 
micellar catalysts of deacylation. For example, mixed micelles of CTABr and 
N-methyl-N-laurylhydroxamate ion are very effective deacylating agents of p-nitro- 
phenyl acetate and their activity is reported to be similar to that of chymo- 
trypsinl8 Q . 

In another example, the deacylation of p-nitrophenyl acetate by the cationic 
oxime derivative 23 or the hydroxamic acid 24 is strongly accelerated by cationic 

N-OH 0 

micelles of CTABr (by factors of ca lo2), and to a smaller extent by non-ionic 
micelles, but anionic micelles of NaLS retard the reaction181. These reactions 
almost certainly involve nucleophilic attack by the oximate or hydroxamate deri- 
vatives of 23 and 24 because the reaction rates increase with increasing pH and 
begin to level off when acid dissociation is complete at pH > 9. 

As in other studies of reactions with functional surfactants, it is difficult t o  
separate the various factors which contribute to the rate enhancements because we 
do not know the extent of micellar incorporation of p-nitrophenyl acetate, and in 
addition cationic micelles will assist formation of the nucleophilic anion. 

Another example of the importance of reactant hydrophobicity in a hydroxa- 
mate-induced deacylation is a study of the reaction of a series of anionic benzoates, 
2 5 l S 2 .  The reactions are catalysed by micelles of CTABr provided that the 

0 0 0 0 
II 

CO, - R-C-NHO-C-R' + -0 
II 

R-C-NHO- + R-C-0 

0 2  N' 0 2  N' 

(25) 

R =n-Pr,n-C5H11,n-C7Hl5,n-CgHlg 

R' = Me, n-Pr, n-CsHl;, n-C7H15, n-CgH19, n-C? 1 H23, n-C13H27 

hydrophobic residues R and R' in either the nucleophile or  the electrophile can 
bring reactants together in a comicelle. The rate enhancements are up t o  500-fold 
on the addition of CTABr, apd as expected they depend critically upon the lengths 
of the alkyl groups R and R . An interesting observation is that the phase-transfer 
catalyst trio ctylmethylammonium chloride strongly enhances the reactivity of the 
hydroxamate derivative in the presence of non-ionic micelles' 6 4 9 1 8  Trioctyl- 
methylammonium chloride does not micellize, but it apparently aggregates with 
non-ionic surfactants. the rate enhancement is ascribed to  the formation of de- 
hydrated hydrophibic ion pairs, making the anions much more reactive than in bulk 
water. This suggestion appears to be contrary to  evidence that hydrophilic ions are 
fully hydrated in the Stern layer in ionic micelles, and resolution of this question is 
needed. Alternatively, the rate enhancement can be attributed to a proximity 
effect, a form of forced ion pairing brought about by binding to the non-ionic 
surfactant which bring the reagents together. 
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A functional surfactant which contains both hydroxamate and imidazole groups 
has been synthesized by Kunitake and his coworkers and is discussed in Section 
XII. 

E. Hydroxylalkyl Derivatives 

Cationic surfactants of the general structure 26 are effective catalysts of deacy- 
lation’ 7 * 1  and dephosph~rylation~ 8 4  and the hydroxy moiety reacts nucleo- 
philically with alkylla5 or aryl halideslB6 and with carbocationsIB7. The surf- 
actants are generally choline derivatives, R = H, n = 1, but ephedrine derivatives 
have been used in some experiments1B5, and homocholine derivatives, R =  H, 
n = 2, have also been studied’ ’. 

R’ iMe2CR 2(CR pInOH Br- 

(26) 

There is compelling evidence that at high pH the hydroxy group generates the 
alkoxide moiety which is an effective nucleophile. Evidence which excludes general 
acid or base comes not only from deacylation, but also from reactions with 
phosphate esters and aryl halides, and these will be considered together. 

Covalent intermediates have been detected kinetically and spectrophoto- 
metrically. For exampie, the deacylation of p-nitrophenyl acetate is catalysed by 
micelles of n-C1 H3 ,NMe2 CHz CH2 OH, and with substrate in large excess over 
surfactant an initial burst of p-nitrophenoxide ion is observed followed by a slow 
‘turnover’ step which is deacylation of the catalystB7a. This approach is similar to 
the typical ‘burst’ experiment in enzyme kinetics. 

Formation of the aryl ether 27 was demonstrated spectrophotometrically and 
kinetically in reactions of 2,4dinitrofluoro- and chlorobenzene in dilute aqueous 
alkali (Scheme 18)’ a ti - The rate constants for the formation and decomposition of 

NO2 
X = F, CI 

SCHEME 18. 

27 can be measured, and as expected its formation is very much more rapid with 
the fluoro than the chloro substrate, but the rate constants for the second step are 
the same for both substrates. 
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Other evidence for nucleophilic attack by the hydroxy alkyl group comes from 
reactions of the cationic substrates 28 and 30 (Schemes 19 and 20). The hydroxy- 

0 0 
I1 II 

RiMe2CH2CHzO- + RiMe2CH2CH20CAr = RiMe2CH2CH20CAr + RiMezCHzCH20- 

R =n-C16H33 E & M e 2 C H 2 C H z O H  + Arc02 

m) J-.. 
Ar = O 2 N a  

SCHEME 19. 

0 0 
+ + I I  + I1 + 

RNMe2CH2CH20- + RNMe2CH2CHzCHzOCAr RNMe2CH2CH20CAr + RNMe2CH2CH2CH20- 

Arc02 

R =n-CloH21 

ethyl surfactant 29 

SCHEME 20. 

is a relatively ineffective catalyst for deacylation of 28, simply 
because nucleophilic attack by 29 gives no chemical change, and the products arise 
only by attack of hydroxide ion' a. This evidence appears to exclude general acid 
or base catalysis by the hydroxyethyl surfactant. However, in a rather similar 
system, using the homocholine derivative 30 as a substrate, transesterification was 
observed kinetically and the final products were shown to be derived from attack of 
hydroxide ion on 30 and 3 1 

Additional evidence for formation of the reactive zwitterion 33 by acid dissoci- 
ation of 32 is provided by the values of the solvent deuterium isotope effect for 
dephosphorylation (Scheme 21)' 8 8 .  Deuterium solvent isotope effects are gener- 

+ + 
mC16H33NMe2CHzCH2OH + -OH = n-C16H33NMe2CH2CH20- + H20 

(32) (33) 

Ar = 02N 
lo" 

R = Et, n-hexyl, Ph n-C16H33hMe2CH2CH2OL + -OPO(OR)2 

SCHEME 21. 
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ally large, with k~ O / ~ D  0 > 2.5, for general acid- or base-catalysed reactions in 
which there is proton transfer in the rate-limiting step. However, the isotope effects 
are small and inverse for dephosphorylation of micellar bound 34 in dilute alkali. 
There should be a small inverse isotope effect o n  the formation of the zwitterion, 
and with the n-hexyl derivative k ~ , o / k ~  0 =0.75 in 0.01 MOH- where the 
hydroxyl group is only partially ionized. In d.2 M OH- where this group should be 
almost completely ionized, this inverse istope effect should have disappeared and in 
the reaction with the n-hexyl derivative k ~ ,  o / k ~  I 0 = 1 

In the foregoing discussion it has been assumed implicitly that zwitterions are 
present in these micellized hydroxyalkyl surfactants in mildly alkaline solution. The 
pK, of choline is 13.9 and micellization should increase the acidity of the hydroxy 
group. A y-hydroxy surfactant should be less acidic than the corresponding P-deriva- 
tive, but these surfactants, e.g. n-C1 Hz NMe, (CH2)3 OH, are also effective nucle- 
ophiles' 27,  suggesting that here too there is some acid dissociation of the hydroxy 
group, although presumably less than with the corresponding Pderivatives*. 

It is difficult to isolate the general factors which contribute to catalysis by these 
functional micelles. The reaction in most cases involves nucleophilic attack by  an 
anionic moiety, e.g. oximate or alkoxide ion, generated by acid dissociation, and 
this dissociation should be increased by incorporation into a cationic micelle. 

For example, the pK, of the octadecyl surfactant 34 has been estimated as 

(341 

10.587a. This value is much lower than that of ca 12.3 estimated for the hexadecyl 
derivativeg4 9 8 4 ,  suggesting that increasing the length of the n-alkyl group, and the 
hydrophobicity of the groups at the cationic centre, increases the acid dissociation 
of the head group, resulting in greater rate enhancements. Also, as we have 
mentioned before, comparison of the reactivity of a micellized nucleophilic anion 
such as 33 with that of hydroxide ion is very difficult. Allowance must be made for 
the differences in distribution of substrate and nucleophile between the micellar 
and aqueous phases in the two systems. Thus, comparisons of raw rate data are not 
particularly helpful. 

hydroxyethyl surfactant, was to 
work under conditions in which the substrate should be wholly micellar-bound and 
to estimate the fraction of the micelle which is present as the reactive 
z w i t t e r i ~ n ~ ~ s ' ~ ~  using the apparent pK,. The observed first-order rate constant in 
a (hypothetical) zwitterionic micelle can then be  compared with the second-rder 
rate constant for reactions of hydroxide ion in water. In comparing reactivities for 
intra- and inter-molecular reactions one usually divides the first- by the second- 
order rate constants and expresses the reactivity difference in terms of concentra- 
tion of the nucleophile or base, which is in this case the hydroxide ion16 - The rate 
enhancements calculated in this way range from 4 M for deacylation of the 
p-nitrobenzoyl phosphate dianion (Section X.C) to 410 M for the decomposition of 

An alternative approach, used with the C1 

*There are problems in defining p K ,  in micelles as we have noted several times earlier, in part 
because of the uncertainty in the distribution of ions between micelles and bulk water, but also 
because of the change in composition of the surface. In this case the surface of micelliied 
Pthydroxyethyl surfactant is transformed from cationic to zwitterionic (see also discussion on 
Scheme 11, Reaction 4, Section XI. A). 

( R 6 M e & H 2 C H 2 0 H ) ,  ( R i M e 2 C H 2 C H 2 0 H ) , - ,  ( R 6 M e 2 C H 2 C H 2 0 - ) ,  + H* 
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2,4dinitrocNorobenzene' 9 .  These comparisons show that micellized hydroxy- 
alkyl surfactants are much more effective reagents than hydroxide ion in the 
presence of micellized non-functional surfactants, e.g. of the n-alkyltrimethyl- 
ammonium halides. 

XII. THE QUESTION OF BIFUNCTIONAL CATALYSIS 

The possibility of bifunctional catalysis has intrigued solution kineticists for many 
years, and although many possible systems have been studied there appears to be no 
certainty regarding bifunctional catalysis of reactions in homogeneous solutions (cf. 
Reference 190). Nevertheless, this mode of catalysis is often postulated for enzymic 
reactions' 9 1 . 

Many reactions, especially those catalysed by acids or bases, involve the creation 
of both acidic and basic centres during transition-state formation, and it seems not 
unreasonable to  expect that a general base might abstract a proton from an acidic 
centre to  generate a nucleophile which adds to  an electrophilic centre. For example, 
Scheme 22 shows a proposed model for bifunctional catalysis of ester deacylation 

HN-N OH N 3 :  OH 

CH2 I + - O H  t/ (!H2 + H20 

1 Micelle 
Micelle 

0 

I L L  
II 

N + N : n  H-0 n o  N-NH 0-C-R I I  
!I-I2 +-OAr 

R-C-0- Ar 
I H 2  

(38) u 
Micelle Micelle (3) 

Micelle 

SCHEME 22. 

A r = O N O *  

at the micellar surface' * 9' However, there is considerable evidence which 
suggests that these transfers are generally consecutive rather than concerted, prob- 
ably because the unfavourable entropy change required to incorporate a third 
reactant into the transition state offsets any benefits from increased covalent 
participation*. 

*It has been suggested that even sN2 and E2 reactions of alkyl halides and related compounds 
are in fact stepwise and the arguments against concertedness have been cogently developed' ' . 
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A major source of the micellar catalysis is the partial avoidance of the entropy 
loss in bringing reactants together in the transition state; thus it should be easy to 
obtain concerted bifunctional catalysis in a micelle. For example, the powerful 
catalysis of mutarotation in reverse micelles of alkylammonium carboxylates has 
been interpreted in terms of concerted proton transfers' 5 .  

The question of bifunctional catalysis of deacylation was answered in part using 
normal micelles of surfactants which contain imidazole andp-hydroxyethyl groups, 
and comparing the reactivity of the bifunctional surfactant 37 with mixed micelles 
of the monofunctional surfactants, 35 and 36l lS1 3. All the functional surfactants 

CH3 
I 
I 
R' 

CI- 

CH3 CHzCH20H R' = CH3 

R2 = CHpCH2OH C H Z F N H  C H 2 + ~ ~  

(35) (36) (37) 

N--/ N--/ 

are effective deacylating agents. The rapid formation of a new covalency by 
nucleophilic attack on the acyl group was demonstrated by observing a 'burst' of 
p-nitrophenoxide ion when 38, in excess, is allowed to react with the surfactant 
(Scheme 22). The final product (39) is formed by 0-acylation, which suggests that 
the imidazole group accepts a proton from the hydroxyl group which attacks the 
acyl centre. However, the reaction is actually stepwise and an acyl imidazole is 
initially formed, which in a second slow step acylates the hydroxyl group to form 
the relatively unreactive ester 39. 

The evidence that an acyl imidazole is formed in the rate-limiting step of the 
reaction is consistent with the observation that potentially bifunctional nucleo- 
philic surfactants such as 37 are poorer deacylating agents than the corresponding 
imidazole derivatives 36, simply because the density of reactive imidazole groups at 
the micellar surface is greater with 36 than with 37. 

Comicelles of CTABr and the functional surfactant 40 are also excellent 
catalysts of the deacylation of p-nitrophenyl acetate' 9 6  - Reaction between excess 

0 w-\ 0 N-\ 

p Q J H  
+ ArO- / & N H  + ArOAc - n-C12H25-N\ / 

OAc 
(41 1 

' O -  yH \" 
mC12H25-N 

(40) 

-0Ar + -0Ac  

0 N-\ 

&NH 

+ - 0 A c  
/ 

"-C12H25-N\ 
0- ArOAc = CH3C-0 ' O N 0 2  

SCHEME 23. 
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p-nitrophenyl acetate and 40 gives a rapid burst of p-nitrophenoxide ion followed 
by a slower hydrolysis of the acyl intermediate, 41. It is suggested that at pH 8.1 
the reaction occurs by initial acylation of the hydroxamate function followed by 
slower deacylation, while at higher pH there is a contribution from a direct reaction 
t o  products involving hydroxide ion (Scheme 23), although even then the stepwise 
reaction predominates. 

Even though the postulated direct reaction of hydroxide ion makes only a minor 
contribution, the surfactant which contains both the hydroxamate and imidazole 
functions is a slightly better catalyst than the related hydroxamate, 42. To this 
extent the evidence for bifunctional catalysis is stronger in this case than in those 
discussed earlier. 

(42) 

The available evidence suggests that it is no easier t o  observe bifunctional 
catalysis in micelles than in other model systems. Catalysis with concerted bond- 
making and -breaking probably imposes geometrical constraints a t  the reaction 
centre(s) and upon the positions o f  the reacting groups which are entropically very 
unfavourable. 

XIII. CONCLUSIONS, CONNECTIONS AND CONJECTURES 

The pseudo-phase model of micellar catalysis appears to be applicable, at least 
qualitatively, to reactions in aqueous surfactant solutions, provided that one takes 
into account the possibility of induced micellization o r  the formation of sub- 
micellar aggregates in the presence of hydrophobic solutes or reactants. A major 
source of the rate enhancements of bimolecular reactions by both functional and 
non-functional micelles is the concentration of reactants at the water-micelle 
interface. However, the significance of quantitative comparisons of secondQrder 
rate constants in water and the micellar pseudo-phase is obscured because the 
comparisons inevitably depend on the choice of concentration units and hence o n  
the assumed volume element in which the micellar reaction takes place. 

In principle the concentrations of reactant in the micellar pseudo-phase can be 
estimated by direct measurement, but there are often serious experimental and 
theoretical problems, especially for nucleophilic anions generated by acid dissoci- 
ation. It is difficult to estimate directly the concentration of hydrophilic ions in the 
micellar pseudo-phase, except in the cases where ionsensitive electrodes can be 
used, e.g. for hydrogen o r  bromide ions. However, the ionexchange model accounts, 
at least qualitatively, for the rate-surfactant and rate-counterion profiles of 
bimolecular reactions between hydrophilic ions and organic substrates. 

Although we believe that concentration of reactants a t  the micellar surface is of 
key importance we cannot neglect the properties of this surface as a submicroscopic 
solvent. There is considerable evidence that the micellar surface has a polarity 
similar to those of protein surfaces, which is less than that of water, but similar t o  
that of ethanol. If the micelle surface acts primarily as a reaction medium of  lower 
polarity than water, then micelles should speed unimolecular reactions such as 
anionic decarboxylations and the decomposition of monoaryl phosphates and 
sulphates, but slow SN 1 reactions. This submicroscopic medium effect should also 
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reduce the second-order rate constants in the micellar phase for reactions between 
non-ionic reactants. All these rate effects have been observed. 

Added electrolytes strongly influence micellar catalysis, both by excluding ionic 
reagents from the micelle, and by changing the properties of the surface. To date 
this second effect has only been unambiguously observed with unimolecular react- 
ionsg2, but it should be possible to alter the rates of bimolecular reactions in the 
micelle in the same way. 

Even if completely general models for micelle-catalysed reactions are never 
developed, it should be possible to make the experimental controls sufficiently 
precise to permit meaningful comparisons between various systems, and thus 
separate the concentration and medium effects of micelles on second- and higher- 
order reactions. Once this is accomplished, reaction kinetics becomes a powerful 
probe of micelle structure, sensitive to  changes in both the medium and the relative 
concentrations of competitively binding species. 

The relationships between micellar catalysts and other catalytic species such as 
small non-micellar aggregates and phase-transfer catalysts remain unexplored. Micel- 
lar catalysis is a surface phenomenon whereas phase-transfer catalysis' ' p 1  * 
appears to depend on the volume of the organic phase, even though both systems 
are similar in that the catalysts speed reactions involving basic or nucleophilic ions 
and both use hydrophobic cations as catalysts. In very dilute solutions at con- 
centrations near t o  the cmc, there is a grey area in which it is very difficult to 
distinguish between catalysis by micelles and by small non-micellar aggregates. In 
both systems catalysis can originate from concentration of the reactants into a 
small volume element, but there is no general agreement on the extent to which this 
is the major source of the rate increase in non-micellar systems. 

On a purely practical note it is difficult in preparative chemistry to take 
advantage of the large rate enhancements or the product specificities sometimes 
provided by micelles, in part because surfactants are generally high molecular 
weight compounds whose presence complicates product isolation. But micellized 
surfactants are often excellent inhibitors and it is possible to use them t o  eliminate 
undesired reactions; for example, to stabilize drugs in aqueous solution3 5 ,  and t o  
control rates of polymerization' 9 9 .  

Micelle-catalysed reactions and micellar solutions in general will also be of 
continuing interest as models for other systems. At first glance the spontaneous 
formation of micelles appears contrary to the second law of thermodynamics; as 
though a Maxwell's demon had created ordered aggregates out of a randomly 
organized surfactant solution. This apparent contradiction is resolved when one 
recognizes the unique properties of water as a solvent, with micelle formation 
resulting in an increase in entropy of the whole system and therefore permitting the 
increased order on the submicroscopic level. The driving force for the reduction in 
the hydrocarbon-water interfacial area is the decrease in the amount of ordered 
water structure around the individual hydrocarbon chains. This unique property of 
aqueous solutions depends on the threedimensional hydrogen-bonding properties 
of the water molecule, and is also responsible, in part, for the stability of bilayers' 
and the spontaneous refolding of denatured proteins2O0. 

Micelle formation is one of the simplest examples of the spontaneous formation 
of non-covalently bound higher ordered structures from simple molecules in a 
homogeneous solution. The formation of any higher ordered structure means that 
new properties are created and consequently new information can be transmitted. 
For example, micelle formation permits a dramatic increase in the solubility of 
solutes which are sparingly soluble in water or the development of modest specifi- 
city and selectivity for reactions and reactants where none existed before. This 
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spontaneous formation of interfaces has obvious parallels to, and might provide 
simple models for, theories of the origin of lifeZo , while a micelle’s catalytic and 
solubility properties can be related t o  the fact that most living processes occur at 
interfaces and not in bulk solution’. 

Micelles and miceller catalysed reactions are in some respects experimentally 
better model systems for enzymes and membranes than are soluble polyelectro- 
lytes, resins or monolayers. Unlike the situation with monolayers, clean uniform 
surfaces are readily obtained in micellar solutions and reactions are easily followed. 
Unlike the situation with soluble polyelectrolytes or  resins, the composition of the 
surface can be easily modified. For example, bifunctional micellar interfaces can be 
created simply by mixing two functional surfactants, and in addition the nature of 
the interface can be changed by varying the relative surfactant concentrations. 

One drawback of  micellar surfaces and soluble polyelectrolytes as compared to 
monolayers and resins is that the concentrations of various species at the surface 
cannot always be measured as easily because micelles and polyelectrolytes are not 
separate phases which can be mechanically separated. Another problem in the 
derivation of general treatments of micellar catalysis is that solutes may signifi- 
cantly perturb micellar structure. To this extent micelles may present more struc- 
t u r d  complications than polyelectrolytes (and resins) in which the covalent skeleton 
gives some rigidity to the overall structure. The differences may prove to  be more 
apparent than real, however, because polyelectrolytes (and resins) are con- 
formationally mobile and are therefore also perturbed to some extent by added 
solutes. 

The binding of the substrate to a micelle, or to  an enzyme, leads to  an increase 
of the local concentration of the reactants, which manifests itself as a more 
favourable entropy of activation of  a bimolecular reaction*. The importance of 
entropy terms in the rate enhancements of bimolecular reactions has been cogently 
developed in recent reviews9 3 2  -2 3. 

Another possibility is that binding between the substrate and the micelle may 
bring the reactive portion of the  substrate into a region in which there are 
unfavourable initial-state interactions which are relieved in forming the transition 
state. For example, a micellar bound anion may be partially or completely desol- 
vated, although the evidence on this point is uncertain. 

Much of the work on functional micelles was based on the hope of modelling the 
active sites of enzymes, and several examples of catalysis by functional micelles 
have rate enhancements with magnitudes in the range of those found for enzymic 
catalysis. It is sobering to remember, however, that in each one of these cases the 
origins of the catalytic activity have not been clearly determined and that micelles, 
unlike enzymes, are unspecific catalysts. 

Finally, the interaction of ionic and non-ionic solutes with surfactants and each 
other at micelle surfaces may serve as simple models for the much more complex 
and specific interactions which occur a t  membrane and protein interfaces. 
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I. STRUCTURE AND PHYSICAL PROPERTIES 

A. X-Ray and Electron Diffraction; Microwave Spectroscopy . 
Since -Janssen's review of 19701 a number of investigations have revealed the 

geometric parameters, i.e. bond lengths and angles, of all types of thio acid 
derivatives. Representative data are given in Table 1. 

Generally a completely planar skeleton of the functional group and the Z 
configuration is observed. This is in agreement with theoretical considerations, and 
with other spectroscopic data. Deviations from the normal configuration are obser- 
ved in the gas phase: Methyl thionoformate exhibits a twistkg angle of 15.8O 
between the Me-0-C- and the 0-C=S plane2, and a minor amount of the E 
form, which is less stable by 2.767 kJ mol-' with respect to the Z form3, is 
observed in the microwave spectrum of monothioformic acid4 - The length of the 
C-Y single bond (Y = S or  0) increases in the order: dithiocarboxylate < mono- 
thiocarboxylate < dithio ester < thiolo ester % monothio carboxylic acid < 
thiophthalic acid anhydride. Only small differences, due to lattice effects, occur in 
the two C-S distances of metal dithiocarboxylates, which is evidence for the 
symmetric charge distribution in the anions. The C=S double bonds of the few 
thiono and dithio esters studied are almost equal in length. The mean value of ca 
163 pm indicates a more pronounced double-bond character with respect to thio 
amides [d(C=S) = 167 pml . 

The O=C-S, S = C y  and S=C-S bond angles are significantly larger than the 
expected value of 120 , whereas the R-Y-C angles increase in the order thiolo 
(100") < dithio (105') < thiono esters (120O). 

TABLE 1. Bond length and angles in thio carboxylic acids and derivatives 

__ . . - 

Bond lengths (pm) Angles (degrees) 
R1-CX-YR2. Ref. 

C=X C-Y R1-C XCY CYRa 

H-CO-SH 121.8 176.3 110.0 126.0 111.8 4 
121.0 177.la 110.0 122.4' 114.6 

Me-CO-S-K+ 123.1 170.3 152.8 124.5 5 
K+-s -CO -CO - s -K+ 122.7 171.2 151.6 126.1 6 
MeS-CO-CO-S-K+ 122.4 168.8 156.2 126.7 7 
K'S-CS-CO-S-K+b 126 170 152 126 8 

H-CO-SMe 120 126 100 9 
Ph, CH-CO-SCH, CH, NEt, 120.2 178.0 153.8 123.1 99.6 10 
EtS-CO-CO-SEt 120.9 174.9 153.3 126.5 99.4 1 1  
K+-S-CO-CO-SMe 121.3 174.3 156.2 124.6 99.8 7 
Ar- S-CO-CO-SAr' 119.5 175.3 154.1 127.7 101.8 12 
MeS-CS-CO-SMe 121.7 176.7 153.8 125.2 13 

120.0 180.1 148.2 123.1 92.6 14 
119.4 180.1 147.9 124.7 

122 172 151 127 

MeiMe 

121.3 172.6 146.0 141.4 46.9 15 

Me 
161.2 136.9 111.4 126.6 115.5 2 

( 3 0  
H --CS-OMe 
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TABLE 1 (continued) 

R' -CX-YR' 

CS-OEt 

- 

Bond lengths (pm) Angles (degrees) 
Ref. 

C=X C-Y R'-C XCY CYR' 

H-CS-S-K+ 

cs+-0 ,c -cs -s -cs+  

Me-CS-S-K+ 
NC-CS-S-NEt,' 

K+-S-CO-CS-S-K+b 

Me S 
M e - C S - S Y  h S - C S - M e  

S Me 

Ph, P=C(Ar)-CS-SEtd 
Me-S-CO-CS-SMe 

162.9 132.5 149.1 124.6 120.3 16 
163.3 132.1 148.9 124.8 119.6 

131.3 17 164.3 164.3 
167.1 167.1 140.5 123.5 18 

19 167.5 169.3 145.3 128.9 

162 171 152 130 8 
168 169 151 128 

163.1 170.5 149.5 125.4 104.9 21 
160.9 172.2 154.0 125.6 105.2 

168 168 150.2 128.7 20 

163.0 172.4 148.5 124.2 104.4 22 

169.1 178.0 136.5 121.5 1.05.2 23 
163.1 171.9 153.8 128 13 

'E configuration, cf. text. 
bTwo independent molecules in the elemental cell. 
=Ar = 3-chlorophenyl. 
dAr = 4-nitrophenyl. 

6. Dipole Moments 

The dipole moments of all types of thio carboxylic acid derivatives have been 
studied (Table 2). The results of these measurements are consistent with a planar 2 
configuration of the molecules, which, as is well known24, is observed in esters too. 
If the E configuration is enforced by cyclization, a marked increase of the dipole 
moment is observed. Polar substituents at the  functional group such as trifluoro- 
methyl, acyl and vinyl lead to  an increase too, whereas the influence of phenyl rings 
is not quite straightforward. 

Due to the increased atomic radius of sulphur its electronegativity as well as its 
polarkability is quite different from that of oxygen, and so are the respective bond 
moments of the c-0, C=O, C-S and C+S fragments. These increments, however, 
cannot be used to  calculate dipole moments of thio acid derivatives by simple 
vector addition, because there are different mesomeric interactions between them 
in the various molecules. More reliable seem t o  be the group moments reported by 
Exner and coworkers2 (Table 3). 

C. Ultraviolet and Visible Spectra 

Although the electronic spectra of some thio carboxylic acid derivatives have 
been well known for many years, Some recent investigations ought to be 
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TABLE 2. Dipole moments of selected thio carboxylic acid derivatives 
~ ~~ 

Compound p(D), in benzene Reference 

HCOSH 
MeCOSH 

Me, CHCSSH 
HCOSMe 
Me C 0 S M e 
n-C, H, COSMe 
EtCOSEt 
CF, COSEt 

CF, COSPh 

n-C, H, I COSH 

CF, COSBU-t 

0' co 

EtOCOCOSEt 
EtSCOCOSEt 
PhCOSMe 
PhCOSEt aCJ2 co 

MeCSOEt 

PhCSOEt 

( y T 2  cs 

MeCSSME 
n-C, H, CSSMe 
(PhCH, )1 NCPh=CHCSSMe 
PhCSSEt 

a Y  cs 

MeCOSCOMe 
PhCOSCOPh 

1.536'; 2.868'' 3 
2.1 6 26 
2.14 26 
2.1 3 27 
1.58" 9 
1.43 28 
1.37 26 
1.40 25 
3.07 29 
3.37 29 
2.95 29 

3.83 30 

1.52 31 
1.30 31 
1.70 32 
1.55 25 

4.31 30 

2.10 33 
2.22 34 
2.24 33 
2.60 34 

4.87 30 

1.87 35 
1.76 28 
4.62 36 
1.74 25 

4.54 30 

2.64 37 
3.70 38 
3.88 32 

3.84 39 

ODetermined from the microwave spectrum in the gas phase. 
b~ configuration. 
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TABLE 3. Functionalgroup moments in esters and 
thio esters, k X Z s  

1025 

X PX(D)  Angle with the Ar-C 
bond (degrees) 

-co-0- 1-89 115 
-co-s- 1.76 127 
-cs-0- 2.40 120 
-cs-s- 1.78 119 

TABLE 4. Ultraviolet-visible spectra of monothio carboxylic acid derivatives 
~ ~~ 

ti -+ n* band a + n* band 
- 

CompoQnd h a ,  (m) loge hmax (nm) log E Solvent' References 

HCOSH 223 H,O 40 
MeCOSH 266 1.51 220.5 3.5 1 EtOH 41 

268 1.60 21 8.5 3.40 CH 41 
HCOS- 246 4.93 H,O 40 
MeCOSEt 232 3.71 EtOH 41 

231.5 3.61 CH 41 
MeCOSCH=CHBu 254 3.93 EtOH 42 
EtOCO-COSEt 330 1.70 273 3.83 iOc 43 
EtSCOCOSEtb 3911372 1.6611.72 280 3.82 i0 c 43 
PhCO-COSEt 410 1.60 267 4.02 i O C  44 ap=. 406 2.70 3021253 3.4114.12 Et,O 39 

3021250 3.2313.99 Et,O 39 
co 

MeOCS(CF, CSOMe 

MeC(SH)=CHCSOEt 

EtOCO-CSOEt 
EtOCS-CSOEt 

PhC(OH)=CHCSOMe 
PhCSOMe 

PhCSOPh 

FCS(CF, ), CSF 

PhCSCl 
t-BuCH, CSCl 

399 1.49 
399 1.21 
5261392 0.6812.25 
398 3.14 
415 2.46 
415 2.50 
41 1 2.09 
41 7 2.08 
435 1.99 
44 1 1.96 
428 1.67 
480 1.08 
518 1.79 
530 1.82 

24 3 
25 3 
25 5 
325 
3381329 
348 
286 
287 
289 
288 
2941220 
3041257 
3 17 1248 
3131272 

4.15 
3.68 
3.68 
4.00 
4.04 
4.31 
4.05 
4.07 
4.01 
4.03 
2.2314.05 
2.2413.74 
4.0813.5 
4.1413.5 

i 0  c 
i0 c 
iOc 
MeOH 
CH 
iOc 
EtOH 
CH 
EtOH 
CH 
i 0  c 
CH 
MeCN 
CH 

45 
43 
43 
46 
46 
47 
48,49 
48 
48 
48 
45 
50 
48 
48 

'CH = cyclohexane; iOc = isooctane. 
bS,S-Diethyl dithiooxalate exhibits an additional, long-wavelength band at 425 nm (log e = 0.09), 
which is assigned t o  a single-triplet e~citation:~. 
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mentioned, because they are concerned with new types of compounds or are of 
fundamental interest. Selected data are given in Tables 4-6. 

In most cases n -+ n* as well as n + n* excitations have been studied, especially 
in compounds which contain the thiocarbonyl group. Additional bands of different 
types occur in certain cases. The low-intensity, long-wavelength band of diethyl 
dithioloxalate at 425 nm has been attributed to  a singlet-triplet excitation4 . 
Charge transfer (ct) with the solvent causes an intense band at 242 nm 
(log E = 3.25) in the electronic spectrum of MeCOSH4 9 7 4 .  The occurrence of band 
splittings in the n+n* region of many aromatic dithio esters48 may well be 
explained by intramolecular charge transfer between the benzene ring and the 
functional group, which is further evidenced by the fact, that orfho-substituted 
derivatives do  not exhibit ct bands on  account of their twisted configuration5 s6 

The excitation energies for the n -+ 7r* transition decrease in the order RCOSH > 
RCSOR > RCS; RCSSR > RCS2 H, whereas for the n + 7r* transition energies 
the order is: RCOSH > RCOSR > RCOS- = RCSOR > RCSzH > RCSSR > 
RCSZ-. Apparently the excitation of the lone-pair electrons in dithio carboxylic 
acids is rendered more difficult on ionization. 

MO calculations have been successfully applied to  the interpretation of the 
spectra. Reasonable agreement between experimental and theoretical values can be 
obtained by the PPP m e t h ~ d ~ ~ p ~ ~ .  In particular, conjugation of the CS2 group 
with the benzene ring of aromatic dithio acids and derivatives is reproduced almost 
quantitatively, as well as the above-mentioned characteristic shift of the n -+ n* 
band to  lower frequencies going from CS2 H to  CS,-. The explicit consideration of  
3d orbitals of sulphur is not necessary to  reach a simple reproduction of the n -+ n* 
bands. Even HMO calculations are suitable for an interpretation of the n -+n* 
bands48. Semiempirical ASMO-SCF-CI calculations show that the 268 nm band 
of MeCOSH is undoubtedly due to  n -+ n* excitation. This is experimentally 
verified by the  fact that the first PES band displays vibrational fine structure, which 
is typical for ionization from no electrons while ns electrons generally show no 
fine structure41. The calculated n +7r*  band of MeCOSEt is located at shorter 
wavelength than that of MeCOSH, and its observation is therefore hindered by the 
nearby strongly absorbing n + n* transition4 '. The decrease of the first ionization 
potential (by ca 1 eV = 8000 cm-' x 125 nm) after substitution of C=O by C=S, 
which is observed in the PES spectra of MeCOOMe, MeCSOMe, MeCOSMe and 
MeCSSMe, is in good agreement with CND0/2 results77. 

Conjugative interaction of the functional groups causes bathochromic shifts of 
the ti -+ n* as well as the n + 7r* bands (Table 4). The substituent effects o n  the 
n -+ 7r* transition of aromatic thiono esters49, and the n -+ 7r* and n + n* transi- 
tions of aromatic dithio esters4* have been discussed in terms of Hammett relation- 

Quite interesting differences occur in the absorption spectra of thio esters 
R1CYXR2 (Y and/or X = S) with varying R2. Substantial bathochromic shifts of 
the n -+ T* bands are observed if  R2 = Me is replaced by R2 = I-Bu, SiME3, SPh, Ph, 
(H). This effect is still more pronounced if thioacyl halides and anhydrides are 
compared with the esters. 

ships. 

D. Vibrational Spectra 

Infrared and Raman data of many thio carboxylic acid derivatives have been 
published in the last decade. Apart from the empirical characterization of com- 
pounds the main interest in this field has been focused on the fundamental problem 
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18. The chemistry of thio acid derivatives 1029 
TABLE 6. Ultraviolet-visiile spectra of Group IV derivatives of thio carboxylic acids (in cyclohexane) 

~ 

n + n* band n 4 ZT* band 

Compound Arnax(m) log E h a  x (m) log E Reference 

PhCOSGeMe, 2671240 3.9114.11 71 
PhCOSSnMe, 2711242 3.9114.07 71 
PhCSOSiMe, 437 1.87 298 3.98 71 
MeCSSSiMe, 484 1.08 295 4.03 56 
i-PrCSSSiMe, 487 2.08 303 4.07 58 
PhCSSSiMe, 531 2.1 1 29 8 4.03 58 
MeCSSGeMe, 482 1.18 310 4.02 56 
PhCSSGeMe, - 528 2.04 303 4.12 58 
MeCSSSnMe, 47 4 1.23 317 3.99 56 
PhCSSSnMe, 5 20 1.99 307 4.1 7 58 
PhCSSSnPh,' 508 2.1 8 312 4.31 72 
MeCSSPbEt, 476 1.23 330 4.00 56 - 
4-MeC6 H,CSSPbPh, 5 20 2.23 31 8 4.38 73 

a In CHCl, . 

of the assignment of typical bands in the spectra to  specific vibrations of the 
molecules78 . 

1. Monothio carbox ylic acids 

These normally exhibit the thiolo form 1 rather than the thiono form 2 (cf. 
Section I. A, B, E). This is especially evident from the occurrence of S-H and C=O 

4 O  - 2 - R-C R-C, 
S-H '0-H 

(1 1 (2) 

stretching frequencies in the infrared and Raman spectra a t  2540-2570 cm-I and 
1660-1685 cm-' 4 0  ,79-84, which have been unequivocally assigned by normal 
coordinate analysis80*81 J 5  as well as isotope labellinga2 [v(S-D): 1865 cm-I 
in Me-CO-SDB2 1 .  However, up to  1% of  the hydrcjxy form 2 has been detected in 
trichlorothioacetic acida4 [2, R = CCIJ ; v(OH)free: 3570 cm-' , v(OH),,,: 
3460 cm-'). Electronegative substituents cause a n  increase of Y(SH) and v ( C 0 )  
(CF3-CO-SH: 2578, 1730 cm-' 7 9 ) .  The assignment of the C-S stretching is not 
as straightforward. Most likely bands at  626 cm-I (Me--CO--SHa2 vS6), and 
712 cm-' (Et-C0--SHa5) belong to  this vibration. In the solid state o r  solutions 
of high-concentration dimers of type 3 and 4 are present8'*8-5i87. Their stability, 
which is lower than in the case of carboxylic acids has been studied by quantum- 
chemical calculations (EHMO and CND0/2)80. 

4O ... H -S, 

\S-H ...O' \S-H...O=C R-C ,C-R R--6' /R 

(3) 'S 
H 

(4) 
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2. Thiocarboxylate anions 

845 cm-' , and a SCO deformation band at 520 cm-l 40 ,80  3 a .  
These exhibit C= and C Z  stretching frequencies at 1520 cm-' and 

3. Thiolo esters 

Selected examples of recently studied compounds are given in Table 7. The 
reasons for the substantial decrease of v ( C 0 )  as compared with normal esters are 
not fully understood. Probably it is a consequence of the low electronegativity of 
sulphur, but overlap between the rn electrons and 3d orbitals of sulphur may be 
involved too. v (C-S)  of thiolo esters has been located in the 600-800 cm-" range 
by most authors. 

4. Thiono esters 

Marked coupling of the C=S stretching mode to other vibrations of the mole- 
cule, and their occurring in the fingerprint region make it difficult to localize C=S 
bonds in the infrared spectra. 

Absorptions near 1200 cm-' have been assigned to the C=S vibration on 
account of comparison between the infrared and Raman spectra of thiono esters 
and the corresponding esters. However, normal coordinate calculations on HCSOMe 
have shown, that the strong band at 1003 cm-' is mainly due to v(CS), whereas the 
1238 cm-' band contains large contributions from the C - 0  stretching modeg2. 
Nevertheless these two absorptions may be conveniently taken as key bands in the 
vibrational spectra of thiono esters. Table 8 shows some recent examples. 

5. Dithio carboxylic acids 

Dithio carboxylic acids and their salts exhibit typical bands (Table 9), which are 
due to the symmetric and antisymmetric stretching vibration of the CS2 group 
Thorough normal coordinate analyses and isotope studies of Mattes and Stork9 ' 

TABLE 7. Infrared bands of thiolo esters 

HCOSMe 
MeCOSMe 
MeCOSCH=CHBu 
MeCOSPh 
PliCOCOSMe 
EtOCOCOSEt 
EtSCOCOSEt 
PhcosPh 
PIICOSSiPh, 
PhCOSGeMe, 
PhCOSSnMe, 
R C--C=O 

S 
'ii 

PhCOSS0,Ph 

1660 
1715 
1706 
1713 
1670 
1695 
1686 
1686 
1695 
1648 
1631 
1800 

1690 

767 
623 

80 1 

40 
89 
42 
89 
44 
31 
31 
89 
90 
71 
71 
15 

91 
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TABLE 8. Infrared bands of thiono esters 

103 1 

Compound u(C=S)(cm-') v(C-O)(cm-l) Reference 

HCSOMe 
PhCHOHCSOEt 
MeC(SH)=CHCSOEt 
PhC(OH)=CHCSOMe 
EtOCOCSOEt 
EtOCSCSOEt 
R,NCSCSOEt 
PhCSOMe 
2-HOC6H,CSOMe 
PhCSOSiMe, 

1003 
1200 
1184 
1255/1240 
1284 
1260 
1230 
1230 
1230 
1238 

1238 92 
93 
46 
93 
31 

1059 94 
1024 95 
1058 96 

93 
71 

have shown that especially vs(CS2) is very strongly coupled with other vibrations of 
the molecule (cf. Table 9), and that the 848 cm-' band in HCS2- is due to u(CH, 
out of plane) rather than vs(CS2)55~99, whereas the latter really appears at 
786 cm-I . 

Examination of the infrared bands at varying concentrations has indicated that 
alkane carbodithioic acids are partially associated in the form of hydrogen-bridged 
dimers2 I .  

6. Dithio carboxylic acid esters 

Strong absorptions near 1200 cm-' and 1000 cm-' are observed in the vibra- 
tional spectra (Table lo), which can be used as key bands in the dithio ester series. 

TABLE 9. Infrared bands of dithio carboxylic acids and their anions (cm-') 

MeCSSH 2581 1216 
EtCSSH 

cC,H,CSSH 
CF,CSSH 
PhC(OH)=CHCSSH 

2566 1200-1250 

2577 1253 69 1 
2490 1070 

(2505)' I i-RCSSH 

HCSL 

MeCS,- 

EtCS, - 
i-prcs,- 
[O,CCS, ] a- 

[SOCCS, ] I -  

PhCS,- 

988 
982 

1141 
875 

9501925 
850 

1032 

1023 

1020 

1000 

848 
786 
602 

766 478b 
27% 59% 
836 600 
27% 27% 
910 658 
42% 25% 

27,98 
27 

27 

98 
54 
55,99 
97 
100 
56 
101 
101 
88 

4 3 9  88 
30%b 
435 102 
31% 

103 

=u(S-H) of  the dimer". 
bpotential energy distribution. 
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TABLE 10. Infrared bands of dithio esters and related compounds 

Compound v(C=S)(cm-') u(CS-S)(cm-') Reference 

MeCSSMe 

EtCSSMe 
n C ,  ,H,,CSSCH,CO,H 
i-PrCSSMe 
t-BuCSSMe 

&tSMe 
H,NCSCH,CSSEt 
H, NC(SEt)=CHCSSEt 
PhC(OH)=CHCSSMe 
EtOCOCSSEt 
MeSCSCSSMe 
MeCSSSiMe, 
i-PrCSSSiMe, 
MeCSSGeMe, 
i-PrCSSGeMe, 
MeCSSSnMe, 
i-PrCSSSnMe, 
MeCSSPbEt, 
PhCSSMe 
PhCSSCH,CH=CH, 
PhCSSSPh 
PhCSSSnPh, 
4-MeC6H,CSSPhPh, 
PhCSSCOMe 
PhCSSCONHPh 
PhCSSCSPh 
PhCSSSCSPh 

PhCSCl 
t-BuCH, CSCl 

1198 
1195 
1194 
1183 
1224 
1205 
1101 

11 53/1085 

1060 
1256 
1230 
1259 
1045 
1194/1187 
1202 
1187/1178 
1198 
1184/1172 
1191 
11 65/1154 
1241/1044 
1240/1220 
1245 
1217 
1218 
1230 
1250 
1245 
1240 
1230/1215 
1252/1052 

870/857/580 

862 

6371618 
642 

876 
84 8 
87 3 
830 
870 
178 
873 

85 0 

35 
96 
56 
96 
57 
96 
96 

60 

61 
61 
54 
31 
63 
56 
58 
56 
58 
56 
58 
56 
96 
103 
70 
72 
73 
66 
67 
68 
69 
50 
96 

An unambiguous assignment is so far not possible. It is, however, likely, and indeed 
assumed by most authors, that the bands in the 1200 cm-' region should be 
ascribed to  the C=S stretching, although it has been shown by normal coordinate 
analysis that a reasonable force constant of f(C=S) = 6.06 m d y n / a  yields 
v(C=S) = 1100 cm-' in Me-CS-SMelo4. Intense bands appearing between 850 
and 900 cm-' may be due to v(CS-S) or  deformation modes of the dithio ester 
molecule. This is also true for absorptions near 600 cm-'. 

The influence of special structural features o n  the localization of bands, for 
instance the decrease of v (CS)  with increasing atomic weight of the metal in 
tnalkylmetal dithioacetatess8, can be seen from the data of Table 10. Anhydrides 
of dithio carboxylic acids and thioacyl chlorides show the C=S stretching too 
(Table 10). 
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E. Nuclear Magnetic Resonance Spectra 
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1. Proton n.rn.r spectra 

' H-n.m.r. spectroscopy has been extensively used in investigations on  thio 
carboxylic acid derivatives. Some topics of special interest should be mentioned. 

The chemical shift, G(p.pm.), of the formyl proton increases in the following 
order: HC02H (8.06)5' <HCOSH (10.18)40 <HCS2H (11.6)51, and HC02- 
(8.42)'' < HCOS- (10.64)40 < HCS2- (12.22)55 The thioformyl proton in 
HCSOMe is less shifted (9.5292*105) than the one in HCOSMe (10.1240). The 
chemical shift of a-protons is dependent on the type of compound as well as the 
substituents. Typical examples are shown in Table 1 1 The large series of different 
thio carboxylic acid derivatives studied has enabled Radeglia-and coworkers' to 
derive an increment system for the chemical shift of the methylene protons in 

Normally, (3-0x0- and (3-thioxo-thio esters (5) do not exist but are completely 
tautomerized to  the chelates 6. In some cases, however, minor amounts of 5 occur 
in the equilibrium' ' . 

R' CH2 CXYCHz R2 (X, Y = 0, S ) .  

R' X YR' %5 G(CH)(p.p.rn.) 6 (XH)(p.p.m.) References 

M e  0 OEt 5 5.53 13.57 108 
Ph 0 OMe 0 6.27 13.81 47 
Ph 0 OEt 19 6.35 14.12 47 
Me S OEt 0 6.42 8.66 46 
M e  0 SMe 6 6.17 14.45 107 
Ph 0 SMe 0 6.89 14.93 54,107,109 

Similarly the thiono ester 7 exists predominantly in the SH form 7b ' O ,  whereas 
. 

the cyan0 acetodithioacetate exhibits only the chelate structure 8' l .  

CN CN 

. .  

(7a) (7b) (8) 
&(CHI = 4.22 p.p.m. 6(SH) = 14.5 p.p.m. 6(OH) = 16.08 p.p.rn. 

(40% in CDC13) (60% in CDC13) (100% in CDC13) 

The SH proton n.m.r. signals are found at 4.6-4.8 p.p.m. in monothio carbo- 
xylic acids40-82-84~1 1 2 ,  and at 5.2-5.9 p.p.m. in dithio carboxylic 
acids27*549'0 '. From the occurrence of two SH signals in the n.m.r. spectrum of 
MeCOSH at -50°C and its temperature dependence the existence of E / Z  isomers 
has been deduced and the rotational barriers determined' l 2  

&o G* = 72 kJIrnole H0 

H' 

Me-C Me-C 
'S G* - 64 kJlrnole 'S-H 
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TABLE 11. Chemical shifts of a-protons in the n.m.r. spectra of thio 
carboxylic acids and their derivatives 

Compound 

CH,COSEt 
EtO,CCH,COSEt 
NCCH, COSEt 
EtSCOCH, COSEt 
PhCH,COSEt 
ClCH,COSH 
C1,CHCOSH 
CH CS OEt 
EtO,CCH,CSOEt 
Et SCOCH, CSOEt 
PhCH,CSOEt 
EtOCSCH, CSOEt 
EtO,CCH(CN)CSOMe 
PhCHOHCSOEt 
f-B uCH,CSCl 
CH,CSSEt 
i-Pr CSSPr-i 
EtO,CCH, CSSEt 
MeCOCH,CSSMe 
EtSCOCH, CSSEt 
PhCH,CSSEt 
EtSCSCH,CSSEt 
H,NCSCH,CSSEt 

6 (p.p.m.1 Solvent Reference 

2.27 CCl, 106 
3.47 cc1, 106 
3.62 CCl, 106 
3.70 CCl, 106 
3.72 CCl, 106 
4.10 CDC1, 83 
5.86 CDC1, 83 
2.52 CCI, 106 
3.69 CCI, 106 
3.94 cc1, 106 
3.98 cc1, 106 
4.1 1 CCI, 106 
4.22a CDCI, 110 
3.8914.96 CCl, 93 
3.17 CFC1, 50 

3.43 E l 4  
3.89 cc1, 

2.80 X I 4  106 
58 
106 

4.08b CCl, 107 
4.1 6 CCI, 106 
4.24 X I 4  106 
4.44 CCI, 106 
4.45 cs, 61 

=40% in equilibrium with 60% of the SH tautomer' l o .  

b6% in equilibrium with 94% enol"'. 

TABLE 12. Chemical shifts, 6 (p.p.m.), of alkyl protons in thio esters 

R1 R'--CO-SR' R ' X S - O R "  R'--CS--SR' 

CH, 
References 

CH, R 
References 

CH, CH=CH, 
References 
CH,CO,H 
References 
CH, Ph 
References 
CHR, 
References 

2.2-2.5 
31,40,44,114, 115 

2.8-3.1 
31,44,61,106,115, 
119 
3.6 
119 

4.0-4.3 
31,121 
3.5- 3.7 
31,44 

3.2-4.2 
31,40,45,47,93-95, 
105,110,115,116 

4.2-4.7 
31,45,46,47,93-95, 
106,110,115 
5.0 
119 

5.6-5.7 
31,45,93,94 

2.5 -2.7 
31,54,63,107,109, 
111, 114, 115, 117, 
118 

31,61,106,115, 
118,120 
4.0 
119 
4.1 -4.6 
57 
4.4-4.6 
117,118 
3.4 
58 

3.1 -3.4 
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' H-n.m.r. measurements on aliphatic dithio carboxylic acids have shown that 
association to form dimers SH-S(H) rather than SH--S(C) bridges takes place in 
these compounds2 '. The range of chemical shifts occurring in various types of thio 
esters are compiled in Table 12. The protons of 0-alkyl groups in the thiono ester 
series appear at lowest field. Resonance lines due to S-alkyl protons of dithio esters 
are little shifted with respect t o  thiol ester alkyl protons. 

2. Carbon- 13 nm.  r. spectra 

Thiolo esters have been systematically studied by Hall and Wemple113, who 
have shown that S(C=O) is shifted downfield by 15-20 p.p.m. with respect to  
esters, thus appearing at 190-200 p.p.m. The chemical shift of 194.5 p-p-m. found 
for  MeCOSH has been ascribed to a C=S grouplZ2. However, the experimental 
evidence argues strongly against this interpretation, favouring instead a C=O 
group' ' *' 9 1  24 . C=S groups really appearing in thio carboxylic acid derivatives 
show 13C resonance at 215 p.p.m. (t-BuCH2CSClS0), 213-229 p.p.m. 

good agreement with the correlation S(C=S) = 1.45 6(C=O) - 46.5 p.p.m pro- 
posed by Kalinowski and K e ~ s l e r ' ~ ~  for the 13C-n.m.r. lines of'thio ketones, thio 
amides, thio ureas, and isothiocyanates, and the increment system of Radeglia and 
Scheithauer' 3 .  

(R'CSOR2 6 5 , 1 0 8 , 1 2 3 , 1 2 5 ) ,  or 225-240 p - p ~ n .  (R'CSSRZ z 1 * 6 3 , 6 5 , 1 2 3 )  in 

F. Electron Spin Resonance Spectra 

Thio esters are readily reduced to  the corresponding radical anions, which can be 
studied by e.s.r. ~ p e c t r o s c o p y ~ ~  ' 1' ' . The strong electron-attracting properties 
of thio and dithio carboxyl groups are reflected in the low (negative) reduction 
potentials E l l z  as determined by polarography (cf. Section 111. B.1) as well as the 
low total spin density remaining in the aromatic ring of thiobenzoate ester radical 
anions, and the high g-values, i.e. high spin densities at the heavy atom (sulphur) of 
the functional groups in thiobenzoate and thiooxalate esters (Table 13). N o  radical 
anions of thio- o r  dithioalkanoate esters have been obtained so far. 

G. Mass Spectra 

Apart from the observation of molecular ions of thio esters, some special 
fragmentation patterns have been studied in this series. Acyl splitting (A) occurs 
very frequently in thiolo4 * , thiono' i1 and dithio esters6 3' as 
well as in the thioacyl chloride, t-BuCH2CSClSo. Alkyl splitting (B) has been 
observed in p-0x0-I 3 0  and P-thioxothiolo' , thiono' and dithio 

TABLE 13. g-Values of thio ester radical anions 

Compound X = Y = O  X = O , Y = S  Y = O , X = S  X = Y = S  

RY -CX-CX-YR4' 2.0045 2.0058 2.0101 2.010Sa 
Ph-CX-XR' " 2.0034 2.0047 2.0071 
1 ,4-RY-CX-C6H4-CS-YR'" 2.0035 2.0046 2.0073 2.0095 
1 ,3-RY-CX-C6H4-CX-YR' 2.0035 2.0038 2.0049 2.0073 
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esters61*129 too, whereas splitting of the a-substituent (C) has been found in 
thiolo128*130,131 and dithio esters6'. 

R'#-CX-f-Y*RZ 

C A 0  

Dimethyl tetrathiooxalate is easily split into two halves after electron+impact; 
another interesting fragment ion of this molecule, namely MeSC -SME., results 
from elimination of S 2 6 3 .  

The mass spectrum of ethyl thionobenzoate has two peaks due to fourcentre 
migration of ethyl from oxygen to sulphur' 1' 4 ,  whereas the corresponding 
migration from sulphur to oxygen in thiolo esters, supposed by Ohno and co- 
workers134, could not be confirmed by Bentley and Johnstone126. Even in the 
mass spectra of CF3COSPh and PhCOSPh rearrangement was not observed, though 
it should be favoured in these cases' s. 

Thiono esters containing hydrogen in the 7-position exhibit McLafferty-type 
rearrangement in their mass spectra' : 

The small isotope effect of only 0.80 may be attributed to either the large size or 
the lower electronegativity of the sulphur atom compared with the oxygen atom of 
esters. Thiolo esters show only a very weak McLafferty rearrangement ion' 3 6 .  

0-Ethyl thioacetyl thioacetate ( 9 )  shows a very characteristic behaviour in its mass 
spectrum. It is fragmented via the dithiolium ions 10 and 1 146.  Mex/yoEf -H '  , ~ e e ~ t  - C H ~ = C H ~  , M e + p  

- s-s+ 
(10) (11) 

H .. 
(9) 

Negative-ion mass spectroscopy of thiono and dithio esters has been studied by 
Rulkotter and Budzikiewicz137. The fragmentation of the molecular anion is 
accompanied by C to S rearrangement, i.e.: 

-Me' -a 
R-CS-SMe: R-CS-S- R-S-c=S - R-S- 

II. SYNTHESES 

A. Thio and Dithio Carboxylic Acids and their Salts 

Only few fundamentally new methods for the preparation of rnonothio carb- 
oxylic acids have been reported since Janssen's report of 1969'. Cleavage of 
carboxamide anions by CS2 to form thiocarboxylates' 38, and the synthesis of the 
special compounds HCOSH4 O ,  ClCH2 COSH8 3, C1, CHCOSH8 3, C13 CCOSHa4 and 
(CF3)2CHCOSH139 should, however, be mentioned. 

Dithio carboxylic acids or their salts have been prepared in many cases in order 
to  obtain the Corresponding dithio esters (cf. Section 1I.D). They may, however, be 
isolated in the pure state. It has been emphasized by Kato and coworkers'03, that 
di- and trialkylammonium dithiocarboxylates are readily obtained as stable cryst- 
als, which are more useful than metal salts in the purification and preparation of 
derivatives. 
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Three types of reactions are convenient for the synthesis of RCSz H or RCS2-: 

(1) Reduction of carbon disulphide. 
(2) Thiolysis of suitable precursors. 
(3) Oxidative sulphuration of compounds of lower oxidation state 

Hi 
R-M + CSz - R-CSS Mi - R-CSzH (1) 

M=MgX,  Li - 

The first reaction involves Grignard or organolithium reagents (equation 1). Al- 
though the yields are only moderate in many cases6 9140-'  4 2 ,  this method has 
found widespread application because of its convenience. For examples see the 
recent reviews by P a q ~ e r ' ~ ~  and J a n ~ o n s ' ~ ~ ,  the monographs by M c K e n ~ i e ' ~ ~ ,  
D u u s ' ~ ~  and Voss and c o w ~ r k e r s ' ~ ~ ,  and the literature cited in Section 1I.D. 

Activated methyl, methylene and methine compounds yield dithiocarboxylates 
on base-catalysed reaction with CS2. In the cases shown in equation (2) the free 

x ~~054,107,111,148-159 ~ , ~ 1 1 1 , 1 6 0 ,  ~ 0 ~ 0 1 1 1 ,  COT 161 

dithio carboxylic acids or  their salts are isolated. It is advantageous to  prepare the 
tetraalkylammonium dithiocarboxylates from the methylene compounds by ex- 
traction with B u ~ N +  OH- into CH2C12 and subsequent reaction with CS2. Hetero- 
cycles such as pyrroles' yield dithio carboxylic acids on 
reaction with CS2 too. In certain cases AlC13 has been used as catalyst in a 
Friedel-Crafts-type reaction of CS2 with aromatics' * 9 '  9 .  

The second method, thiolysis, has served recently for the preparation of some 
dithio carboxylic acids (equations 3-7). Potassium dithioformiate is available from 

or isocoumarines' 

SH 
(12) 

ChCCOzPh + 3 H z S  ___* Kz(S2C-COS) + 3KCI  + KOPh (6) 

NSH H* 
R1CS2Rz - R1CS2 Nai - R'CSzH 

- R ~ S H  
(7) 

CHC13 (equation 4)' '. Acidification yields amorphous trimeric dithioformic acid 
(12); the monomer is, however, present in dilute solutions5 ' . Unstable cyano and 
azido dithioformic acids are formed from their sodium salts'". Stork and 
Mattes' 5 2  have obtained potassium di- and tri-thiooxalate by thiolysis of trichloro- 
acetic acid and its phenyl ester, respectively (equations 5 and 6). Dithio esters, 
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which can often be obtained independently in a convenient wa fcf. Section II.D), 

Finally, oxidative sulphuration can be achieved by reacting benzyl hal- 
with elemental sulphur under alkaline conditions 

form dithiocarboxylates in good yields on thiolysis (equation 7) ?64,165 

ides' 66-1 6 8  or  benzaldehydesl 
(equation 8). 

NaOCH3 H+ 
ArCHzX - ArCS2 Na+ - ArCS2H 

s.3 

r - ' .  B. Thiolo Esters 1 

A Portuguese review on thiol esters appeared in 1972' 70. Thio lactones, on the 
other hand, were summarized in 1964I7l.  The preparation of thiol esters is 
achieved by either ulkylation of thio acids and their salts, ucylution of thiols, or  
hydrolysis of appropriate precursors. Thiol esters of aromatic acids, moreover, are 
obtained by Fnedel-Crafts reaction (equation 9)' 72 - a-Thio lactones (13) have 
been prepared by Schaumann and Behrensl (equation 10). 

ACIJ 
RSCOCI + ArH - RSCOAr (9) 

1 
R: ,c=c=s + ($ __* Rp@ + Q 
R 2  I R Y  

b -  (13) 

Alkylution of thio acids by alkyl halides is a method of long standing'. Alkyl 
thiosulphates' 73 and sulphonates' 74 can be used as reagents instead, for instance 
in the lipid' 7 s  , carbohydrate' series. The thioacetate 1 5  
is formed from 14 and EtJNH+ MeCOS-178 - 

and cephalosporine' 

R' CH2X 

R2/ 'CHZOCOMe (15) X -  --SCOMe 

'C' (141 X = -06(NMe2)3C104 

Activated hydroxy' 7 9 ,  (equation 1 l), and carbamatel 82 groups 
are substituted by thio acids too. This is also true for epoxidela3 *184.  

Thio acids attack olefins yielding thiol esters'8s-'87- In many cases this takes 
place as a radical addition'75*'88*189 and is thus achieved photolytically. The 
mechanism has been studied by Kondo and TsudaIs8- S-Vinyl thiol esters are 
obtained by the addition of thio acids to alkynes (equation 12)42. 

Me Me 

(Ref. 181) 

I 
Me 
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Rearrangement of thiono esters (16) to the corresponding thiolo esters 
(17)lg0-’ 9 7 ,  which can be conceived as an intramolecular alkylation (equation 13), 

F’hCS-OR - PhCO-SR 

(16a) R = Alkyl (17) 
(166) R = A r y l  

(13) 

is possible. The alkyl derivatives 16a need BF3 or Et3 O+ BF4-l 9 2  as catalyst, 
while 16b is rearranged by heating190. Reaction of thio acids with alde- 
h y d e ~ ~ ~ ~ - ~ ~  

R‘COSH + C H ~ O  - R’COSCH~OH - R’COSCH~X (14) 

Stannyl thiol esters (18) are obtained on reaction of tin hydrides with thio 
acids’ O’ . Alkylmetal thiocarboxylates can also be prepared in the conventional 
way, i.e. from RCOS- and C1MMe39 l .  

can yield thiol esters too (equation 14). 

X = CI, Br, NHR2 

R’COSH + R$ SnH - R’COS-SnR; 

(18) 

Acylation of thiols is the second convenient method for the synthesis of thiol 
esters. Acyl fluorides2 0 3 ,  acyl chlorides3 9 4 4  p1 g2 O 0  *204-2 5 ,  acyl bromides2 6 ,  

esters2 7-2 , carboxylicZ2 p2 2-2 and phosphoric2 anhydrides, acyl imida- 
zoles2 and acyl trialkylammonium fluoroborates22 have been used as reagents. 
Compounds of special interest are prepared in this way, i.e. the thiol esters of 
trihalogeno acetic acids205, a a x o  carboxylic acids44, chiral thiols2 and a 2 0 7  

and P-alanin208 (which can be polymerized), as well as the unsaturated derivatives 

R1COSCR2=CR3R4 R’ COSCH2CH=CMq R: C=CH cos R 

(1 911 20,206.22O (20?04 (21 1213 

19-21. 

Though it is not possible to esterify thiols directly, there are some methods for 
the preparation of thiol esters from thio carboxylic acids. In these cases an 
activating (condensating) agent is used (equation 15). Activators are: dicyclohexyl 

activator 
R ’ C O ~ H  + R ~ S H  --+ R ’ C O S R ~  

- H 2 0  
(15) 

carbodiimide22 9-2 , diethoxyphosphoryl cyanide’ 3 4 ,  diethoxyphosphoryl 
azide2 4 ,  diphenylphosphoryl chloride2 , triphenylphosphine/dipyridyl disul- 
phide2 5-2 and 1-arylsulphonyloxybenzotriazole2 

Claisen-type rearrangements2 Pummerer reactions2 and decarboxylations 
(equation 16)240, which yield thiol esters in certain cases, may be taken as 
ac ylatio ns to 0. 

-cop 
OOC.THF 

R’COS Na+ + CICOSR2 - R’COSR’ + NaCl (16) 

Finally, thiol esters are formed on partial hydrolysis according to  equation (1 7): 
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C. Thiono Esters 

Thiono esters are the least conveniently available types of thio esters because of 
their decreased stability with respect t o  the corresponding esters (hydrolysis, 
oxidation) and thiolo esters (rearrangement), and because it is impossible to attack 
monothio carboxylic acids at the oxygen atom by normal alkylating agents. 
Nevertheless, most thiono esters that are needed are now available by any of the 
following methods. 

Reaction of thiocarboxylate anions with Me3 Sic1 yields 0-trialkylsilyl esters 
(22) (equation 18)71~2519252, which are also obtained according t o  equation 
(1 9 ) 2 5  3. Some 0-methyl thiobenzoate is formed on alkylation of thiobenzoic acid 
with diazomethane, along with a ten-fold amount of S-methyl thiobenzoate13 7 .  

Diazoalkanes also attack thiono esters whereby chain lengthening or branching of 
the thioacyl group occurs and new thiono esters are formed (equation 20). 

RCOS- + MegSiCl - RCSOSiMe3 + CI- 

(22) 

E t j N  
RCOCl + (MegSi)zS - 22 - Me3SiCl + R’COS-CSNHR’ (19) 

HCSOR~ R ~ C S O R ~  R ~ C H ~ C S O R ’  

CH2N2 (Ref. 256) (20) R\CN2 (Ref. 254) 
R ‘ \ R 2 ’  3’ / R’CHN2 (Ref. 255) 

R ‘ ~ ~ ~ ~ ~ l  

Thionation of esters with P4 S1 -2 7-2 6 o  or  (EtO),PS-SH’ has been 
described in several cases. Sometimes thiolo and dithio esters are formed as 
by-products (equation 2 1)’ *1 7 ,  which cannot always be easily removed. These 
undesired follow-up reactions, that are due to the long reaction times necessary2 7 ,  
can be quenched by activating additives such as NaHC03258. Dimeric anisyl thiono- 
phosphine sulphide has proved to  be a valuable thionating agent for esters4 1 3 . 

‘4%0 p4s10 
R ~ C O ~ R ~  - R ’ C S O R ~  - R ’ C O S R ~  - R ’ C S ~ R ~  

Partial thiolysis of ortho esters yields thiono esters in a convenient way (equa- 
tion 22)40 *9 >2 l i26 : This method is especially appropriate for the preparation 
of HCSOMe40*92 and HCSOEt261. The reaction is catalysed by protons 
9 2 . 2 6 1 9 2 4 2  or Lewis acids (ZnC12409262, FeC13262). Boron sulphide can be used 
instead of HZ S13 3 .  HCSOMe is also obtained from the bis-dithiocarbonate 23 by 
thermolysis (equation 23)’ : 

200% 
HCC120Me + 2 K(Et0-CS2) - HC(S--CS-OEt)20Me HCSOMe (23) 

Thiolysis of imidates is one of the most powerful tools in the field of thiono 
ester synthesis. Advantageously, hydrochlorides263 or acetates949264 are used as 
starting materials instead of the free bases. N i t r i l e s 3 l , 4 7 7 9 3 ~ 9 4 ~ 1 1 5 9 1 3 7 9 2 6 0 , 2 6 3 - 2  7 2  

or amides313 1 9 2 , 2 6 8 9 2 7 2  are useful precursors (equation 24). Thiono esters of 
oxalic (24)31994*264, a, a-alkanedioic (2514 7 9 2 6 5 ~ 2 6 6 9 2  7 2 ,  benzenedicarboxylic’ 5, 

(23) 
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R’ CS-F 

R’CS-GI 

R’ CS-SCHzC02H 

R’ CS-SR3 

R’CS-QN - 

1041 

(Ref. 45) (25) 

(Refs. 190, 194, 268) (26) 

(Refs. 118, 194, 260, 268) (27) 

+ R’CS--OR~ (Refs. 70, 73, 114, 268, 274) (28) 
R ~ O  H (base) 

(Ref. 118) (29) 

R20HIHCI >!R$X- H Z S  

R’CN - R’C, - R ’ C S O R ~  
OR2 

COClZ ,NR,” 
/ 

R’CONR,” - R’C: 

‘Cl 

ROCSCXOR (24a) x = o  (24b) X = S 
ROCS(CH2),CXOR (2%) X = 0, n = 1 (25b) X = S.n = 2-5 

hydroxy93, p-0x0 (5 /6 ,  X, Y = OI4 7 9  9 3 and Pthioxo (5 /6 ,  X = S ,  Y = O)9 3 carboxylic 
acids can be prepared in this way. Reaction of 26 with hydrogen sulphide does not 
yield the a-0x0 thiono ester 27, but its reduction product 289 3. 

ROH/HCI / r H 2  CI- 
PhCOCN - PhCOC, 

BF3 OR 

EtOzCCH=C(OSiMej)OEt 
ClCSOAr 

-Me3SiCI 
- (EtOZC)2CHCSOAr 

ClCSOAr 

-HCI 
(Et02C)2C(CSOArl2 (31) 
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pounds (equation 32)64. Xanthates react with methylene phosphoranes in an 
analogous manner (equation 3 3 ) 2 8 0 .  

AlCl 
Ar 'H + CICSOAr2 --% Ar'CSOAr' + HCI (321 

Ph3P=CHR1 + R20CS-SR3 - Ph3P=CR1-CSOR2 (33) 

The base-catalysed rearrangement of dithiocarbonates (29), accompanied by 
sulphur extrusionlo8, can be used for the preparation of 5/6, X = 0 (see Section 
I.E. 1). 

NaH 

-S 
R'COCH2SCSOEt 516 

(291 

3-Ethoxy-l,2dithiolium salts are cleaved to enamino thiono esters (30)2 l .  

Thiono esters are also obtained by reaction of elemental sulphur with picolineZS2 
or pentacarbonyl(methoxyarylcarbene)chrornium(O)' 6 .  

ArNHCR1=CR2CSOEt 

(30) 

D. Dithio Esters 

A great number of dithio esters have been prepared by alkylation of dithiocarb- 
oxy1ates54, 6 0 ,  6 2 ,  6 5 ,  1 0 9 ,  111. 114, 118 ,  1 3 7 ,  140, 141, 1 4 3 ,  144, 1 5 3 ,  

156-159, 1 6 1 ,  163.  1 6 7 ,  1 6 8 ,  194, 2 6 8 ,  2 8 3 - 2 9 6 .  Carboxymethyl 
dithiocarboxylates R C S 2 C H 2 C 0 2 H 6 5 ~ 1 6 7 ~ 1 9 4 . 2 6 s  * 2 9 2 p  including the deuterated 
derivatives C6 D5 CS2 CH2 C02 H' and 4-t-BuC6 D4 CS2 CH2 C02 H6 ', which are 
important thioacylating reagents, can be obtained in this way. Triphenylplumbyl 
d i th ioca rboxy la t e~~~ ,  which can also transfer thioacyl groups, and the analogous 
R3 Si, R3 Ge and R3 Sn derivativesS g S 8  972 $73 * have been prepared from dialkyl- 
ammonium dithiocarboxylates and triorganyl metal chlorides. 

Thiolysis of irnidothiolares R' C(SR2)=NR3 or  the salts R'C(SR2)=fiR2 X- 

7-2 9 .  This method has been reviewed by Doyle and K u r ~ e r ~ ~ ~ ,  and by Leon5 7 .  

affords dithiocarboxylates31, 4 8 9  61, 1 1 5 .  1 2 0 .  1 3 7 ,  1 4 4 ,  1 6 5 ,  1 6 7 ,  2 6 6 %  2 7 2 ,  

(32) (Ref. 115) 

(33) (Ref. 300) (34) (Ref. 300) 

It is suitable for the preparation of dialkyl I ,14ithiooxalates3 l ,  1 ,ldithiomal- 
onates6 9 '  2 o  p 2  1 a,o-alkane-bis(dithiocarboxy1ates) RS2 C(CH, )nCS2 R (n = 2- 
5)' 7 2 ,  and a-aminodithiocarboxylates2 ~ ~ ~ 9 .  

Thionation of thiol esters provides dithio esters, e.g. the bis-dithiocarboxylates 
3 1-34, in a simple fashion1 1 5 -1 1 7 3 2  5 7-2 5 9 - 3  00,4 1 4 
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Thioacylation of thiols can be achieved in a manner analogous to the preparation 
of thiono esters from alcohols. Carboxymethyl dithiocarboxylates' g 1  p 1  94 ,  
thioacyl chloridesso, thioacyl fluorides4 5 ,  bis(thioacy1) sulphidess9 and thio 
ketenes' l2 7 5  s3 can be used as reagents. 

Propargyl and allenyl ketene mercaptals can be rearranged to dithio esters 
according to equations (34) and (35)302. Ketene dialkyl mercaptals are converted 
to dithio esters by reaction with lithium (equation 36)j O 

'SEt 'SEt 

(34) 

(36) 
2Li H+ 

R ~ C H = C ( S R ~ ) ~  - R ' C H C S ~ R ~  - R ' C H ~ C S ~ R ~  

Aromatic compounds are attacked by chlorodithioformates under Friedel- 
Crafts conditions6 9' *3 v 3  yielding aryl and alkyl dithiocarboxylates (equa- 
tion 37): 

(37) 

Dithio esters are also obtained from carbanions and dithiocarbonic acid deriva- 

RMgX + CICSzEt - RCS2Et + MgClX (Ref.306) (38) 

AICI, 
A r H  + CICS2R - ArCSSR + HCI 

tives (equations 38-40). 

Ph3P=CHR1 + R2S-CS2R2 - Ph3P=CR'-CS2R2 (Ref. 280) (39) 

Dimethyl tetrathiooxalate (36), which has been sought after for a long time, has 
now become available by photolysis of the 1,3dithiolone42) 35 (equation 41)63 - 

(41 1 \ 2 
-co //c-c\ 

M e S w S M e  hv , MeS MeswsMe Hg(OAcl2 , 
SMe YS S YS S 0 

(35) (36) 

3-Methylmercapto-l,2-dithiolium cations (37)3 q 3 0  8 ,  1,2dithiolthione-(2)' 4 ,  

3-methylmercapto-5-imino-1 ,2dithioles3 O 9  and isothiazolethione~-(5)~ are 
cleaved by m i n e s  to form, for example, the P-aminodithioacrylates 38. 

Finally, dithio esters have been prepared from benzyl sulphides in two steps 
(equation 42)3 l . 
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S8 
ArCHClSR 

NEtjlDMF 
ArCS2 R 

E. Thioacyl Halides and Anhydrides 

or pyrocatechylphosphors trichloride3 
from dithio esters according to equation (43)3 l4 : 

Aromatic thioacyl chlorides have been conveniently prepared using phosgene3 
as chlorinating agents, o r  in two steps 

(32 Ph JP 
ArCSZR ArCC12SCI - ArCSCl (43) 

Aliphatic thioacyl chlorides, which have long been unknown, have been made 
available recently. t-BuCH2CSCl (39) and t-BuCHClCSCl can be obtained by 
addition of hydrogen chloride o r  chlorine, respectively, to  t-BuCH=C=S, generated 
by flash pyrolysis of 4-t-butyl-l,2,3-thiadiazole or  by direct reaction with this 
heterocycle. The addition of hydrogen chloride to the alkynethiolate t-BuCX-S- 
also gives 3 9 5 0 .  Addition of thiophosgene to t-BuC(NMe2 )=CH2 provides the 
thioacyl chloride salt (Me2 fi=C(t-Bu)CH2 CSCl) Cl-3 '. 

and 
(45)31 ' has been reported. However, mainly trisulphides (RCOCC12 S)2  S seem to be 
formed from methyl ketones4' 5 .  

The preparation of a-0x0 thioacyl chlorides according to  equations (44)3 

SOCI, -HCI 
RCOCH3 RCOCHClSCl - RCOCSCI (441 

R = M u ,  Ph, Me02C 

so2c12 PPh3 
R:NCOCH~SR~ - R ~ N C O C C I ~ S C I  - R~NCOCSCI (45) 

-CI, 

Tetrafluorodithiosuccinyl difluoride, FCSCF2 CF2 CSF, has been obtained from 
trifluoroiodoethylene and boiling s u l p h ~ r " ~ .  

The thioacyl bromide (CF3)2CHCSBr has been prepared by Raasch139 as a 
purple liquid. It is thus very unlikely that the colourless crystals, described by 
Barnikow and Gabrio3 3 ,  are really thiobenzoyl bromide. 

Thiobenzoyl hexafluoroantimonate, (PhCS)+ SbF6-, is formed from thiobenzoyl 
chloride and silver hexaflu~roant imonate~ a .  

Acetyl thioacyl sulphides RCS-S-COMe6 and bis(thioacy1) sulphides ('trithio 
anhydrides'), RCS-S-CSR, are synthesized from the corresponding ali- 
phaticS 3 7 3  or aromatic6* dithio carboxylic acids by acetylation or condensation 
with dicyclohexyl carbodiimide o r  t-butyl isocyanide. 

111. CHEMICAL PROPERTIES OF THlO CARBOXYLIC ACID DERIVATIVES 

A. Prototropic Behaviour 

The acidity of mono- and dithio carboxylic acids has been discussed in Janssen's 
review' and recently by J a n s ~ n s ' ~ ~ .  Some pK, values are given in Table 14. As 
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TABLE 14. Acid dissociation constants of thio and 
dithio carboxylic acids 

1045 

Compound PKi3 References 

HCO-OH 
HCO-SH 
HCS-SH 
MeCO-OH 
MeCO-SH 
MeCSSH 

PhCO-OH 
PhCH,CS--SH 

PhCO-SH 
PhCS-SH 

2C1 ,H,CS-SH 
1 C,,H,CS-SH 

3.75 
2.06 
0.85 
4.76 
3.35 
2.57 
2.05 
4.20 
2.48 
1.92 
1.26 
1.96 

320 
320 
320 
1 
32 1 
321 
144,322 
1 
1 
144, 323 
324 
324 

would be expected from inductive and mesomeric effects the acidity increases in 
the order RC02 H < RCOSH < RCS2 H. 

Thio carboxylic acids3 and thiolo3 l 3  thiono3 7 , 3 2 8  and dithio 
esters3 exhibit proton acceptor properties too. Thiocarbonyl sulphur proto- 
nation and the occurrence of two species, probably E/Z  isomers, a t  low temper- 
ature is observed for MeCSOR and MeCS2 R32 7 .  Recently the protonation con- 
stants ~ K T H +  for some aromatic thiono esters in aqueous sulphuric acid have been 
measured328. The relative gas-phase proton affinities have been established as 
MeCG Me > MeCOSMe > MeC02 Me using ion cyclotron resonance techniques, 
whereas, due to solvation effects, in solution the basicity of thiolo esters is lower 
than that of esters32 6 .  

Thio esters exhibit marked CH acidity of their a-protons, which has been 
discussed by and is the reason for many typical reactions (cf. Section 
111). This is especially true for p-oxo and Pthioxo derivatives and has been 
mentioned in Section I.E. 

B. Nucleophilic Reactions 

1. Reduction 

Thio esters readily take up  an electron to  form radical anions4 &is p 1  s 1  (cf. 
Section I.F), which are persistent in aprotic solvents. Selected half-wave potentials 
for this process are given in Table 15 together with earlier results on the polar- 
ography of  thio esters in protic media. Not unexpectedly, -El l2  decreases in the 
order thiol ester > thion ester > dithio ester because of the increased polarizability 
of thiocarbonyl derivatives and the possibility of d orbital participation in the 
S-alkyl group. 

Controlled potential electroreduction of dithio esters in the presence of electro- 
philes yields mercaptals. The protons necessary for this reaction stem from the 
solvent (acetonitrile) o r  traces of water (equation 46). The stilbene derivative 40 is 
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TABLE 15. Half-wave potentials for the polarographic reduction of 
thio esters 

Compound -El,a (v)U SSEb Reference 

MeCO-SMe >2.0 A 331 
MeCS-OMe 1.57 A 331 
EtCS-SMe 1.78 B 330 

1.43 A 331 
MeCOCH,CS--OMe 1.43‘ C 332 
EtS-COCO- SEt 1.15 B 43 
EtO-CSCS-OEt 0.79 B 43 
EtO-COCS-SEt 0.87 B 43 
PhCO-SMe 2.04 B 115 

1.65 A 331 
PhCS4Me 1.63 B 115 

1.56 A 331 
PhCS-SMe 1.34 B 115 

1.11 A 331 
PhCS-OPh 1.31 A 64 
PhCS-SPh 1.15 B 330 

1.03 A 64 

uEl,a is related to the saturated calomel electrode (SCE), if not 
therwise noted. 

%SE (solvent-solute-electrolyte): A = 40% aq. propanol-(2)/ 
hos hate buffer, B = acetonitrile/Pr,IV‘ClO;, C = acetone/ 

CAi/AgClleference ele~trode”~.  
Et 8 C l O  -. 

formed as by-product33o. Electroreduction in aqueous solvents as well as the 
Clemmensen reduction has been extensively studied by Mayer and coworkers3 . 
As shown in equation (47) the main products from dithio esters are thio ethers. 

2 ’H2’ 

-H2S 
RCSSMe - RCH2SMe (47) 

Analogous reduction of thiol esters is efficiently possible only in the aromatic 
series. Thiono esters are merely hydrolysed to  the corresponding esters. 

Thiocarbonyl reduction of thion esters to form the corresponding methylene 
compounds can, however, be achieved by Raney-Ni 2 6 9  or hydrogen sulphideg4, 
whereas hydrogenolysis of the alkyl-oxygen bond occurs with tributyl tin hydride, 
which reaction implies a very useful method for the conversion of alcohols to 
hydrocarbons (equation 48)272 . Toluene is obtained from benzyl thiolacetate and 

1. PhC(NMe21+CI CI- 

2. H2S BuJSnH 
R’OH PhCSOR’ - R ’ H  + PhCOSSnBu3 (48) 

lithium in liquid ammonia333, whereas lithium alanate cleaves thio esters t o  the 
corresponding thiols18 Semimercaptals (41) are formed from dithio esters and 
sodium borohydride (equation 49)334. 

NaBH4 
EtCS2Me EtCH(SMe)SH 

(41 1 

(49) 
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2. Reactions with carbanions 

Ketones are obtained in good yields in Grignard reactions of the easily available 
S(2-pyridyl) thiocarboxylates (equation SO); no carbinols are formed as by-pro- 
ducts3 5 .  This is also true for the reaction of lithium dialkyl cuprates ( I )  with thiol 
esters3 6 .  

Dialkyl bis(thio1oxalates) yield a-oxo thiol esters on reaction with Grignard 
reagents (equation 5 1)33  7 -  

OMgBr 
H 2 0  

(51 1 
I 
I 

P-Thioxo ketones are obtained after basecatalysed condensation of thion esters 
with methyl ketones3 

Grignard reactions of dithio esters have been reviewed b y ' P a q ~ e r ' ~ ~ .  Dithio 
acetals are the main products, which is indicative of a thiophilic addition of the 
organometallic reagent to the thiocarbonyl group. Dithio ketals and some stilbene 
(40) are obtained after methylation of the intermediate. Thiols and thiones are also 
formed in several cases (equation 52)3 9 .  The latter reaction path is predominant if 

+ ArMgBr - ArCSR - ArCOCOSR rR COSR COSR 

MgX R 2  

I 

R2MgX I I 
R'CS2Me - R'-C-SMe + R'-C-SMe 

I 
SMgX 

(52) -MgSMeX 

1. R2MgX R 2  
2. H2O I 

I 
R2 

H //y Me Me1 1 
I I 

I I 
R'-C-SMe R'-C-SMe R1-CS-Rz - R'-C-SH 

SRZ SR2 

unsaturated Grignard reagents ( R2 = CH2 =CHCH2, CH2 =CH, HC=CCH2 ) are 
used3409341. Inversion of allylic chains and direct carbophilic addition rather than 
initial thiophilic addition followed by [2, 31 sigmatropic shift, which has been 
postulated in earlier work147*340, takes place (equation 53)34 p x o  diothio 

1. R2C = CHCH2 MgX 

R' CS2Me R'CSMe 

SMe 
2. Me1 1 

I 
(53) 

bRICH=CH2 

esters form hydroxyclyclopropenone mercaptals with alkylmagnesium bromides in 
a stereoselective reaction (equation 54)3 4 2  . 

HO SR2 

R C SR3 
/ \  

R3M@r / 
'/ \ /  \ 

R' COCMe2CS2R2 - '0-C (54) 

M e  M e  
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Reaction of phenyl dithiobenzoate with phenyllithium gives bis(pheny1thio)- 
phenylmethane as a product of thiophilic attack (equation 55) together with some 
stilbene (40)3 . 

Ph Ph 
\ /  

\ 
PhS SPh 

(40) 

PhCSZPh + PhLi - PhCH(SPh12 + ,C=C (55) 

3. Solvolysis 

The reactivity of various nucleophiles towards 2,2,2-trifluoroethyl thiolacetate 
has been studied systematically by Gregory and B r u i ~ e ~ ~ ~ .  Rate constants for the 
alkaline hydrolysis of thiol esters have been reported2 9 3 4  The alcoholysis of 
thiol esters (acetyl-CoA) plays an important role in biochemistry346 , which 
cannot be discussed here. It provides an efficient route to esters, because thiol 
esters are strong acylating agents347, which are further activated by metal 
i ons210~348~349 .  The synthesis of  macrocyclic lactones236g350, e.g. in macrolid 
antibiotics2 p 2  33 O ,  can be achieved using thiol esters. Alcoholysis and thiolysis 
of dithio esters have been treated in Sections 1I.C and 1I.D. Thiols having functional 
groups are readily prepared by treating the corresponding thiol esters with 2-amino- 
ethanethio13 l .  

Aminolysis of thiol esters has been intensely studied from a mechanistic point of 
view3 2 .  Aminolysis of thiono and dithio esters normally yields thio amides and 
related compounds. The preparative scope of this reaction is therefore not treated 
in this chapter. Mechanistic studies have been performed by Tao, Scheithauer and 
Maye? and by Bruice and Mautne? 4 .  

The unusual thioacyl isothiocyanates ArCSN=C=S are obtained from thioacyl 
chlorides and sodium thiocyanate3 3 .  

C. Electrophilic Reactions 

1. Oxidation 

Desulphuration of dithio esters to the corresponding thiol esters and of thion 
esters to esters can be achieved by various oxidizing agents such as Ag+ J 5 5 ,  

Cu2+ Hg2+ and KMr104~ * . Thiono esters may be oxidized to anhydrides 
by Hg2+ as well3 9 .  The metal-ion promoted (which does not mean ‘catalysed’) 
reactions of thio esters have been thoroughly reviewed by S a t ~ h e l P ~ ~ .  Ozone 
yields carboxylic acids and sulphonic acids from thiol esters in acetic acid as 
solvent3 6 0 .  

The reactions of phenyl thiolacetate with halogens are shown in equation 
(56)36 l .  Dithio esters yield stable a-bromo derivatives (42), which are useful for 

/-b 2MeCOCl + PhSSPh 
,C‘2 

‘121ROH 

(56) 
6‘2 

2 MeCOSPh 2 MeCOBr + PhSSPh 

2 M e C 0 2 R  + PhSSPh 
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the preparation of  highly branched dithio esters according to equation (57 )362 ,  

whereas the disulphides 43 are formed with iodine (equation 5 8 y 6  

Br2 MeMgX 

(42) 

Me2CHCSzMe - MeqCBrCS2Me I - Me3CCS2Me (57) 

1 .  bare 

2. I* 
RCH2CSzMe RCH=C-S-S-C=CHR (58) 

I 
SMe 

I 
SMe 

(431 

S a x i d e s  (sulphines) of various types (44-49) have been prepared from the  
corresponding thio carboxylic acid derivatives. Peroxy carboxylic acids such as 

II 
ArCSR ArCSOR ArCS02 R 

II 
so so 

II 
so 

(44) (Refs. 304. 314. 364, 365) (45) (Refs. 304, 365) (46) (Refs. 304, 365) 

ArCCl ArCN3 ArCSCN 
II 
so 

I1 
so 

II 
so 

(471 (Refs. 314,366) (48l(Ref. 367) (491 (Ref. 3661 

rn-chloroperbenzoic acid have been mainly used as oxidants, but ozone364 o r  
chlorine3 are suitable in certain cases too. 48 and 49 are prepared by nucleo- 
philic substitution of 47 with NaN3367 or  KSCN366, whereas 44 (R = Ph) is 
obtained from 47 and sodium thiophenolate3 

Phenyl dithiomesitoate yields the thiocarbony1-S-imide 50 on oxidation with 
chloramine-T (equation 59)3 

Me Me 

T O S  

(50)  

The configuration and conformation of 44-47 and 50 has been extensively 
studied by n.m.r. spectroscopy304 v 3  9 ,  dipole-moment3 l o  and X-ray diffrac- 
tion3'l measurements. In many cases stable E and Z isomers of 44-47 and 50 can 
be cleanly separated because the rotational barrier AG* for the rotation of the 
C=S=O group is very high. 

2. Alk ylation and acylation 

Alkylation of thiono and dithio esters with diazoalkanes has already been 
mentioned in Section II.C, as it provides new thio esters in many cases. Episul- 
phides are the intermediates in this reaction and olefins are formed as typical 
by-products by sulphur extrusion from the latter (equation 60)2 . 



1050 J. Voss 

R’ R2 R’  CH R2CS -XMe 

/ \ / \  
(60) 

\ / /  
R’CS-XMe + R’CHN2 C-C 

R2  

\ 
,c=c 

MeX H 

Alkylation with alkyl halides occurs at the thiocarbonyl sulphur atom of thio 
esters and ketene S,S-acetals are formed by deprotonation of the a-position (equa- 
tion 61)54* l o g *  1 4 0 9  1 6 1 9 2 7 6 3  2 9 4 9  3 7 2 .  Ketene S,S-acetals are also formed with 
dimethyl sulphoxonium methylide. If the substrate dithio ester does not contain 
a-hydrogen atoms, olefias are the products (equation 62)3 7 3 .  

R 3X ,SR2 

--HX SR3 
R:CHCS~R~ - R:C=C, (61 1 

R ’ 9 2 M e  + Me2SO=CH2 - R1C(SMe)=CHR2 (62) 

R’ = f-Bu, R 2  = SMe 

R’ = Ph, R2 = H 

Very strongly alkylating reagents such as FS03Me and ClS03Me attack methyl 
thiolbenzoate at the sulphur atom and the sulphonium ion PhCOSMe2+ is 
formed3 7 4 .  Lithium alkyls abstract protons from the alkyl group of ArCOSCH2 R2 
and the rather stable carbanions react with electrophiles to form ArCOSCHR’ RZ 
(R2 = Me, CH2CH=CH2, SiMe, , CHOH-Ph)3 7 5  - Intramolecular alkylation, i-e. 
rearrangement of thiono esters to the corresponding thiolo esters, takes place by 
heatingg4’ l g 0 *  1 9 4 *  3 7 6  or, more efficiently, by catalysis with BF3/Etz0191 or 

Glycidic acid thiol esters, which are easily obtained, rearrange according to 
equation (63)3 7 .  

(Et3 O)+BF4- v 1  ’. 

R 3  R’ 

R’CHXCOSR2 + R3COR4 - ‘c-c’ 
4 / \ / \  

R 0 COSR‘ 

R3 
I 

I 
R’ 

R4CCOCOSR2 HCOCCOSH 
I 
R4 

(63) 

R ’ = H  

R2 = R3 = Ph 

Metalation in the a-position of thiol esters and subsequent reaction with ketones 
yields Phydroxy thiol esters3 7 8 .  

Base-catalysed self-acylation of ethyl thionoacetate yields ethyl thioacetyl 
t h i ~ n o a c e t a t e ~ ~  3 7 9 ,  whereas dibenzoylmethane is formed from methyl thiol- 
benzoate and strong bases in a complicated reaction380. Activated t h i o 1 0 ~ ~  l ,  

thiono120 or dithio esters120 are acylated at the a-carbon (equation 64) or 
thiocarbonyl sulphur atom (equation 65), which is also true for the related 
sulphenylation reaction (forming disulphides4 7 ) .  
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1. Mg 

2. RCOCl 
CH2(COSEt)2 RCOCH(COSEt)2 

1. KOBU-t 
2. RCOCl ,SCOR 

EtOzCCH2CSXEt Et02CCH=C, 
‘XEt x - 0 , s  

D. Nonpolar Reactions 

C ~ y l e ~ ~ ~  has reviewed the photochemical behaviour of thiol and thion esters. 
Thiol esters give fragmentation products on ultraviolet irradiation according to 

equation (66). S-Acyl splitting is the main reaction path, while S-alkyl bond 

R’COSR’ - [R’CO- + -SR2] -+ R ~ S S R ~  + R’CHO + R’COCOR’ (66) 

cleavage gives rise to minor by-products383. S-Aryl thiolbenzoates of type 5 1  are 
p h o t o l y t i ~ a l l y ~ ~ ~  or thermally385 (X = S02Me) cyclized to the thiaxanthones 52. 

hv 

(51) X =  CI, Br, 1, S02Me (52) 

The formation and reactions of polythiol esters, e.g. 53-57, have been reviewed 
by Sviridova and P r i l e z h ~ e v a ~ ~ ~  and recently in a valuable monograph by 
G o e t h a l ~ ~ ~  ’. 

CH2S-COMe 
I 
I 

--fC-CHq-Ok +CO-S-(CH2)5$7i. -fCHz-CH-hi 

CH2S-COMe 
I 

S-CO-Me 

(53) 154) 155) 

+CO-S-CHp )”- -(-CO-A-CO-S-(CH2)6-S%‘7 A = (CH2)m. 

(56) (57) 

S 

C CH , 
C OH 

II /R2 

R’/ \ / \ 

R3 / \R4 

hu - 

R’COSH + 
HS 

R3 R4 
\ /  

C 
II 

H R2 
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Norrish Type I1 photoelimination takes place with thion esters' 9 6 9  2 6 8 .  2 7 1 .  
388 and has been used for the synthesis of olefins (equation 67). On the other 
hand, thiono-thioio ester' or photo-Fries rearrangement to thioketones via an 
oxetan196*389 can occur in suitable cases (equation 67). 

0-Ethyl thioalkanoates are photolytically desulphurized and enediol ethers are 
formed (equation 68)390. 

Me Me 
hv \ /  

\ 
2MeCSOEt  __c ,c=c 

4 2  
EtO OEt 

Photolysis in the presence of olefins has been investigated by Ohno and co- 
w o r k e r ~ ~ ~  l .  Thietans and ketones are formed according to equation (69): 

OR' 
hv I -R1. + H a  

PhCSOR' + R$C=CR; - Ph-C-CR2 - PhCOCHRZ (69) 
I I  

S-CRZ 

Methyl dithiobenzoate adds 2,3diphenylazirine on ultraviolet irradiation to 
yield 2,4,5-triphenyl-5 -methylthiothiazoline3 . Radical-induced cyclizations of 
alkyl dithioisobutyrate and methyl dithio-A4 -pentenoate take place according to  
equations (70) and (7 1)393. 

E. Formation of Heterocycles 

Various heterocycles can be obtained from thio and dithio carboxylic acids and 
their derivatives. A detailed treatment of this topic is not within the scope of this 
article. Only a short specification and literature references are therefore given. 

Heterocyclic systems without sulphur in the ring, which are available, include 
pyrrolidinedithione6 l ,  i m i d a ~ o l i n e ~ ~ ~ ,  o x a z ~ l i n e ~ ~  v 3  9 4 ,  pyrazolone' , 
pyrone3 , piperazinedione2 O and quino~al inone~ q3 *3 7 .  

In most cases sulphur-containing rings are formed: thiirans (episul- 
phides)184*255,390, thietan'983200.391, dithietan?', thiophene363.398-400, the 
bicyclic compounds 584 O ' and 594 2 ,  thiapyrane4 3 ,  thiapyrone3 *40 4 ,  1,3- 

SMe 
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1 ,3-dithian2 v 2  i3 3, 1 ,3-thiazine4 9 ,  1,2 ,3-thiadiazole2 5 5  3 263 2 6 6  1 4 1 0 ,  

1 ,2,4-thiadiazole2 34 , 1,3 ,4-thioxazole1 94 2 
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I .  INTRODUCTION 

This chapter is devoted to a discussion of recent developments in the synthesis of 
lactones and lactams, and is meant to supplement our earlier chapter in this volume 
dealing with the synthesis of carboxylic acids and their acyclic derivatives 
(Chapter 7). 

The primary literature surveyed for this review consists mainly of articles listed 
in Chemical Abstracts from 1966 through mid-1976. In order to treat topics which 
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have not been reviewed before, and to lend continuity and chronological perspec- 
tive to certain sections, a number of  references which appeared prior t o  1966 are 
also included. 

Although we have not attempted to make this chapter encyclopaedic, we hope 
that the numerous lactone and lactam preparations presented in tabular form will 
be helpful to practitioners of  the fine art of organic synthesis in spite of inevitable, 
but unintentional, omissions. 

II. SYNTHESIS OF LACTONES 

The first extensive review of lactones covered the synthesis and reactions of 
13-lactones, and was published in 1954 by Zaugg'. A reviewZ in 1963, while not 
concerned with lactones per se, discusses many reactions which d o  give rise to 
lactones. In 1964 three reviews appeared: the first, by Etienne and Fischer3, was on  
the preparation, reactions, etc. of p-lactones; the second, by Rao4, was on the 
chemistry of butenolides; and the third, by Ansell and Palmer5 discussed the 
cyclization of olefinic acids to ketones and lactones. In 1967 and 1968 three 
reviews appeared which discussed the synthesis of 2-pyrone6, the preparation of 
macrocyclic ketones and lactones from polyacetylenic compounds', and the syn- 
thesis of substituted lactones, their odour and some transformations8 - A review in 
1972 discussed the preparation, properties and polymerization of p-lactones, €-cap- 
rolactone and lactides9, and another reported on the preparation, properties and 
polymerization of hydroxy acids and lactoneslO. The synthesis of a-methylene 
lactones was reviewed' in 1975, while in 1976 Rao reportedl2 on recent advances 
in the chemistry of unsaturated lactones. 

Because of the large number and variety of reviews published on all aspects of 
lactone preparation, this section will mainly be concerned with discussion of newer 
methods of lactone preparation along with selected recent applications of tradi- 
tional synthetic methods. 

A. By Intramolecular Cyclization of Hydroxy Acids, Hydroxy Acid Derivatives and 

Numerous hydroxy acids, hydroxy esters and hydroxylated acid derivatives can be 
converted to  lactones by intramolecular reactions similar to those employed in the 
synthesis of acyclic esters. Acids containing enolizable carbonyl functions can also 
serve as useful lactone precursors. 

Acid-catalysed cyclization of  hydroxy acids comprises a widely used procedure 
for lactone formation. Examples of intramolecular acid-catalysed condensations 
yielding y- and E-lactones are the reaction of sodium o-hydroxymethylbenzoate 
with concentrated hydrochloric acid, which affords' a 67-7 1% yield of phthalide 
(equation l ) ,  and cyclization' of (R)~+)-6-hydroxy4-methylhexanoic acid and 

Related Compounds 

(R)-(+)-6-hydroxy-3-methylhexanoic acid to (R)-(+)-y-methyl-c-caprolactone (35%) 
and (R)-(-)-p-methyl-e-caprolactone (59%), respectively (equation 2). Similarly D- 
gulonic-y-lactone has been prepared from gulonic acid' 5 .  
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II 
0 

HCI, CHzC12 

Me 

The most popular acidic reagent for  effecting direct cyclization of hy’droxy acids 
appears to be p-toluenesulphonic acid in a variety of solvents’ 

The direct cyoclization of (3-hydroxy acids with benzenesulphonyl chloride in 
pyridine at 0-5 C (equation 3) has been shown to be a general reaction for the 

(Table 1 ). 

R’ 

formation of tri- and tetra-substituted P-lactones in high yields (Table 2). During 
these investigations it was observed that hydroxy acids 1, 2 and 3 afforded olefins 
rather than lactones upon treatment with benzenesulphonyl chloride. Although no 
explanation was advanced for the absence of lactone formation from 1 o r  2 ,  the 

( R e f .  261 

(3) 
(Ref. 25) 

HOOC HO 

DLJO 
(2) 

(Ref. 26) 

R’ = H. H. H, H 

R2 = H, H, H, H 

R3 = Ph, PhCHz, Et. i-Pr 

R4 = Ph, Ph, Ph, Ph 

preferred linear dehydration of acids 3 was explainedZ in terms of the absence of 
substituents at the p-carbon of the hydroxy acid, a structural feature which is 
essential for cyclization. 

Stereoselective cyclizations of hydroxy acids to trisubstituted p-lactones have 
been reported using methanesulphonyl chlorideZ For  example, the diastereomers 
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of a-methyl-a*-butyl-P-hydroxyheptanoic acid afford the corresponding P-lactones. 
These lactonizations proceed through formation of intermediate mesyl derivatives, 
which then undergo internal nucleophilic displacement by the carboxylate group 
(Scheme' 1 ). 

n-Bu 

n-Bu 

MeS02CI I 

I 
0 
II 

n-Bu- 

n-Bu 

n-Bu H o R e  n-Bu 

0 
II 

n-Bu 

n-8" 

SCHEME 1. 

The reaction of hydroxy acids with sodium acetate in acetic anhydride-benzene 
mixtures is a very effective method of lactonization, which has been used by 
Woodward and coworkersZ8 in the total synthesis of reserpine (equation 4), and by 

NaOAc. C&, ( M e C 0 ) 2 0  heat, 2h ' 0% (Ref. 28) (4) 

64% 
HOOC 

NaOAc. (MeC0)20 oQ (Ref. 28) (5 )  
0 ,% CgHg, hmt, 2h 

-H /  / 

66% 
HOOC E 

H 
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41 % 

(MeC0120. xylene 

hmt 

H 

OMe 
(Ref. 28) 

Meinwald and F r a ~ e n g l a s s ~ ~  for the synthesis of various bicyclic lactones (equa- 
tions 8 and 9). 

(MeC0120, C6H6 NaOAc a0 (Ref.29) (8) 

35% 

CHzCOOH ~ 

(Ref. 29) (9) (MeC0120, NaOAc 

C6H6 

CHzOH 

36% 

4 
N,N'-Dicyclohexylcarbodiimide (DCCD) is also an effective reagent for lactone 

formation from hydroxy acids' p 3  0-3 

Reaction of 3,4dimethoxyphenylacetic acid with formalin in the presence of 
acetic acid and aqueous hydrochloric acid affords 6,7dimethoxy-3-isochromanone 
(equation 10) in a process which may be regarded as an in sifu formation and 
cyclization of a hydroxy acid33 J 4  

as illustrated in Table 3. 

HOAc MeoDcH2cooH + HCHo HCI, H 2 0  ' 
M e 0  

Lactones can be prepared by acid-catalysed cyclization of hydroxy esters, as 
shown by the reaction of the methyl or  ethyl esters of y-alkyl-y-carboethoxy- 
8-hydroxyhexanoic acids with metaphosphoric acid to afford3 the expected 
6-lactones in 95-99% yield (equation 11). 

Intramolecular acid-catalysed cyclization of y-hydroxy esters has been found 
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TABLE 3. Lactonization of hydroxy acids by DCCD 

~ ~- 

Hydroxy acid Product Yield (%) Reference 

U 
I .  

55-86 16 
0 

60 30, 31 

COOEt COOEt 

I HPO3 MeCHCCH2CH2COOR' - 
Me 

I I  
OH R2 

(11) 

R' = Me, Et 

R2 = Et, n-Pr. n-Bu, CH2CHzCH(Me)2 

useful in the preparation of bicyclic lactones. Thus, reaction of diethyl A4 -cyc;o- 
hexene-cis-l,2dicarboxylate oxide with dilute aqueous sulphuric acid at 40-50 C 
gave3 a 73% yield of diethyl trans-4,5dihydroxycyclohexane-cis-l,2- 
dicarboxylate, which upon partial acid hydrolysis at 8OoC afforded the bicyclic 
lactone shown in equation (12). 

Sulphuric acid-catalysed lactonization of cis- and fruns-N-(carboxymethyl)-4- 
phenyl-4-ethylpyrrolidin-3ds, as well as their corresponding methyl and ethyl 
esters o r  their 3-acetates, all afforded3 the bicyclic lactone, 6-phenyldethyl-l- 
aza-4-oxabicyclo [ 3.2.1 I octane-3-one (equation 13). The fact that the same lactone 
was obtained from either the cis or  fruns compounds, indicates that the probable 
mechanism for this transformation involves initial protonation of the C(3)-OH or 
-OR function with subsequent elimination of water o r  alcohol to  create a positive 
centre at C(3), followed by intramolecular nucleophilic attack by the carbonyl as 
shown in equation (14). 

The use of boron trifluoride-etherate for direct lactonization of hydroxy esters 
is demonstrated by reaction of methyl 4-hydroxyd-phenylhex-5en-l-yne- 
1-carboxylate to give the lactone of 4-hydroxy-2,2-dimethoxyij-phenylhex- 
5-en-1-carboxylic acid, which upon heating at 1 50°C afforded3 8-40 (*)- 
kawain (4), a constituent of the kawa root (equation 15)41-44. Hydroxy esters can 
also be converted to lactones by means o f  DCCD (equations 16 and 1 7)2 l4 s. 
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R’ = R2 E H 

R’ = H; R2 = Me 

R‘ = H; RZ = Et 

R’ = COMe; R2 = Me 

Me0 OMe 
OH 
I BFa-HgO 

PhCH=CHCHCHzC=CCOOMe M~OH 

OMe 

In some instances of lactone synthesis from hydroxy esters, the ester function is 
first saponified, and subsequent acidification leads to lactone formation. Such a 
procedure has been employed in an alternative synthesis of ( + - ) - k a ~ a i n ~ * * ~ ~  as 
shown in equation ( 18). The synthesis of P-carboxy-y-tridecyl-y-butyrolactone is 
accomplished in a similar fashion (equation 19)47. 

In general, uncatalysed thermal lactonization of hydroxy esters tends to give 
significant amounts of polymeric material. For example, distillation of a series of 
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0 
Me0 

H 

- - - MeOOC' - \OAc 

6Me 6Me 

1075 

(Ref. 28) (17) 

CH2N2 - 4 (18) 
MeOH-ether 

OH 0 
I II 1. NaOH PhHC=CHCHCH2CCH2COOMe - 

2 . W  

HOOC 

1. KOH-MeOH + - a 0  (19) 

OH 
I 

Me(CHz)12 2. H* 
Me(CH2112CHCHCH2COOMe 

I 
COOMe 

ethyl a-alkyl-6-hydroxyhexanoates affords a mixture of  unidentified polymers. 
However, depolymerization o f  this mixture by distillation in the presence of 
concentrated sulphuric acid or  phosphoric acid produces the corresponding a-alkyl- 
6-hydroxyhexanoic acid lactones in good yields (equation 20)48 . 

distillation distillation 
MeCHCHzCH2CHCOOEt - polymers H2S04 or ' 

I I 
OH k 

R = Et, Pr, n-Bu, i-Bu, i-amyl 120) 

Corey and N i c o l a o ~ ~ ~  have recently reported an ingenious method for lactone 
synthesis in which o-hydroxy carboxylic acids are first converted t o  o-hydroxy-2- 
pyridinethiol esters, which subsequently undergo facile thermal lactonization (equa- 
tions 2 l and 22). This appears to be one of the most general methods for large-ring 
lactone synthesis currently available. 

Conversion of ap-dialkyl-P-hydroxy acids to 4-oxo-1,3dioxanes by reacti2n 
with methyl orthopropionate followed by heating these compounds at 150-200 C 
affords P-lactones in good yields via a proposed concerted mechanism (equa- 
tion 23)50. 

Reaction o f  ethyl 1-hydroxymethylcyclopropanecarboxylate with zinc bromide 
in 48% hydrobromic acid results in cyclopropane ring enlargement to afford 
a-methylene-y-butyrolactone in 25% yield (equation 24)5 Reactions (25) and 
(26) provided similar results5 This rearrangement has also been observed with 
cyclopropylmethyl methyl ethers and cyclopropylmethyl bromides (equations 27 
and 28)5 

The conversion of y- or  6-keto acids to enol lactones is a well-known process, 
illustrated here by the synthesis52 of the enol lactone of 1,4,4-trimethylcyclo- 
hexan-2dneacetic acid (equation 29). 
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QLsJQ - HO(CHz),COOH + 

Ogliaruso 

A 

n Solvent Reflux time (h) Isolated yield (%) 

C6H6 10 71 
7 Me,C,H, 30 8 

11 Me,C,H, 10 66 
12 Me,C,H, 10 68 
14 Me,C,H, 10 80 

10 Me,C,H, 20 47 

THPO 

OH 0 Me 

THP = tetrahydropyranyl 

0, R 

RxcooH + (MeO)JC-Et - 50-100°C tcIx:e 150-20O0C, 'tA0 (23) 
R C H 2 0 H  

R = Me, 87% 

R = Et, 84% 

Treatment of 2-carboethoxymethyl-2-methylcyclohexane-l,3-dione with poly- 
phosphoric acid (equation 30) results in ring-opening, followed by ring-closure to 
form lactone 6 ,  presumably by isomerization of intermediate enol lactone S S 3 .  
When the analogous 2-carboethoxymethyl-2{3-ketopen tyl)cyclohexane-l,3dione is 
treated under similar conditions, a new mode of cyclization is observed5 3 ,  affording 
fused 6-lactone 7 in 34% yield (equation 3 1). Formation of unexpected products 
was also observed when 2,2di(carboethoxymethyl)cyclohexane-l,3dione was 
treateds3 with polyphosphoric acid to afford a 64% yield of dilactone 8 (equa- 
tion 32). Treatment of 2,2-dimethylcyclohexane-l,3dione under similar conditions 
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O["'""- COOEt my2 
Reaction Reaction conditions Yield (%) 

~ 

(25)  ZnBr, ,4876 HBr, EtOH, 100°C, 6 h 50 
( 2 5 )  Conc. H, SO,, O"C, 2 h 30 
(25)  
(25 )  p-MeC, H, SO, H 

F, CSO, H, C, H, - 

- 
(26) ZnBr, ,48% HBr, EtOH, IOO", 6 h 43 

o~ OOEt 

~~c 

1077 

(26) 

0 
I t  

MeCH2CCH2CH2 CHzCOOEt w 
L 

O n  1 
CO-OEt P -  mo Me 

- 
COOPAA ( 7 )  

(31 I 
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EtOOCCHz CH2COOEt oe P P A .  ro:Go OPPA 1 08 (32) 
- 

( 8 )  

afforded no reaction, which was attributed to the deactivating effect of the two 
methyl groupss 3. 

Aldehydic acids can be cyclized to enol lactones by treatment with p-toluenesul- 
phonic acid in benzene (equations 33-35)54. 

64% 

Me02 w 

(33) 

(34) 

Me02C 

30--40% 

73% 

B.- By Intramolecular Cyclization of Unsaturated Acids and Esters 

1. Acid-catalysed cyclizations 

Various unsaturated acids and esters have been converted to lactones in the 
presence of acids5. Recent examples include the preparation of 4,4dimethyl- 
b~ ty ro lac tone~  and 4-methyl-4-phenylbutyrola~tone~ by cyclization of 4- 
methyl-3-pentenoic acid and 4-phenyl-3-pentenoic acid, respectively (equation 36). 

A 
I 

iMeC=CHCHZCOOH 

R R = Me, Ph 

(36) 
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Treatment of alkenylsubstituted malonic esters with aqueous acid affords the 
expected y-lactones in good yields, while basic hydrolysis produces the y,%-unsat- 
urated acid (equation 37)”. 

R’ 
I 

Rz HC=C<HzC(COOEt)2 
I 
R3 

(37) 

R’ = H,n-Bu 

= H, ~ - B u ,  n - ~ 5 ~ 1  

R3 = H, Me 

2-Hydroxy-2,6,6-trime thylcyclohexylideneacetic acid y-lactones has been 
synthesized5 by treatment of 2,6,6-trimethylcyclohexene-l-glycolic acid wiJh 
aqueous sulphuric acid or b y  simply heating the glycolic acid at 200-220 C 
(equation 38). Alternatively, this lactone can be prepareds2 by basecatalysed ring 
closure of 9. Interestingly, treatment of 2,6,6-trimethylcyclohexene-1-glycolic acid 
with chromic anhydride-pyridines2 affords ‘hydroxyionolactone’, which can also 
be preparedS by permanganate oxidation of P-ionone (equation 39). 

Me Me OH 
OH wo K M n 0 4  pMe (39) 

Me Me I 

O M e  Me 

- CHCooH (303 
-A 

pyridine 

2,s-Dienoic acids and esters, such as those shown in Table 4, can be converted 
into a@-unsaturated 6-lactones upon treatment with 80% sulphuric acid at 

TABLE 4. Cyclization of 2,5-dienoic acids and esters using sulphuric acid‘ 

Acid or ester Lactone Yield (%) 

cis-2,5-Hexadienoic acid no 84.6 

M 

Methyl cis-2,5-hexadienoate oO 77.0 

Me 



1080 

0-5°C63. Carboxylic acids containing multiple unsaturation can undergo rather 
complex c y c l i ~ a t i o n s ~ ~  in the presence of sulphuric acid as shown in equation (40). 

J. F. Wolfe and M. A. Ogliaruso 

+ 
Me Me w Me 

(40) 

Cyclization of acids and esters containing acetylenic bonds has seen wide 
application in the preparation of lactones6 5-80. A number of representative exam- 
ples are presented in Table 5. 

o-Phenylbenzoic acids undergo cyclization upon treatment with hydrogen per- 
oxide o r  chromic anhydride to  form lactones in moderate yields (equation 41)81 - 

R R 

2. Photochemical and electrochemical cyclizations 

Preparations of lactones by photochemical cyclization of unsaturated acids o r  
esters have also been reported in the literatureg3-89. Irradiationg2 of a series of 
a-substituted cinnamic and crotonic acids afforded the corresponding substituted 
P-lactones (equation 42). 

\" R? .O 

-b 
R3 

(42) 

R' = Ph, Ph, Me, Ph, Ph, Ph 

R2 = H, Ph, Ph, Me,Ph,pMeCsH,, 

R3 =Ph, H, H, H, Ph, H 

y-Lactones have been prepared by the irradiation-induced addition of alcohols to  
a,p-unsaturated acids or  esters in the p r e s e n ~ e ~ ~ - ~ ~  or absenceg6 of a sensitizer, 
by the use of 6oCo y-raysggpg9, and by reductive electrochemical addition of 
acetoneg9. Some y-lactones prepared by these various methods are listed in 
Table 6. The mechanism suggestedg7 €or the photolytic addition in the absence of a 
sensitizer is shown in equation (43) and involves initial hydrogen abstraction by the 
excited ester carbonyl, which then leads to a-hydroxyalkyl and allylic radicals. 
Coupling of the former to the P-carbon of the latter and tautomerization affords a 
y-hydroxy ester which then cyclizes. 
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P O M e  [Rf iOMe]*  R 1 R 2 C H o H ,  

R 

cis or trans 

1081 

3. Halolactonization 

The reaction of unsaturated acids with iodine-potassium iodide and bicarbonate 
in aqueous medium affords iodolactones. This iodolactonization, first reportedg in 
1908, was originally believed to  exhibit the following characteristics: ( a )  a,P-un- 
saturated acids do  not give iodolactones ( b )  P,y- as well as y,Bunsaturated acids do 
afford iodolactones, ( c )  B ,E  acids o r  acids with the unsaturation further removed 
from the carboxyl group yield only poorly characterized unsaturated acid iodo- 
hydrins and ( d )  a-keto P,y-alkenoic acids and a,P,y,6-alkenoic acids are 
exceptional in that no iodolactones are obtained from them. Since r ,P-unsaturated 
acids do not give iodolactones but p,y-unsaturated acids afford P-iodo-y-lactones via 
this procedure, a number o f  workersg 1-93 have used this approach to distinguish 
a$-unsaturated acids from P,y isomers. In a more involved study of  this reaction, 
Van Tamelen and Shammag4 showed that although p,y-butenoic acid does not 
afford any iodolactone even upon long standing, P,y-pentenoic acid (equation 44) 

12-KI 
MeCH=CHCH2COOH - 

NaHC03 M 
(44) 

NaHCO, 
(45) 

and A1 cyclohexeneacetic acid (equation 45) rapidly affort the corresponding iodo- 
lactonesgS. Van Tamelen further establishedg4 that although there are two 
structural possibilities, 6 -iodo-Y-lactones and Y-iodo-6-lactones, for lactones derived 
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from y76-unsaturated acids, both y,a-pentenoic acid (equation 46) and 
A2 -cyclohexeneacetic acid (equation 47) give rise to the y-lactones rather than the 

Me 

6 isomers originally proposed by Bougaultg0. It was also e ~ t a b l i s h e d ~ ~  that &&-hex- 
enoic acid affords (probably) 6-iodomethyl-6-valerolactone, again contrary to Boug- 
ault’s findings, while E,C-heptenoic acid and o -undecylenic acid led to unstable, 
poorly defined products. 

mixtures of 
endo- and exo-norbornd-enyl acids and endo- and exo-methylenenorborn-5enyl 
acidsg8 In the former case9 p 9  the endo isomer reacts to produce a y-lactone 
while the exo isomer remains in the aqueous layer as the carboxylate salt; in the 
latter, both isomers react with bromine in methylene chloride to give lactone 
products, whereas reaction with iodine in methylene chloride affords the iodol- 
actone from the endo isomer only (equation 48)9 8 .  With the carboxylate salt of the 
exo acid p-lactones are obtained during the bromolactonization but none have been 
detected during iodolact~nization~ 

Halolactonization reactions have also been used to  separate96 i9 

Me 
0 

+ 
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R' Rl R3 Yield (%) 

Me Me H 83a 
COOEt Me Me 88b 
H H H 50 

=Pure product. 
'Mixture of isomers. 

are indeed y-iodo-P-lactones. Thus, if iodolactonization is performed using excess 
potassium iodide and long reaction times, P,y-unsaturated acids produce y-lactones, 
whereas if short reaction times are used in the absence of potassium iodide, 
y-iodo-p-lactones are produced (equation SO). One exception to this rule in stytyl- 
acetic acid, which is concertedloo to the y-lactone regardless of the procedure 
employed (equation 5 1). 

RO RO 
1 I 1  NaHCOJ I I I  
I 

H2C=CH-CCOH - H2C=CHCCO- Na' 
1 
R R 

R = Me, 70430% RO 
I I I  R = H, 20-30% H2 C=C H FCO- Na' 

A 

0 
\ exoBss KI-lp , '& R=Me,H 

R = Me 

Bromolactonization of  A4 -cyclohexene-cis-l,2dicarboxylic acid esters has also 
been reported (equations 52 and 5 3 ) ' O  * , while application to this method to  linear 
di- and tetra-carboxylic acid esters affords' substituted y,y-dilactones (equations 
54 and 55). 

An interesting application of a bromolactonization-type of reaction in the field 
of steriod s y n t h e ~ i s 6 * ' ~ ~  has been reported'04 in the preparation of 5/3,14a-bufa- 
20(22)-enoBde using N-bromosuccinimide in carbon tetrachloride (equation 56). 
Quinone-mediated dehydrogenation' O 5  of the product in refluxing dioxane con- 
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Br2 

CHCIj, -10  t o  -15OC 
Br 

1091 

(52) 

~~ ~~ 

R' R' R' Yield (%) 

Me H Me 36 
Me M e  Me 72 
Me Me Et 75 

,COONa 
Br2 

CHCIj, 0-10°C 
Br 

(53) 

39% 

EtOOCCCH2&=LCH2CCOOEt R 1  I R2 R3 R'  I 
CC14 or CHCI, 8r2 7 10°C ' EtOOC '**kOOEt R' (54) I 

COOEt 
I 
COOEt 

R' = C1-5, alkyl or benzyl 

R2 = H, H, Me 
R3 = H, Me, CI 

8*2 

CCI, or CHCI, > 10°C 

R' 
I 

EtOOCCHzCHCHzCH=CHCH2 

R' = C1-5, alkyl or benzyl 

Me 

@ =CH-CH2 COO H 48 cc14 NBS h ,  r.t .  &" (56) 

H H 
57% 
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taining anhydrous hydrogen chloride or  pyridine affords' 0 4 9  ' the isomeric 
bufa-l7(20),22dienolides (equation 57). Similar dehydrogenation results are 
obtained' 04*  l o  using chloranil. However, with 2,3dichloro-5,6-dicyanoquinone 
(DDQ) in refluxing dioxane containing p-toluenesulphonic acid, the dehydro- 
genation is specific at C(2 1) and C(z 3)  to produce 5P,14a-bufa-20,22-dienolide in 
quantitative yield. 

DDQ, anhyd. HCI 

dioxane, reflux 

3-130 h 

chloranil 

dioxane, reflux 
120 h 

dioxana, reflux 

3 h  

+ d 
0 g 

(57) 

Bromolactonization has also been used to prepare' 7 precursors of gibberellic 
acid (equation 58). 

Arnold and Lindsay108 have shown that iodolactones can be obtained by the 
use of cyanogen iodide in place of iodine-potassium iodide and bicarbonate. 

4. Intramolecular Diets-Alder reactions 

Intramolecular cycloaddition reactions of the Diels-Alder type have been em- 
ployed in a number of interesting lactone syntheses' 0 9 p 1  l o  - These reactions may 
be generalized by viewing them as addition of the dienophilic triple bond of an 
acetylenic acid ester to a diene function contained in the allcoxy moiety of the ester 
(equation 59). A number of representative examples of such reactions are given in 

I591 

Table 7. Diels -.Alder cyclization of the diene ester shown in equation (60) has been 
observed to occur thermally' ' via a [ 1,5 ] sigmatropic hydrogen shift in which the 
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96% 

1 OP-hydrogen migrates suprafacially to the C(4) position to produce the inter- 
mediate lactone. This intermediate then undergoes a Diels-Alder reaction between 
the disubstituted double bond of the furan (dienophile) and the cyclohexadiene 
(diene). 

C. By Acetoacetic Ester and Cyanoacetic Ester Condensations 

Heating ethyl acetoacetate with a trace of sodium bicarbonate affords1 a 53% 
yield of dehyciroacetic acid (equation 61); however, if ethyl acetoacetate is treated 

2 MeCOCHzCOOEt & O M e  (61 1 

with concentrated sulphuric acid at  room temperature for 5-6 days a mixture of 
22-27% of isodehydroacetic acid (4,6dimethylcoumalic acid) and 27-36% of 
ethyl isodehydroacetate (ethyl 4,6dimethylcoumaloate) is obtained (equation 
62)' 7 .  

Me 

Condensation of the monocarbanions of acetoacetic ester o r  ethyl cyanoacetate 
with a series of a-keto alcohols has been reported' to give the corresponding 
2-acetyl- and 2-cyano-2-5uten4-0lides in 55 -96% yield (equations 63 and 64). 
Alcoholysis' ' of the 2cyano-3,4,4-trimethyl analogue in the  presence of  sul- 
phuric acid affords the corresponding ethyl ester (equation 65). 

with 3-cNoro-l,2epoxypropane 
(epichlorohydrin) at 45-50 C for 18 hours in the presence of sodium ethoxide, a 
6 1-6476 yield of a-acetyl-6-chloro-y-valerolactone is obtained (equation 66). A 
similar report' involves the reaction of the carbanion generated from ethyl 
2-furoylacetate and propyfene oxide, which affords a-furoyl-y-valerolactone in 54% 
yield (equation 67). 

When ethyl acetoacetate ois allowed to react' 
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EtOH R M S o M e  (63) MeCOCH2COOEt + R2CCOMe NaOEt. 

R'  
I 
I 
OH R2 

R' =Me, Me, 1 
R2 =Me, Et, I 

(CH2)5 

Me CN R' 

I 
NCCHzCOOEt + R'CCOMe I NaOEt EtOH, .ao 

R2 OH 

COOEt 

M e V  0 H2S04 EtOH , M e a  Me 0 
Me 

COMe 

1. NaOEt 

\ /  ClH2C 
0 

MeCOCHZCOOEt + CICH2CHCH2 2.HOAc (66) 

(67 ) Na, E t O H  

&OCH2COOEt + H2C-CCH-Me \ /  C6H6 

0 

H 
I 

OMe 
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Reaction of the dianion of acetoacetic ester with 2,2-(propane-l,3-dithio)- 
hexanal affords121 the oxolactone 10, which in turn gives the enol ether 11. 
Hydrolysis of the thioacetal provides (f)didehydropestalotin (12). 

The condensation of phenols with P-keto esters, P-keto acids or malic acid in 
the presence of concentrated sulphuric acid affords coumarins, and is known as 
the von Pechmann reaction122. A series of representative preparations of COU- 
marins125-131 by the von Pechmann reaction are given in Table 8. It may be 
noted that treatment of malic acid with fuming sulphuric acid in the absence 
of a phenol affords coumalic acid123.124. 

QCOOH 

H2S04 
HOOCCH(0H)CHzCOOH 

so3 
0 

(69) 

65-70% 

D. By Aldol Condensations 

Base-catalysed aldol condensations of substituted malonic and acetoacetic esters 
with paraformaldehyde afford good yields of substituted y-butyrolactones (equa- 
tions 70-72)132 - 

EtOAc, KOH 

EtOH 
(EtOOC)2CHC=CHZ + HOCH2 (OCHZ),OCH~OH 

I 
COOEt 

COOEt 
I MeONa 

MeCOCHCH2COOEt + HOCH2(0CH2),0CH20H - 
EtOOC MeCO 

HCI, 55OC 

COOEt 
I MeONa 

MeCOCHCHMeCOOEt + HOCH2(0CH2),0CH20H - 
EtOOC MeCO 
M e C O d  - HCI, 55OC 

55 h 0 
(72)  

Although it has been found that steroidal 17-~-hydroxy-l6-~acetic acids' 33 9' 34 

and I7-P-hydroxy-16-P-propionic acids are easily converted into their respective 
cis-fused Y- and 6 -1actones by simple intramolecular acid-catalysed condensation, 
the formation of  the trans-fused 6-lactones from 17-~-hydroxy-l6-a-propionic acids 
requires a more complex approach' 5 9 1 3 6 .  The procedure involves base-catalysed 
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aldol condensation of 3-P-hydroxy-5-a-androstan-17-0ne with glyoxylic acid to 
afford 3-P-hydroxy-174x0-5-a-andr0stan-A' 6*a-acetic acid, the key intermediate in 
the synthesis. Several additional steps convert this compound into 3-P, 17-P- 
dihydroxy-S-a-androstane-l6~-propionic acid, which upon warming in a solution 
of acetic anhydride and acetic acidI3 ' 9  IJ8 afford 3-p-acetoxy-17- 
~-hydroxy-5-a-androstane-l6-a-propionic acid 6-lactone (equation 73). Con- 
densation of 5-a-androstanolone with glyoxylic acid in aqueous methanolic sodium 

H 

HO i@ 

M e O H  AT& - (74) 

- - NaOH +o=c-c=o - - 
MsOH, H 

HZO 

- - 

0 & - 

H I I  
H OH 

HCI - 0 - 
OMe H 

hydroxide at room temperature affords' 17-~hydroxy-S-a-androstan-:!-a- 
(a-hydroxyacetic acid)-3-one, which is readily lactonized to  3-~-rnethoxy-l7-& 
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hyd roxy-5 - a-and ros t an-2-a-( a -h yd ro xyacetic acid )-3 -one-lactol up on treatment with 
methanolic hydrogen chloride (equation 74). Similarly, 17-a-hydroxy-34x0-5-a- 
androstan-A2*"-acetic acid was prepared in 85% yield' 3 9  via condensation of  
glyoxylic acid with 5- a-androstanolone. Several additional steps converted this 
product into 343, I7-P-dihydroxy-5-a-androstan-2-pacetic acid, which was lactonized 
upon refluxing with p-toluenesulphonic acid (equation 75). 

H 

-- 

H H  

This approach to the preparation of key intermediates in the syntheses of 
isocardenolides' O ,  cardenolides' *' , isobufadienolides' 40  and bufadien- 
olides' 4 0  has been investigated. 

Intermediates in the total synthesis of fomannosin (13), a biologically active 
metabolite from Fommes annosus, have also been prepared'43 via the intra- 
molecular aldol condensation of 14 to form 15. This product, which contains the 
formannosane skeleton, appears to be a promising intermediate in the total syn- 
thesis of fomannosin. 

An interesting example of the use of an intramolecular aldol condensation for 
construction of a,P-unsaturated butyrolactones may be found in the mercuric 
sulphatecatalysed hydration of the acetylenic ester of acetoacetic acid (equation 
77)"8. 
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I 
COOMe 

1'14) 

COOMe 

1151 

EtOH, H20 

HgSO4 
MeCOCH2COOCMezC-CH - [MeCOCHzCOOCMe~COCH3] 

aldol Me ___, 
-HzO Me 

Me 

(77) 

E. By Malonic Ester or Malonic Acid Condensation 

The condensation of malonic acid or diethyl malonate with o-hydroxy- 
benzaldehydes or  P-alkoxy-a,P-unsaturated aldehydes in piperidine has proved to be 
a very convenient route to 5,6-fused and 6-substituted-2-pyrones. Using this ap- 
proach, salicylaldehyde and ethyl malonate were condensed in piperidine-glacial 
acetic acid solutions to  yield144 a 78-83% conversion t o  3carboethoxycoumarin 
(ethyl 2-0x0-2H-1 -benzopyran-3-carboxylate) (equation 78). The scope of  this 

(78) 

method was investigatedI4= during the synthesis of several isobufadienolides, and it 
was found that optimal conditions involve a 1 : 2 : 2 mole ratio of aldehyde, 
malonic acid and piperidine (or morpholine) in excess pyridine at steam bath 
temperatures for one hour. Using these conditions, 3-/3-acetoxy-20-ethoxy-2 1- 
formylpregna-5,20diene (equation 79), 3-p-acetoxy-20-methoxy-2 1-fomyl-5- 
a-androst-20-ene (equation 80), 2-formyl-3-methoxy-l7-~acetox~-5 -a-androst-2ene 
(equation 8 1 ), 3-a-acetoxy-20-methoxy-2 1 -formyl-5-/3-pregna-2O-ene (equation 82) 
and 3-a,6-a-diacetoxy-2O-methoxy-2 l-formyl-5-P-pregna-2Oene (equation 83) were 
converted in to  3-/3-acetoxy-l7-~-(6'a-pyronyl)-androst-5ene (54%), 3-P-acetoxy- 
17j3-(6'a-pyronyl-5-a-androstane (54%), 17-/3-acetoxy-5-a-androstano-[2,3-c]-2- 
p y ron e ( 2 0%) , 3 -a-ace t o x y- 1 7 -/3-(6'a-pyronyl)-5-/3-and ros t m e  (2 1 %) and 3 - a,6 -ad i- 

piperidine, 
+ CHz(COOEt)z UCHO OH acetate 

0 

- (79) 
0 

MeCO MeCO 
I I  
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OMe 
I 
CZCHCHO 

0 & - 
- - 

II 
MeCO 

H 

1103 

0 
II 

Me OCMe 

OHC Me0 & -  
OMe 

I 
C =CHCHO 

Me 

Me qo 
0 
II 

MeCO - 
H 

OMe 
I 
C=CHCHO 

- 

MeCO\* 0 II C I P  H E  OCMe 

II 
0 

Me qo 

0 

acetoxy-l7-~(6'a-pyronyl)-5-fl-androstane (57%), respectively. The mechanistic 
pathway proposed14s for these conversions is shown in equation (84). 

Condensation of tertiary a-hydroxy ketones {acyloins) with malonic ester 
(equation 85) affords unsaturated y-lactones in good yields (Table 9).  The proposal 
that this reaction occurs via initial transesterification, with subsequent intra- 
molecular condensation of the resulting keto ester, was confirmed by several 
observations. For example, when weaker bases such as pyridine and triethylamine 
were used as catalysts it was possible to  isolate the intermediate keto esters, which 
were converted into the unsaturated y-lactones upon treatment with sodium eth- 
oxide (equation 86). 
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n 

0 
I 1  Me COOEt 

Me-C CH2COOEt 0 
R\ 1 1  -EtOH I I -H20 R' - 

C-C-Me + CH2(COOW2 - R'-C C 
/ \o/ \\o 

R2 A2 

Condensation of malonic ester anions with epoxides (oxiranes) provides a 
popular method for the synthesis of lactones. Reaction of diethyl malonate and 
styrene oxide was originally r e p ~ r t e d ' " ~  to  yield, after hydrolysis and decarb- 
oxylation, y-phenyl-y-butyrolactone. Other workers have made use of the supposed 
specificity of this However, DePuy and coworkers' 5 2  reported 
that this reaction in fact affords a mixture of P-phenyl-y-butyrolactone (60%) and 
y-phenyl-y-butyrolactone (40%) (equation 87). These results were independently 
verified by two other groups of workers' 53 5 4 .  

TABLE 9. Condensations of acyloins with malonic ester to form 
unsaturated y-lactones 

R' R' R5 Yield (%) Reference 

H Et Et - 146 
H Pr Pr - 146 
H tl-Bu Il-Bu - 146 
H /l-Cs H ,  I 11-c~ H ,  1 - 146 
Me Me Me 65.5 141 
Mc Et Me 60 147 
-(CK 1 s  - Me 61 147 
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Van Tamelen and Bach4 used the reaction of malonic ester anion with methyl 
tridecyi glycidate to prepare a,@-dicarbomethoxy-y-tridecyl-y-butyrolactone, an 
important intermediate in the  synthesis of d,l-protolichesterinic acid (equation 88). 

Dalton and coworkers' employed a similar approach to prepare fluorene-9- 
spiro4'-(2'-carboxybutyrolactone) ( 16) and fluorene-9 spKo3'-(2'ethoxycarbonyl- 
butyrolactone) (17). Thus, condensation of sodium diethylrnalonate with fluorene- 
9-spira-2'-oxiran afforded a 28% yield of 17 and a 20% yield of a diacid, which 
upon heating under vacuum afforded 16. Both of these products were also decarb- 
oxylated to form spiro butyrolactones 18 and 19. Similarly these workersls5 

EtOH + h a  CH(C02Et)2 - 

189) (17) (18) 

5 h  

CH2--CH[C02Et) 

C02H 
(16) 

119) 

prepared 2-carboxy4,4diphenylbutyrolactone from 2,2diphenyloxirane, while 
condensation of sodium diethylmalonate with 2-chloro-1, ldiphenylethanol af- 
forded the same product (equation 90). 
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Ph P h d 2  1 

NaOEt I 
P~--C--CH~CI + N Z H ( C O ~ E ~ ) ~  0 

I Ph OH 
I 

(90) 

200°C, 1 h 1 
p h Y 9 0  Ph 

The condensation of 2-chloro-2-methylpropanal with malonic esters in the 
presence of potassium carbonate to produce y-butyrolactones (equation 9 1) has 
also been studied' At room temperature, in THF, using one equivalent each of 

(21 l 

dimethyl malonate and 2-chloro-2-methylpropanal, two products, methyl-3-formyl- 
2-methoxycarbonyl-3-methylbutanoate (20) and a-methoxycarbonyl-P,pdimethyl- 
ydimethoxycarbonylmethyl-y-butyrolactone (2 I), are obtained in 60% and 26% 
yields, respectively. The mechanistic course of this reaction was established by the 
observations that in a separate experiment the methyl butanoate 20 and dimethyl 
malonate condensed to produce the y-butyrolactone 21, and that the yield of 21 
was significantly increased when two equivalents of malonate in THF were used in 
the initial experiment. However, when 20 was treated with sodium methoxide, a 
new lactone, a-methoxycarbonyl-13,9-dimethyl-y-methoxy-y-butyrolactone (22), 
was obtained in 65% yield via intramolecular cyclization (equation 92). Similarly, 

Me' Me\C-CH(COOMe)2 I MeY$;oo,. 
0 CHO 

(20) (22) 

the reaction of 2chloro-2-methylpropand with dimethyl malonate in ether contain- 
ing sodium methoxide (equation 93)  also afforded lactone 22, albeit in 20% yield. 
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Me 'CCHO + CH(COOMe);! THF "e0$e 0 + oFe (93) 
Me' I COOMe COOMe 

(MeOOC);!CH Me 

0 0 

(221 (21) 

CI 

The major product from this reaction was still 2 1  (46%). Ester cleavage of 2 1  to  
a-carboxy-P,pdimethyl-ycarboxymethyl-y-butyrolactone' was effected in 97% 
yield upon heating with concentrated hydroEhloric acid (equation 94) at 70-80 
for 24 hrs. Heating this product at 180-200 C for 30 minuted affordedlS6 a 98% 
conversion to  &Mimethyl-ycarboxymethyl-y-butyrolactone. 

(MeOOC12CH Me HOOCCH2 Me 

HCI 

0 0 

o T ~ O O M e  0 

(21 

When 2-chloro-2-methylpropanal is condensed with the methyl o r  ethyl ester of 
malonic acid in aqueous potassium carbonate' , a-alkoxycarbonyl-pdialkoxy- 
carbonylmethyl-y,ydimethyl-y-butyrolactones (23) are formed in 70-8276 yield. 
This is explained by assuming an epoxide intermediate, which reacts further with 
malonate as shown in equation (95). 

- Me / o -  
'C-CH 

Me'l r., 'CH(COOR);! 

(23) 

Hydrolysis of lactone 23 gave the expected diacid (98%) which upon heating 
afforded terpenylic acid (24) (equation 96). These results contradicted a previous 

(COOR);! HC, , M e v 2 C O O H  ~ M e q H 2 C O O H  

__. (96) 
COO R COOH 

0 0 0 

123) (24) 

report' 5 that 2-bromo-2-methylpropanal reacted with diethyl sodiomalonate in 
ethanol to afford a-ethoxycarbonyl-y,y-dimethyl-AavP-Y-butenolide. Reinvest- 
igation' s showed that axethoxycarbonyl-Pdiethoxycarbonylmethyl-y,y-dimethyl- 
y-butyrolactone (23, R = Et) was indeed formed in 53% yield. 

The explanation' 5 6  advanced for the results discussed above maintains that in 
aprotic solvents such as THF, the carbanion of malonic esters becomes more 
nucleophilic than in protic solvents and thus attacks the a-carbon of the a-halo- 
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aldehyde forming a C-C bond via an sN2 reaction. This is followed by an 
intramolecular cyclization to afford 2 1 and 22. However, in protic solvents such as 
water, the carbanion attacks the carbonyl carbon, which is polarized by solvent 
molecules, forming a C-C bond by nucleophilic addition. This is followed by an 
intramolecular cyclization to afford the lactones 23. 

Malonic ester anion has also been used to obtain trans-fused Y-lactones. For 
example, reaction' 5 8  of sodium diethylmalonate with 3,4epoxy-l-cyclooctene, 
5,6epoxy-lcyclooctene and 1,2: 5,6diepoxycyclooctane, followed by hydrolysis, 
affords 1O-oxo-9-oxabicyclo(6.3 .Ol undec-2en-1 lcarboxylic acid (65%), 1Oaxo-9- 
oxabicyclo [6.3.01 undec4en-l l-carboxylic acid (70%) and 4,5-epoxy-lO-oxo- 
9-oxabicyclo[ 6.3.01 -undecan-l 1-carboxylic acid (60%), respectively (equation 97). 

Do 
oo 

0 0 °  

These acids were converted into their methyl esters by reaction with diazomethane 
and were decarboxylated to 9-oxobicyclo[6.3.0 1 undec-2-en-lO-one (61%), 9- 
oxabicyclo[6.3.0 lundec4-en-l O-one (90%) and endo-4,5-epoxy-9-oxabicyclo[6.3.01 
under-10-one (62%) by heating at 160--180°C. 

F. By Perkin and Stobbe Reactions 

Although the Perkin reaction' 9-1 6 2  is not widely used for the direct synthesis 
of lactones, several applications of this condensation have found some utility in 
lactone preparation. 

A Perkin-type reaction of 2,6-dimethoxy-p-benzoquinone with propionic an- 
hydride affords' the two products shown in equation (98) along with the propyl 
diester of 2,6-dimethoxy-p-hydroquinone. Using isobutyric acid anhydride, the 
isobutyl diester of 2,6-dimethoxy-p-hydroquinone and the fused lactone (exclusive 
structure not determined) are formed163 - To establish the mechanistic course' 64 
the standard Perltin reaction procedure was modified by using shorter reaction 
times and lower temperatures. Under these conditions it was possible to isolate the 
/3-lactones 25 and 26, respectively. Transformation of 25 t o  the mixture of products 
initially obtained was easily accomplished by heating at 100°C for 48 hours in the 
presence of sodium propionate and propionic anhydride, P-Lactone 26 could simi- 
larly be transformed upon prolonged heating with isobutyric acid anhydride in the 
presence of sodium isobutyrate, but could not be so transformed upon treatment 
with acetic acid-sulphuric acid mixtures. Although these and other experiments 
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MeoQ 0 Me 

CHz 
II 
CCOOH 

,,(MeCH2CO120, MeCH,COO K Me oQ: 

Me0 OCOCH2Me 

or 

Me 

did not establish with certainty that P-lactones are intermediates in the formation 
of the observed y-lactones, they did establish that klactones could be formed under 
Perkin-like reaction conditions. .e0 MeoMe Me 

o+o 

Me0 Me0  

(251 (26) 

A variety of or-benzylidene-y-phenyl-APJy-butenolides substituted in the aralkyl 
idene ring with either electron-withdrawing or  electrondonating substituents have 
been prepared' by a Perkin-type condensation of 3-benzoylpropionic acid with 
substituted benzaldehydes in the presence of sodium acetate in acetic anhydride 
(equation 99). 

Arcv (MeC0120 
ArCHO + CH2COOH MeCOONs+ 

I 
CHzCOPh I 

Ph 

The preparation' ti '-16 of aralkylidine- and subsequently arylmethylphthal- 
originates with the condensation of phthalic anhydride with arylacetic ides168 

acids (equation 100). 
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Various applications of the Stobbe condensation to the synthesis of lactones 
have been reviewed' 7 0 .  Recently, it has been reported' ' that pcarboethoxy-APx6- 
6-valerolactones can be prepared by  an intramolecular Stobbe reaction preceded by 
condensation of tertiary a-keto alcohols with diethyl succinate (equation 10 1). 

J. F. Wolfe and M. A. Ogliaruso 

0 R '  0 R' 0 
II I M ~ ~ C G N ~  ' 11 1 II 

R3-C-C-OH + (CHzCOOEt)2 - R3-C-C-o-C-(CH2)2-COOEt - 
I 
R 2  

I 
R2 

COOEt 

R' R' R' 

Me Me Me 
Me Me Me 
+CH, )s - Me 

G. By Grignard and Reformatsky Reactions 

During a series of studies' 7 2  9' 73 involving the synthesis of zteroids, a general 
synthesis of 6-lactones was developed. This method' 74 7 5  consists of the reaction 
of Grignard reagents with glutaraldehyde to afford 6-hydroxyaldehydes in good 
yields (equation 102). These aldehydes, which exist predominately in cyclic hemi- 
acetal (6-lactol) form, were then oxidized to  &lactones using a variety of reagents 
as shown in Table 10. 

TABLE 10. Synthesis of 6-lactols and 8-lactones by reaction of Grignard reagents 
(RMgX) with glutaraldehyde' 'I 

Yield of Yield of 
RMgX s-lactol(%) Oxidizing agent &-lactone (%) 

MeCH, MgBr 68.5 Ag, 0 50 
Me(CH, )3 CH, MgBr - Ag, 0 41 
MeCH(CH, ), CH, MgCl 66 Br, , HOAc 83 

I 
OCMe, 

[Ix(CeHz )2CHz MgC I 52 Bra, HOAc 77 

Br, , HOAc 88 
MnO, 9 c6 H6 45 

18 Ag, 0 86 
Na, Cr, 0, , HOAc 60 
MnO, 9 c6 H, 35 
Ag, CO, , C, H, Me 33 
air, MeCOOEt, Pt 90 
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J3%*HA (lo*) ' 

OHC(CH2)3CHO + RMgX - 
R 

Similarly, addition of methylmagnesium iodide to  diethyl acetoglutarate' 7 6  
produces a racemic 6-lactone, ethyl terpenylate, which can be easily hydrolysed to  
terpenylic acid (equation 103). 

Me CH2COOEt Me CH2COOH 

MeMgl+ EtOOC(CH2)2CHCOOEt 5 M e b o  H20 M e a o  (103) 
I 
I 
c=o 

Me 

Contrary to previous reports' 7 7 9 1  7 8 ,  it has now been found' 7 9  that addition of 
the Grignard or  Reformatsky reagent formed from ethyl a-bromoisobutyrate to  
a,kethylenic ketones occurs via conjugated addition to produce a mixture of G-keto 

Zn or Mg 
R' COCH=CHR2 + BrCMe2COOEt - 

R' COCH2CHR2CMe2COOEt + "ie 

Me 

Et Ph Reformat sky 
i-Pr Ph Reformatsky 
Ph Ph Grignard 
p-MeOC, H, p-MeOC, H, Grignard 
Ph Me Grignard 
n-Pr Me Grinnard 

(104) 

esters and enolic 6-lactones (equation 104). In addition, several cyclic a,& 
unsaturated ketones underwent reaction to afford the 8-lactones shown below: 

0 
Me0 

0 
Me0 

R = Et, Ph 

Although these unsaturated ketones underwent smooth conjugate addition, the 
a,punsaturated methyl ketones, 1-acetyl-cyclohex-lene, methyl styryl ketone and 
3-pentene-2+ne, did not undergo conjugated addition with either the Grignard or 
Reformatsky reagent of ethyl-a-bromoisobutyrate' 7 9  - 

Using the above approach, the reaction of 16dehydropregnenolone acetate with 
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the Grignard o r  Reformatsky reagents obtained from the ethyl esters of  a-bromo- 
isobutyric, a-bromomalonic and a-bromobutyric acids was investigated’ 8 o  - It was 
found that, although the results depended largely upon the type of a-bromo ester 
used1a’*182, the best yields were obtained with 1 : 6 molar ratio of steroid to 
Reformatsky reagent, with the Grignard reagent giving less reproducible results. A 
flow chart listing the reactants used and the products obtained is shown in Scheme 2. 

The Reformatsky reagent prepared from diethyl a-methyl-a-bromomalonate has 
been added183 to  P-acetylenic alcohols to effect the synthesis of  various 6-valerol- 
actones (equation 105). 

R s C - C H C c C H  + MeC(COOEt)2 (105) 
I 
Br 

R2 I I 
OH R3 

R1 =H, H , H , H 

R2 = H, Me, Ph, CHMe2, H , Me, P h ,  CHMeZ 

R 3 = H ,  H , H ,  H 

, Me, Me, Me, Me 

, Me, Me, Me, Me 

Addition of the organozinc reagents derived from a-(bromomethyl) acrylic esters 
t o  a variety of aldehydes and ketones in THF affords’84 a single-step synthesis of 
a-methylene y-lactones (equation 106). This technique affords good yields (Table 

R<C=O + BrCH2-C-COOR Zn 

RZ ti 
CH2 

(1061 

11) except in the case of formaldehyde, where a mixture of a-methylenebutyrol- 
actone and y-hydroxy-a-me)hylenebutyric ester is formed in low yields- The anal- 
ogous reaction of methyl @ -bromotiglate with ketones to  produce a-methylene-@- 
methylbutyrolactones has also been reported (equation 107)’ - This study also 

(107) 
COOMe 

+ >=c - 
‘CH2Br 

78% 

H COOMe 
I I  

MeOOC-C=CCH2Br + C13Hz7CH0 

MeOOC 

C13H27 “ O O X ;  H+;;;H-* c13 H27 

57% 

cis : trans = 1 : 1 

included the synthesis of both the cis and rraris isomers of protolichesterinic ester 
(equation 108) and trans;protolichesterinic acid itself (equation 109) by reaction of 
myristic aldehyde with p -bromomesaconic acid or  @ -bromocitraconic anhydride in 
the presence of zinc. 
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TABLE 11 .  Synthesis of a-methylene y-butyrolactones by reaction of aldehydes 
and ketones with the zinc reagent derived from a-(bromomethyl)acrylic 

R' R' Yield (%) 

--(cH1)4- 66 

Me 
Ph 
Ph 
Ph 
i-Pr 

and 
PhCHZCH- 

Me 
Me 
Ph 
H 
H 
Me 

0 

-H2c& 

I I 
c=o c=o 

I I 
Ph Ph 

75 

42 
78 
100 
100 
76 
92 

100 

12% 
trans 

CHECH-CHO 

+ BrCH2C=CHCOOMe 

OMe 
I 

1. Zn, THF 
2. NHaCI. H20 ' 
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The synthesis of d,Z-methysiticin (27), another lactone constituent of the kawa 
root4 has been accomplishedla6 by a vinylogous Reformatsky-type conden- 
sation of 3,4-methylenedioxycinnamaldehyde and methyl y-bromo- 
j3-methoxycrotonate in THF (equation 1 10). Catalytic reduction of d,Z-methysiticin 
affords d.1 -dihydromethysiticin (28). 

d,l-Mevalonolactone (29)  has been synthesized by the Reformatsky conden- 
sationla’ , l e e  of methyl or ethyl bromoacetate with either l,l-dimethoxy-3- 
oxobutane or l-acetoxy-3-oxobutane, by the use of ethyl lithioacetate in liquid 

9 0 ,  and by the Reformatsky reaction modification using trimethyl 
borateIg l .  A new synthesis of d,Z-mevalonolactone (29), which is superior to the 
methods mentioned above, and which holds considerable promise of generality in 
lactone preparationlg2, consists of condensation of ethyl lithioacetate, with 1- 
acetoxy-3-oxobutane (equation 1 1 1). Hydrolysis of the resultiilg diester, followed 
by acidification, affords 29. 

0 0 0 OH 
I I  I1 II I 1. KOH. MeOH 

w 
2. ti+ 

MeCO(CH2)2CMe + LiCH2COOEt - MeCOCH2CH2CCH2COOEt 
I 
Me 

H. By Wittig-type Reactions 

methylenetriphenylphosphorane with a variety of Pdiketones (equation 1 12)’ 
Preparation of a-pyrones has been effected via reaction of ethoxycarbonyl- 

R’ 
I 

,c=o 
W, + Ph3P=CHCOOEt 

c=o 
I 
R2 

R’  
OEt ‘c=o / 

R’ OH 

‘C’ ?Et 

R’ R’ Yield (%) 

Ph 
p-MeOC6H, p-MeOC,H, 

2-thienyl 2-thienyl 

- Ph 
- 

P C G H ,  20 
17 

pC1C6H4 
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The mechanism apparently involves initial reaction between the ylide and one of 
the keto groups of the diketone to form an intermediate keto ester, the enol form 
of which immediately forms the lactone by ring closure. When 2-benzoylcyclo- 
hexanone was used (equation 1 13)193 only a 5% yield of 4,54tetramethylene)-& 
phenyl-2H-pyran-2ane was obtained. 

Ph 
Ph 

)c=o I 

0 + Ph3P=CHCOOEt (113) 

y-Butyrolactone has been preparedl 94 in 62% yield as shown in reaction (1 14), 
which, although it is not strictly a Wittig reaction, does involve an intermediate 
phosphonium salt. 

Ph3P + CICH2CHzCHzCOOH - Ph3kHZCHZCHzCOOH 

CI- 

(114) 

- Ph3kH2CH2CH2COO- 
NaOH 

Wittig reactions which have been employed for functionization of preformed 
lactones rather than for ringclosure are discussed in Section ILK 

1. From a-Anions (Dianions) of Carboxylic Acids 

Because of their potential as aldosterone inhibitors, steroidal spiro y-lactones 
have been the subject of considerable interest. In 1972 Creger195 published a 
method for the preparation of a wide variety of such compounds. This procedure 
involved dimetalation of several aliphatic carboxylic acids using lithium diisopropyl- 
amide (LDA), followed by reaction of the resulting lithio a-anions (dianions) with 
(17s)-spiro [androst-5-ene-l7,2'-oxiran] -3-pOl (equation 1 15). Oppenauer oxi- 
dation of these spiro lactones afforded the substituted 4',5'dihydro-(l7R)spiro- 
[ androst-4-ene-l7,2'-(3'H)-furan] -33'-diones, which upon further oxidation with 
chloroanil in r-butyl alcohol followed by treat,ment with chloroanil in toluene- 
acetic acid mixtures produced substituted 4 ,5 -dihydro-( 17R)spiro [ androsta4,6- 
diene-l7,2'-(3'H)-furan] -3,5'-diones (equation 1 16). Treatment of these products 
with thiolacetic acid afforded the 7a-thioacetyl derivatives. The parent unsub- 
stituted 4',5'dihydro-( 17R)-spiro [androst4ene-l7,2'(3'H)-furanl3,5'dione was 
not prepared via the oxidation technique discussed above but by the condensation 
shown in equation ( 117). 

include the preparation of 4',5'- 
dihydro -3P-hydroxy-4'-vinyl-( 17R)-spiro[ androst -5-ene- 17,2'-(3'H)-furan] -5'-one 
via the reaction of (17S)-spiro [androstdene-l7,2'-oxiranI -3p-01 with the crotonic 
acid anion (equation 11 8). A large number of steroidal lactones were also synthe- 
sized by hydrolysis of various amide or nitrile derivatives as shown in equations 
(1 19) and (1 20). 

The generality of the reaction of metalated carboxylic acids with simple and 
steroidal epoxides is demonstrated by the results summarized in Table 12l 5 .  A 
similar approach to the preparation of y-butyrolactones' 9 6  consists of the reaction 

Other conversions reported by Creger' 
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x) 

4 3 :  
HO 

(1 15) 

R’ R2 Yield (%) 

H H 55 
Me Me 81 
H Me 70 
H Et 87 
H n-Bu 76 
H Ph 75 
H OMe 19 

Me “$1 Me ‘9’ & ____, Oppenhauer ‘R2 Chloroanil b 

oxidation 1. t-BuOH 

2. CsH5Me-HOAC 
0 

R’ R’ Monoene Diene Thioacet yl 

H Me 90 85 64 
H Et 84 8 2  64 
Me Me 77 61 61 
H n-Bu 35 
H Ph 71 

- - 
- - 
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“Ill/ 

1. LDA 0 &3 (117) 

45% 

+ MeCH=CHCOOH - LDA 1 B>cH=cH2 (1 18) 

28% 

0 Y 
I 

, (1 19) 
1. OH-, H 2 0  

2. H+. H 2 0  

HO HO 

Y = H ; X = C N  

Y = Me; X = CON(Me2) 

R1 = R2 = H (75%) 

R1 = H; R2 = Me (70%) 

1. OH-, H 2 0  

Me0 
99% 

of carboxylic acids with lithium naphthalenide in the presence of diethylaniine to 
produce a-anions of the lithium carboxylates, which are then allowed to  react with 
epoxides to afford y-hydroxy acids (equation 12 1). Cyclization of these y-hydroxy 

acids in refluxing benzene provides the lactones shown in Table 13. As may be seen 
from these results, monosubstituted epoxides react more readily than do disub- 
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, 

TABLE 12. y-Lactones by reactions of metalated acids with epoxides 

& '1111 89 

Epoxide Li* Na+ Anion Product Yield (%) 

Ph--(JO 

Ph-<Jo 

Me, CCOO -, then 
heat in C,H, Me 

Me,CCOO -, then 
heat in C,H, 

Me,CCHCOO' 

Me, CCOO- 

Me 

As above 

As above 

PhCHCOO- 

EHCOO- 0- 

83 

Ph Qce 84 

0 

p:lcMe3 0 
100 

82 

85 

stituted epoxides. This reaction difficulty was found t o  increase to the point where 
no product was obtained when the di- and trisubstituted epoxides shown in 
reaction ( 122) were used. 
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TABLE 13. y-Butyrolactones prepared by lithium naphthalenide-promoted reactions of 
carboxylic acids with epoxides 

R' R2 R' R4 Yield (%) 

H 
H 
H 
H 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 
Me 
Me 
Me 
Me 
n-Pr 
n -Pr 
n-Pr 
n -Pr 
i-Pr 
i-Pr 
i-Pr 
i-Pr 

n-Bu 
n-Bu 
n-Bu 
Ph 
Ph 
Ph 
Ph 
Me, C=CH(CH,), CHMe 
Me,C=CH(CH,), CHMe 
Me,C=CH(CH, ),CHMe 
Me,C=CH(CH, ),CHMe 
Me 
Me 
Me 
Me 
Me 
Me 

II-BU 

Me 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 

Me 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

Me 
Et 
Ph 

EtOCH, 
i-Pr 
CH,=CHCH, OCH, 
II-BuOCH, 
i-BuOCH, 
PhOCH, 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 

H 
H 
H 
H 
H 
H 

H 

5 
22 
31 
18 
47 
51 
57 
39 
38 
41 
53 
35 
48 
73 
69 
55 
58 
64 
69 
52 
44 
71 
53 
14 
49 
53 
66 
31 
52 
68 
55 
23 
66 
71  
80 
54 
35 
33 
38 
70 
81 
35 

52 

J. From Lithio Salts of 2-Alkyl-2-oxazolines 

The synthetically versatile' 9 7 * 1  9 8  lithio derivatives of 2,4,4-trimethyl-2- 
oxazoline and its 2-alkyl homologues have recently been in the 



19. The synthesis of lactones and lactams 1121 

R' R' R' 

H -(CHa)6- 
H --(CH2)lo- 
Ph Me H 
CHz=CMe-CH=CH-CH2- Me Me 
Me Me CH,=CMe(CH,), 
Me Me <Ha CH(i-Pr)CH, CH,- 

preparation of a variety of butyrolactones substituted in the a$- and/or Y-positions 
with alkyl groups (equation 123). The procedure involves reaction of lithiated 

R.' ,R1 

l i  "&R2 R 
(123) 

oxazolines with an appropriate epoxide. This produces 2-(P-hydroxy- 
alkyl)oxazolines, which upon hydrolysis with aqueous acid, acidified ethanol or 
p-toluenesulphonic acid in benzene afford the butyrolactones shown in Table 14. 

TABLE 14. y-Butyrolactones from epoxides and lithio salts of 2-alkyl-2-o~azol ines'~~ 

Hydrolysis 
R' Epoxide methoda Lactone 

Overall 
yield (%) 

&R 
H 

n K P h  

A 

C 

R = H  75 
R = M e  12 

89 
Ph 

Me 
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TABLE 14. (Continued) 

R' Epoxide method' Lactone yield (%) 
Hydrolysis Overall 

Me(CH, 1,- 

H 

H 

PhCH, 

H 

H 

H 

Me 

H 

08 

C 

A 

B 

C 

C 

C 

A 

B 

C 

Me7Q0 Me 

Me Me dPh 

Me 

Me b0 
(50:50) 

n 

76 

72  

56 

70 

65 

5-6 

16 

9 

70 

=Hydrolysis performed in: A = acidic EtOH, B = wet benzene-toluenesulphonic acid, C = acidic 
aqueous methanol. 

It was observed that certain 1,2disubstituted epoxides, especially those with 
trans substituents, gave low yields of lactones, o r  in some cases, no product at  all. 

The oxazoline procedure has also been used in the asymmetric synthesis of 
2-substituted y-butyrolactones as shown in equation ( 124)200. 
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Optical 
R purity (%) Yield (%) 

Me 64.2 58 
68 Et - 

n -Pr 73.3 75 
Ally1 72.0 60 
11-BU - 71 

K. By Direct Functionalization of Preformed Lactones 

The acidity of lactone a-hydrogens permits structural elaboration at the apos i t -  
ion of the lactone nucleus via certain carbanion condensations. One of the earliest 
examplesZo of this type of reaction involved dehydrative aldol condensations 
of aromatic aldehydes at  the a-methylene group of 2,3dihydrofuran-2-ones. A 
more recent study2 of analogous aldol condensations of 2(3H)-coumaranone 
with 2-hydroxybenzaldehydes in the presence of triethylamine revealed that the 
expected 3-(2-hydroxybenzylidene)2-(3H)-coumaranones were proiuced upon 
dropwise addition of triethylamine to the reaction mixture at 15 C ,  while an 
increase in temperature to  25-40°C during the condensation increased the yield of 
3-(2-hydroxyphenyl)coumarins at the expense of the benzylidene products (equa- 
tion 125). If the temperature were raised to 70'C or if the 3X2-hydroxy- 
benzylidene)2(3H)-coumaranones were treated at 8OoC with additional triethyl- 
amine, 3-(2-hydroxyphenyl)coumarins resulted via an intramolecular, in situ cycli- 
zation. Analogous results were obtained2 in condensations of substituted 2- 
hydroxybenzaldehydes with y-aryl-AP*Y-butenolides (equation 126). 

Several methods for a-allcylation of lactones have appeared in the literature- 
2 o  7-2 2 .  Best results have been obtained by formation of the lactone enolate with 
a strong base such as LDA, lithium isopropylcyclohexylamide o r  trityl lithium, 
followed by treatment of the enolate with an alkyl halide (Table 15). A similar 
approach2 q 2  affords dialkylated products, while attempts to  use benzylbromo- 
methyl sulphide as an alkylating agent have failed2 * 4 .  

Various methods for introducing an a-methylene group into preformed lactones 
have been discussed in a 1975 review' 
which is not discussed in this review involves reactions o f  an a-phosphono-y-butyro- 
lactone carbanion with aldehydes, ketones, heterocumulenes and nitrosobenzene to  
form a-ylidene-y-butyrolactones (Method A; equation 127). The a-bromo-y-butyro- 
lactone employed as the starting material for these reactions has also been used in 

on a-methylene lactones. A procedureZ 
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Yield (%) 

3-(2-hydroxybenzylidene)- 3-(2-Hydroxy- 
R' R' 2(3H)-coumaranones phenyl) coumar ins 

~ 

H H 76 
H c1 62 
H Br 82 
H NO, 62 
c1 c1 91 
Br Br 93 

100 
89 
96 
97 
84 
81 

E ~ ~ N .  c m ,  / reflux or hu 

OH 
I 

CH=C-R 

(126) 
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Reformatsky-type reactions to afford similar products (Method B; equation 
128)* 6 .  Results from these two procedures are given in Table 16. 

A recent, facile method for the preparation of P-methoxycarbonyl ysubstituted 
y-butyrolactones proceeds via generation of the enolate of succinic anhydride in the 
presence of carboxyl compounds*''. Thus, 2ddition of a THF solution of 3- 
phenylpropanal and succinic anhydride at -78 C under argon to a THF solution of 
lithium 1,l -bis(trimethylsily1)-3-methyl-l-butoxide afforded, after. hydrolysis and 
treatment with diazomethane, an 80% yield of Pmethoxycarbonyly-phenethyl-y- 
butyrolactone. The corresponding substituted y-butyrolactones can be obtained in 
moderate yields when ketones are used in place of aldehydes in this reaction 
(equation 129). Methylsuccinic anhydride produces the enolate on the methylene 

R' R2 R' Yield (%) 

H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 

Ph H 

n-PrCH=CH H 
PhCH,CH, H 

C A l  H 
Me, CH H 

+CH, 1s- 

PhCH, CH, H 

CSHll H 
Me,CH H 

-tCHZ)s- 

Ph H 

n-PrCH=CH H 

84 
80 
82 
78 
76 
51 
84 
I5 
85 
72 
70 
57 

site and affords the corresponding adduct exclusively, while generation of the 
enolate from glutaric anhydride does not afford the butyrolactones in yields as high 
as when succinic anhydride is used. 

L. From Ketenes 

(2n + 27~) cycloaddition to afford P-lactones (equation 130). 
Simple, as well as substituted ketenes react with aldehydes and ketones via a 
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In the preparation of P-butyrolactone, P-propiolactone and P-caprolactone by 
reaction of the appropriate aldehyde with ketene it was foundZ l 8  that boron 
trifluoride or  its etherate complex in THF could be used to increase both the yield 
and purity of  the product. The versatility of both catalysed and uncatalysed 
reactions of ketenes with aldehydes and ketones may be seen by inspection of 
Table 17: 9-z 4 ,  where a representative series of lactone preparations are col- 
lected. The first four entries in Table 17 involve y-lactone formationz19. Gene- 
ration of these products is explained? l 9  by a mechanism involving initial formation 
of the expected P-lactone, followed by ring-opening, carbonium ion rearrangement 
and recyclization as shown in equation (13 1) with methyl t-butyl ketone. 

(131) 

Me Me Me 
I I I  

I Me3C$CH2COO- - MeC-CCH2COO- - Me 
Me Me 

Ketenes undergo 1,3-dipolar addition with carbenes derived from diazo ketones 
as shown in equation (132) and summarized to form enol lactones (butenolides)z 

in Table 18. 

0 0 
II -Np [ 1 1  .. ? + ] HpC=C=O, 

RCCHN2 - R-C-CH c-, R-C=CH 

0-c=o 
(132) 

An interesting preparation of lactones has been observed during irradiation of 
several a @epoxy diazoketones in benzenezz 6 .  The butenolide products obtained 
are explained in terms of an intermediate epoxy ketene, formed by a Wolff 
rearrangement, which then undergoes intramolecular cyclization (equation 133). 

R’ Ra R’ Yield (%) 

Ph Ph H 90 
H Ph H 90 
H Ph Ph 70 
Me Me H 43 
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Since it is known2271z9 that ozone is an effective epoxidizing agent toward 
highly hindered alkenes, Wheland and Bartlett2 30 treated an emulsion of diphenyl- 
ketene in ethyl acetate and hexafluoroacetone with ozone at -78OC expecting an 
a-lactone. Instead they obtained the product shown in equation (134), the struc- 
ture of which was established by spectroscopy and its alkaline hydrolysis to benzilic 

OH 
1. KOH, EtOH I 
2. HCI ' PhzC-COOH 

acid. A similar approach was used to prepare di-f-butylacetolactone (equation 
135)2 ; however, when hexafluoroacetone owas added to  the chlorotrifluoro- 
methane (Freon 1 1) used as the solvent at -78 C and the mixture brought to room 

temperature, the two rearrangement products 30 and 31 were isolated upon 
distillation2 30. 

Ye 
Me, ,Me 

Me 'CMe3 

(30) 

,c=c 

29% (31) 

21% 

Although attempts2 to cause nitrous oxide to react with hydroxyacetylenic 
compounds in inert solvents have not been very successful, 3-butyn-141 did react to 
afford y-butyrolactone, presumably via formation and cyclization of the inter- 
mediate 2-hydroxyethylketene (equation 136). 

M. By Reduction of  Anhydrides, Esters and Acids 

Although the first report of the sodium borohydride reduction of an acid 
anhydride appeared in 194923z, it was not until 1969 that this method of lactone 
preparation was thoroughly investigatedZ 33*z 3 4 .  Since that time, a variety of 
reagents such as sodium borohydride, lithium aluminium hydride, lithium tri-f- 
butoxyaluminohydride and sodium in ethanol have been used to reduce numerous 
acid anhydrides to lactones (Table 1 9)z 5-2 * . 

One of the most interesting aspects of this preparative method is the controversy 
that has developed2 36 p2 37*244 concerning which carbonyl group of the anhydride 
is reduced when one carbonyl function is hindered and the other is relatively free. 
The majority of unsymmetrical anhydrides undergo reduction at  the more hindered 
carbonyl, irrespective of the reducing agent employed (see first entry in Table 19). 
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Although reactions which have been reported to exhibit the opposite trend are 
apparently not  in question, a uniform explanation for the anomalies is still unavail- 
able. 

reductions of dicarboxylic acids 
(equation 1 37)2 *2  and their diesters2 and monoesters2 v 2  have been 
employed with only modest success for  lactone synthesis. 

Lithium aluminium hydride and catalyticz4 

Me Me 
I UAIHq 

(39%) 
HOOCCCH2CH2COOH ___I 

‘0’ 
I 

n-Bu 

(Ref. 250) (137) 

Carboxylic acids and esters containing an aldehyde o r  ketone carbonyl function 
at the 7- or  6-position often provide good yields of lactones upon treatment with 
various reducing agents (Table 20).2 2-2 6 2  . The choice of reduction conditions is 
often governed by whether the carboxyl group is free or esterified, for in the latter 
instances the reducing agent should be capable of reducting the ketone or aldehyde 
carbonyl without affecting the carboalkoxy function. 

N. By Oxidation Reactions 

Diols, ketones, ethers, olefins and several other miscellaneous types of com- 
pounds can be converted to lactones by oxidative reactions employing a variety of 
reagents. The following discussion is organized in terms of the type of compound 
used as starting material. 

1. Oxidation of diols 

A wide variety of 1,4- and 1,s- diols have been oxidized to  lactones by reagents 
such as copper chromite, chromic acid, manganese dioxide, potassium permanga- 
nate and silver carbonate on celite (equation 138)263-277. Table 21 contains a 
representative series of diols along with their lactone oxidation products. 

Oxidative cleavage of unsaturated keto diols using lead tetraacetate o r  sodium 
periodate has been found to be an effective method for the production of steroidal 
lactones (equations 139- 142)2 t 2  9z 7 8 .  

0 w H20, HO 

0 AJJ 
R’ = O H ,  RZ = Me 

R ’ , R ~ = O  
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& e  HO 

(Ref. 

0 O E  
OH 

255) '(140) 

Pb(OAd4. 

MeOH, C s H s  
Me 

(Ref. 278) (142) 

HO 

Steroidal 6-hydroxy oximes and lactols derived from the free 6-hydroxy alde- 
hydes can be oxidized to lactones with sodium d i c h r ~ r n a t e ~ ~ ~  o r  chromic an- 
hydride (equation 143)2 7 9 .  

&-y pH OH 

- - H & Me 

AcO** 

- (Ref .  279) (143) 
H 

CrOs 
H 

- - Me Me,CO, H20+ 

A*\\\\' 
H 
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2. Oxidation of ketones 

reaction remains the premier oxidative method for 
the preparation of lactones from cyclic ketones. The mechanism of this reaction has 
been reviewed in detail281 and will not be discussed here. Table 22 contains a 
number of recent examples2 a 2-3 a .  

Oxygen o r  ozone have been used to convert ketones to lactones. For instance, 
reaction of cyclopentanone with oxygen in the presence of l-benzyl-l,4dihydron- 
icotinamide has been reported296 to afford a 12% yield of butyrolactone (equation 
144). When similar reactions were conducted under nitrogen or in the absence of 

J. F. Wolfe and M. A. Ogliaruso 

The Baeyer-Villiger? 8 o  *28 

d+ (JCONH’ 2L Go (1 44) 
. .  

I 
CHzPh 

the nicotinamide, no lactone was produced. These findings led the authorsZg6 to  
conclude that the dihydronicotinarnide probably functions as an oxygen carrier, 
and is converted by oxygen into its hydroperoxide, which then produces the 
lactone via Baeyer-Villiger oxidation of the ketone. 

Various ketones can be oxidized to lactones using potassium t-butoxide and 
atmospheric oxygen (equations 145- 1 4 7 p  6 ,  Rose Bengal-sensitized photo- 
oxidation (equation 1 4 8 p 0 7  or potassium t-butoxide and oxygen followed by 
reduction with sodium borohydride (equations 149-1 5 1)3 0 8 .  

Me 

& 
&q Me 

0, & Me 

02 ___, 
KOBu-t 
t-BuOH 

0 
Me Me Me Me 

___, HO 
KOBu-r 
t-BuOH 

0 
Me Me Me Me 

84% 

Me -Gc Me Me 

Me Me Me Me t-BuOH 

Ozonolysis of silyloxyalkenes followed by treatment with sodium borohydride 
has also been reported309 to afford lactones (equation 152). 

Anodic oxidation of the sodium bisulphite addition products of cyclopentanone 
and c y c l o h e ~ a n o n e ~ ~ ~  afford mixtures of y- and 6-lactones as shown in equations 
(153) and (154). Since the relative amounts of the lactones obtained by this 
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Me0 

Meo% Me0 OMe 

ROSE Bangal 

hu 

Me0 

M e o w O M e  

37% 

M e p H 1 7  

(149) 
1. 02, KOEu-r, r-EuOH 

50% 
2. NaEH4. MeOH. H20 

- or - - - 
0 dP H H 

1.02. KOEu-t. (Me2NC0I3PO4 

2. NaEH4, H20, MeOH 
___* 20% 

Me p H 1  7 

1. 0 2 ,  KOEu-t, t-EuOH 

0 & 2. NaEH4, MsOH. H20 

H H 

(150) 
21% 

0 
9% 

ye pH17 M e p H 1  7 

H * & +  (151) 

1. 0,. KOEu-r, r-EuOH 

2. NaEH4, MeOH, H20 

H 

%H17 

X P  
0 aP H 
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R 

1. 0 3 ,  W H ,  CH2C12, -78OC , 
2. k B H 4  

(152) 

M e 3 S i . a  - - - H 3. H+, H 2 0  - H 

R = C H = C H 2  93% 
R = Me 70% 

(153) 
-2e 

Na2C03, H 2 0  Me 

17-20% trace 
HO Q SO3Na 

HO Q S03Na Na2C03, -2e H20 ' Et oo + M e 0 0  (1 54) 

( 3 2 )  

method correspond to the relative proportions of the same lactones obtained by 
acid-catalysed cyclization of Shexenoic acid3 9 3  2 ,  the authors find it reasonable 
to  assume that the electrolytic oxidation proceeds via a carbonium ion o r  oxonium 
intermediate3 O .  

Oxidationo of 2-adamantanone with ceric ammonium nitrate in aqueous aceto- 
nitrile at 60 C has been reported284 to  afford a 73% yield of the corresponding 
lactone, while similar oxidation of 2-adamantanol gave284 the same lactone in 50% 
yield (equation 155). 

Addition of aqueous methanolic sodium periodate to  a crude sample of the 
hydroxymethylene ketone shown in equation (156) effected3 l3  a direct conversion 
to  R(-)-mevalonolactone, since the acetal group was hydrolysed during isolation of 
the product. In a similar manne? 3S(+)-mevalonolactone was prepared from the 
analogous hydroxymethylene ketone precursor. 

Me 

NalO 

MeOH. H2O 
(156) 

A 
Me Me 
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3. Oxidation of ethers 

The oxidative conversion of cyclic esters to lactones is not a commonly encoun- 
tered synthetic procedure; however, it has been found t o  be useful in several cases, 
and should not be ignored. 

Ruthenium tetroxide has been reported3 l4 to oxidize tetrahydrofuran to  y- 
butyrolactone, and tetrahydro furfuryl alcohol to a compound tentatively identi- 
fied as the corresponding aldehyde lactone. Attempts to convert ethylene oxide to 
an a-lactone with this reagent were unsuccessful3 l4 - 

to obtain sppo lactones from spiroethers. 
Thus, reaction of 3p-acetoxy-2 ,3 a-tetrahydro furan-2 ,spiro-17(5-androstene) with 
t-butyl chromate under standard conditions3 a 23% yield of 3 4 3 8  
acetoxy- 1 7~-hydroxy-7+xo-5-androsten- 1 7a-yl) propionic acid lact one (equation 
157). Similar results31S were obtained with the spiro ethers shown in equations 
(158) and (159). 

1171 

t-Butyl chromate has been ,us,ed3 

afforded3 

AcO LY@ r-butyl chromate 

(MsC0I20 
CC14. HOAc. * 

f-butyl chromate 
CCI,, HOAC, 

(MScO1,O 

f-butyl chromate 

(MeCOl 20 

b 

CCI,, HOAC, 

3 
AcO 

40% 

(1 581 

R = Me, 48% 

R = H, 30% 

Photosensitized oxygenation of furan and furan derivatives in the presence of an 
appropriate sensitizer such as Rose Bengal can be employed for the synthesis of 
certain butenolides (equations 160 and 16 1>3 7-3 
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02, hv, MaOH 

Rose Bengal 

Me 

Me 

(Ref. 317, 318) (160) 

or PhsP, EtZO 

Me0 

R = H, Me 
(Ref. 319-321) (161) 

4. Oxidation of olefins 

Oxidation of olefins with excess manganese (HI)  acetate affords Y-lactones in 
moderate to  good yields (Table 23)3 g3 The mechanism of this reaction, 
illustrated in equation (1 62) with styrene, involves addition of a carboxymethyl 

PhCHZCH2 + CHzCOOH PhCHCH2CH2COOH b PhEHCH2CH2COOH 

-+ Ph 

radical to the double bond, oxidation of the resulting radical to a carbonium ion, 
and then ringclosure t o  form the lactone. Similar results have been observed with 
manganese dioxide in the presence of acetic anhydride and acetic acid3 2 4  - 

Manganese (111) acetate, as well as certain cerium and vanadium salts, have been 
found effective in catalysing the addition of carboxylic acids, having an a-hydrogen 
across the double bond of various olefins (equation 163) to  produce y4actones 
(Table 24)3 s. 
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TABLE 23. Oxidation of olefins to hctones by manganese (111) acetate 

R' R2 R3 R4 
~~ 

Yield (%) References 

Ph 
Ph 
Ph 
PhCH, 
Ph 
Ph 
Me, C 
H 

n-Pr 
H 

n-c, HI 3 

H H 
Me H 
H Me 
H H 
H H 
H Ph 
H H 
4CHZ 14- 

H H 
H n-Pr 
--fCH, 16 - 

H 
H 
H 
H 
Ph 
H 
H 
H 
H 
H 
H 

75,60 
83,74  
21', 79 
1 6' 
20' 
166 
12' 
1 0' 
74 
44= 
62 

322,323 
322,323 
322,323 
322 
322 
323 
322 
322 
32 3 
323 
323 

1173 

'Yields were not maximized. 
bOnly one isomer was obtained (presumably trans). 
'Two isomers in the ratio of 5: 1 were obtained. 

Oxidation of olefins with lead tetracetate has been shown326 t o  produce 
y-lactones (equation 164), but yields are generally inferior to those obtained with 
manganese (111) acetate. 

In a rather specialized example of olefin oxidation, p-nitroperbenzoic acid has 
been reported3 t o  produce p-lactones from allylallenes (equation 165). 

R ~ C H = C H R ~  

R3 Me 
R', 2,C=C=C-CCH=CHR4 I I  
R I 

Me 

(164) 

0. By Carbonylation Reactions 

Unsaturated esters undergo carbonylation with carbon monoxide in the presence 
of hydrogen and dicobalt octacarbonyl t o  afford lactones (Table 25)3 - These 
reactions are believed328 to  occur via hydroformylation of the double bond 
followed by cyclization of the intermediate hydroxy ester under the reaction 
conditions (equation 166). 

Alkenyl and acetylenic alcohols are converted to lactones by carbonylation by 
nickel tetracarbonyl in the presence of aqueous acid' p 3  or dicobalt 

i3 
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TABLE 24. Preparation of ylactones by addition of carboxylic acids to olefins3 

Olefin Acid Lacton4 Yield (%) 

C, HI CH=CH, 
PhCH=CH, 
PhC(Me)=CH, 
Me, C=CH, 
Me, C--CH=CH, 
PrCH=CHPr (trans) 
PhCH=CHPh (fratis) 
PhCH=CHMe (fratis) 
Cyclooctene 
PhCH=CHCO, Me 
1 ,S-Hexadiene 
1,7-Octadiene 
Butadiene 
Isoprene 

Me(CH, ), C=CCH, CH=CH, 
PhCH=CH, 
PhCH=CH, 
C, HI , CH=CH, 
PhC(Me)=CH, 
4-Octene 
PhCH=CHMe 
Isoprene 

C, HI CH=CH, 

MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 

M e w ,  
MeCH, CO. H 

R' =C, HI 
R' =Ph 
R' = Ph, Ra = Me 
R' , R' = Me 
R' = Me, C 
R',R4 =Pr 
R' , R4 = Ph 
R' = Ph, R4 = Me 

R' = Ph, R4 = CO, Me 
R' , R3 = +CH2),- 

R' = CH, =CH(CH, ), - 
R' = CH, =CH(CH, ), - 
R' =CH,=CH- 
R' = CH, =C(Me)- 

R' = CH, =CH-, Ra = Me 
R' = Me(CH, ), =CH, - 
R' = Ph RS = Me 

+ 

NCCH', co', H 
NCCH. CO. H 

R' =Ph ,RS  =CN 
R' = Ph. RS = CN 

NCCH; co; H 
NCCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 

39 
(CH, CO, HI, R2 = C , H I 3 , R S  =CH,CO,H 25 

R' = Ph, R2 = Me, Rs = CN 
R',R4 = P r , R 5  = C N  
R' = Ph, R4 = Me, RS = CN 
R' = CH, =C(Me)-, R' = CN + 
R' = CH, =CH, Ra = Me, Rs = CN 

74 
60 
74 
30 
48 
44 
16 
79 
62 
45 
24 
26 
30 
13  

37 
50 
50 
41 
60 
43 
49 
51 
5 

R3 R' R3 
R '  I co I I  H2 

R?/ I 
'C=CCOOR4 HZ OHCC-CHCOOR4 - 

R 2  

R 1  R3 
I I  
I 

RZ 

HOCH2C-CHCOOR4 - 
octacarbonyl in the presence of carbon monoxide and hydrogen33 (Table 26). 
Lactone formation in these cases may be viewed as proceeding by hydrocarboxyla- 
tion of the unsaturated function with subsequent cyclization of an intermediate 
hydroxy acid. 

Reaction of certain diols and dienes with carbon monoxide or  formic acid and a 
strong mineral acid in the presence of Group IB metal compounds results in 
Koch--Haaf3 3 2  p 3  hydrocarboxylation followed by ring-closure to form 
lactones3 4 .  As may be seen from equations ( 167) and ( 168), these reactions are 
accompanied by deep-seated carbonium ion rearrangements. 

Et 
H+ 

HO(CH2)70H + CO - 
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Ni(C014 
RCOCl + H C Z C H  - 

R H 2 0 ,  X- 

A recent publication3 describes the synthesis of unsaturated butyrolactones 
by reaction of acetylenes with acyl chlorides in the presence of nickel tetracarbonyl 
and halide ion (equation 169). 

P. By Cycloaddition of Nitrones to Olefins 

An interesting general method for the preparation of y-lactones from olefins 
involves initial silver ion-induced addition of N-cyclohexyl-a-chloroaldonitrones to 
olefins to produce the (27~ + 477) cycloadduct, which is then treated with base and 
hydrolysed (equation 1 70)3 *3 

I I  
0- CI 

x> +N=CHCHR3 R’ 

1. 2. AgBF4, KCN, CH2CI2 H 2 0  ,cc”. 
m.0 R1 H30+ eo R’ 

(7-J R2 + () CN 
R2 R3 

r-BuOK 

r-BuOH. H20 
b ___, !I701 

- - - - - - - - - 
R2 R3 R2 R3 

R’ R2 R’ Yield (%)‘ 

H H H 91 
H H Me 82b 
Me H H 83  
Me Me H 70 

‘Yields reported are only for the hydrolysis 

6Diastereomeric mixture, a: p = 4: 1. 
last) step. 

Use of the diastereomeric 2-butenes in this reaction (equations 17 1 and 172)33 
showed the addition to  be a stereospecific cis process. The reaction may also be 
performed using N-cyclohexyl-a-chloroethanaldonitrone (equations 173 and 
1 74)3 6 ,  N-(t-buty1)a-chloroethanaldonitrone (equation 1 75)3 andN-cyclohexyl- 
a,bdichloropropionaldonitrone (equation 1 76)3 7 .  
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1. AgBF4, CH2C12 r-BuOK 
" 6 0  2. KCN, H 2 0  b Me bg r-BuOH, H20 b 

+ c .  88% Me \\I\\ 8 0 4 5 %  
'Me 

Me 

H ,ie 

1.  AgBF4, CH2Clz H_ c-BuOK 
t-BuOH. HzO , 

2. KCN. 74% H20 -90 CN 80-81% 

Me 

Me y e  Me H_ (1 7 2 )  

Me Me - 
H H 

A 

64% 5% 
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/ 85-95% 

CN 

Q. By Rearrangement Reactions 

This section deals with lactone preparations by Claisen, carbonium ion and 
photochemical rearrangements. The Baeyer-Villiger reaction and certain lactone 
interconversions, which might also be regarded as rearrangements, are discussed in 
Sections 11. N.2. and II.R, respectively. 

7. Claisen rearrangements 

Reaction of a series of 2-alkene-l,4-diols with orthocarboxylic esters in the 
presence of a catalytic amount of hydroquinone or  phenol resultsJ3* in the 
formation of various p-vinyl-y-butyrolactones via a Claisen rearrangement (Table 
27). The proposed mechanism, illustrated in equation ( 177) involves an exchange of 
the alkoxy group of the ortho ester with the diol, followed by elimination of 
ethanol to  produce a mixed ketene acetal. Rearrangement of this intermediate to  a 

CH20H 
+ CH,C(OEt)3 

H\  / c=c 
H O H ~ C '  'H 

-2 EtOH 
____f 
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HOH2C, /H 
/c=c, 

H CH2OH 

HO(MelHC, / H  
/c=c 

H ‘CH(Me)OH 

HO(Me12C H 
‘c=c( 

H’ C(Me)20H 

HO(Mel2C, ,H 
,c=c \ 

Ha ClMe)20H 

H v 0 

H2C=CH 

H 

0 
MeHC=CH 

H 6’ 
0 

cis-trans 
mixture 

Me2C=CH Me 

H V M e  

0 
pyrocin 

Me 
I 

H2C=C v H 
+ 

H2C=CH Me 

Go 0 

89 

91 

52 

70 

81 (ratio 6:4) 

M e 2 C = C p e  

Me Me 60 

0 
cis-trans 
mixture 
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P-vinyl-Y-hydroxy carboxylic ester and lactonization under the conditions of the 
reaction affords the observed lactones. It should be noted that all of the entries in 
Table 27 are trans diols. With substituted cis-2-alkene-l,4diols, y-lactones were 
obtained in lower yields. For example, condensation of cis-2-butene-l,4diol with 
ethyl orthoacetate afforded P-vinyl-y-butyrolactone in 45% yield, along with 20% 
,of 2-methyl-2ethoxy-l,3dioxacyclohept-5-ene. Condensations of ally1 alcohols 
with cyclic orthoesters have also been used to  prepare y- and 6-lactones (equations 
178-18 1)33 '. 

Me 

Me$-CH=CHMe 

"'0 + MezC=CH-CH-Me - 
I 

EtO O H  
racernic 

' 8 2  0' - + 
G H  

Eto7Q EtO 

racemic 
65% 

Bz fi 
racernic 

65% 

(178) 

(179) 

racernic 

racernic racernic 
80% 

Me 

raamic racemic and i t s  epirner 

2. Carbonium ion rearrangements 

A number of cyclopropane carboxylic acids undergo acid-catalysed and/or 
thermal rearrangements to form y-butyrolactones. The former reactions may be 
envisioned as occurring via concomitant protonation at the cyclopropyl carbon 
holding the carboxyl group, and ring-opening to form the most highly substituted 
carbonium ion, which then interacts with the carboxy group t o  generate the lactone 
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ring (equation 182). The specific examples given in equations (183)-(185) are 
representative of this scheme for lactone formation. 

(Ref. 340) (183) 

(Ref. 341) (184) 

W H O o H  5 o - A o  (Ref.342) (185) 

Certain other monocarboxylic acids containing ring systems which are suscep- 
tible to carbonium ion rearrangements can be converted t o  lactones upon treatment 
with acid. Thus, both the endo and exo isomers of (+)-lS,S-trimethyl- 
bicyclo[ 2.1.1 1 hexaneikarboxylic acid produce dihydro-kcampholenolactone in 
49% yield (equation 186)343. The [4.1.0] bicyclic hydroxy ester shown in 
equation (187) affords an 88% yield of trans-fused cycloheptene b u t y r ~ l a c t o n e ~ ~ ~ .  

0 
(Ref. 343) (186) 

C O O H  

H CHzCOOMe 

H20, HCIO, MeOH , & 0 (Ref. 344) (187) G: H 6  - - H 

Cyclopropane-1 , ldicarboxylic acids can serve 2s useful starting materials for 
ybutyrolactones as shown by the reaction of several such acids with deuterated 
sulphuric acid (equation 188)345. The location of the deuterium labels in the final 

R’ = R2 P H 

R1 = H, R2 = Me 

R1 = R2 = Me 

products is consistent with operation of a mechanism analogous to  that described 
above for cyclopropanecarboxyclic acids. Thermal decarboxylation of related 
diacids also affords lactones (equation 1 89)342.  
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3. Photochemical rearrangements 

lactones in 35%-65% yields (equations 190-193). 
Irradiations of e,yepoxy cyclic ketones and simple substituted epoxides produce 

33% 

50% 

___, ' (Ref. 348) c=c 
H 'Me 

65% 

(192) 

35% 

The photochemical behaviour of the nonenolizable Pdiketone, 2,2,5,5-tetra- 
methyl-l,3cyclohexanedione, has been studied by several groups of 
~ o r k e r s ~ ~ ~ - ~  s2 and all are in essential agreement concerning the products obtained 
in benzene (equation 194). However, in ethanol or cyclohexane, one group of 

M e  

O t ?  M e  Me 

C6H6, r.t. 

high-pressure, 
Hg arc, no filter, 

NZ 
O V +  Me Me 

3 95 2 

85% overall 
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workers349 reported a single product, while a second g r ~ u p ~ ~ z  obtained all the 
products shown in equation (194). 

Interestingly, irradiation of  the exocyclic enol lactone, 5-hydroxy-3,3,6- 
trimethyl-5-heptenoic acid 6 -1actone afforded3 a pseudoequilibrium mixture 
(equation 195). Treatment of 2,2dimethyl-l,3cyclohexanedione in a similar 

Me Me 
I I Me Me 

Me'c"13""-. Me Me Me' Me Me Me Me 

'p + + Me2Hcu (195) 

I\ 
Me Me 

95 3 2 

manner afforded3 
(equation 196). 

exclusively the corresponding enol lactone in 70% yield 

R. Lactone lnterconversions 

Although there are not enough literature reports to permit generalization, the 
following reactions provide some examples of the synthetic potential of lactone 
int erconversio ns. 

Treatment of d,Z-a-campholenic acid lactone with suiphuric acid has been 
reportedZ to produce the isomeric dihydro-bcampholenolactone (equation 197); 

A. ____, H2S04 HOAc Me& 0 (1971 

however, when the isomeric bicyclic lactone was treated in the same manner no 
interconversion was observed (equation 1 98)z . This difference in reactivity has 

Me I Me & HOA~. H2S04 No reaction 
(1981 

been usedzg1 to  obtain analysis of the lactone products obtained from peracetic 
acid oxidation of camphor (equation 199). 

During the elegant synthesis of reserpine, Woodward and coworkersz have 
observed a number of lactone interconversions (equations 200 and 20 1). 

The y- to  &lactone interconversion shown in equation (202 )  has recently307 
been observed during the total synthesis of Rhoeadine alkaloids. 
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____, 

'H2S04. HOAc I 

25% 75% 

(199) 

43% 

88% 

-Me 
M e 0  

M e 0  

M e  
O M e  

90% 
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S. Miscellaneous Lactone Syntheses 

The following preparations do not fall conveniently into any of the preceding 
categories; nevertheless several of them are extremely attractive as general lactone 
syntheses. 

7. The Barton reaction 

consists of reaction of primary o r  secondary 
amides with lead tetraacetate or t-butyl hypochlorite in the presence of iodine to  
form N-iodo amides, which then undergo a free radical cyclization to lactones when 
the reaction mixture is photolysed. 

This useful synthesis of lactones3 

Me CONHR 

d 
f 

R = H, Ph 

R2 

R 2  = H, H, Et  

Pb(OAd4, 12. CHCI,, hu 

or 
‘ONH2 r-BuOCI, 12, CHCI,. hv 

In a reaction somewhat related to the Barton reaction, photolysis of N-acetyl-3- 
methyl-3-phenylpropionamide was reported to  accord the lactone of 4-pheny14- 
hydroxy-3-methylbutyric acid3 5 4 .  

2. Photolysis of adiazo esters and amides 

Photolysis of certain esters of adiazo carboxylic acids gives rise to lactones by 
insertion of the resulting acarbene into a carbon-hydrogen bond of the alkoxy 
residue3 . These reactions are, however, often characterized by low yields. Thus, 
photolysis of the t-butyl esters of diazoacetic acid in cyclohexane affords only a 4% 
yield of y,ydimethylbutyrolactone (equation 207)3 Performing the same 
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0 
I 1  

Me3COCCHNz - 
Me 

(207) 

reaction on the r-my1 ester of diazoacetic acid355 affords P,Y,y-trimethyl- and 
y-methyl-yethylbutyrolactone, both in low yields (equation 208). Interestingly, 

MI? 

Me I 0 II hv M e b o  + M e p  

Me 
0 MeCH2C-O-CCHN2 __* 

%"12 
Me I 

-1.5% -3% 

photolysis3 5 6  of N-[(t-butoxycarbonyl)diazoacetyll piperidine produced only 
c~s-7-t-butoxycarbonyl-l-azabicyclo[4.2.0] octan-%one and its trans isomer 
(equation 209), but no y-lactone. Using N-[ (t-butoxycarbonyl)diazoacetyl] pyrro- 

14% 

0 

R = Et 

hv 

7 h  

+ 

40% 

0 

Me 

0 

Me 

50% 
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lidine, only the y-lactone forms, while from N-f(ethoxycarbonyl)diazoacetyl[pyrro- 
lidine only the @-lactone is obtained (equation 210)356. Application of this 
reaction3 to N-[  (butoxycarbonyl)diazoacetyl] -L-thiazolidine-4-carboxylate sub- 
stantiated the expectation that the 2-methylene group in the thiazolidine is very 
susceptible to carbene insertion, since a mixture of p-lactam and its isomeric 
Y-lactone was obtained (equation 2 1 1). 

A similar photochemically induced intramolecular insertion has been 
reported3 during the photolysis of diethyl diazomalonate with thiobenzo- 
phenone in cyclohexane (equation 2 12). 

3. Photolysis of 2-alkoxyoxetanes 

of tetramethyl-P-propiolactone involves irradiation of an 
acetonitrile solution of any of the 3,3,4,4-tetramethyloxetanes shown in equation 
(2 13) with acetone. This lactone may also be prepared358 via irradiation, of either 

A novel synthesis3 

+ Me2CO - 
ble++R Me Me 

hu ;+-f Me 

R - -  OMe,- 0Et.-OPr-n, - OBu-n 

Me H Me H 

I Me q-y + : : - p + ; q - y e  Me Me (214) 
Me 

hv 
R-0-CH=C-Me + Me2CO - 

Me 

37% 
(1:l) 

29% 
R = Me or n-Pr 

methyl or n-propyl p,Pdimethyl vinyl ether with acetone (equation 2 14). Similar 
irradiation3 5 8  of acetone with ethyl p,Pdiethyl vinyl ether affords a,adiethyl-P,P- 
dimethyl-P-propiolactone, which has also been prepared by irradiation of a mixture 
of isomeric oxetanes with acetone or benzophenone (equation 2 15)- Preparation of 

hv E t - @ - O E t  Et H ,@Et Et H Etv Me2C0 (37%) Me Me (21 5) 

hv 
EtOCH=CEt 

PhZCO (28%) 
I 

Me Me Me Et 

the a,a,P-triethyl-P-propiolactone was accomplished3 
of the corresponding 2- and 3-methoxyoxetanes with acetone. 

via irradiation of a mixture 
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4. &Lactones by photolysis of 1,2dioxolane3,5diones 

Methods of preparation of a-lactones are not very common; however, a rather 
unique, high-yield photochemical synthesis of these elusive compounds via photo- 
chemical decarboxylation of 4,4disubstituted-l,2dioxolane-3,5diones has recently 
been reported3 5 9 .  Thus, irradiation of substituted 1,2dioxalane-3,5diones as neat 
liquids at 77 K produces disubstituted a-lactones (equation 2 16). If the irradiaoion 
is performed at room temperature o r  if the a-lactone is warmed above -100 C a 
polyester is the only product obtained. 

J. F. Wolfe and M. A. Ogliaruso 

0 

"$7 CO2 + 'so 5 77 K CO + RzC=O 

R2 0 R 2  
0 

hu or heat 

5. Oxidation of rnercaptans, disulphides and related compounds 

When mercaptans and disulphides are treated with an oxidizing agent such as 
dimethyl sulphoxide under basic conditions in a polar solvent, lactones have been 
reported36o as the products. Also prepared were the 6-lactones where 
R=n-C6HI3 ,  Me, Et and Ph. 

MeOH. H20, 
Me(CH213CHzSH 

NaOH, Me2SO 
(21 7) 

R = n-Pr 

The sulphur-donor ligand ortho-metalated complexes shown in equation (2 1 8) 
afford lactones upon treatment with 30% hydrogen peroxide or m-chloroper- 
benzoic acid3 l .  

6. Addition of diazoniurn salts to olefins 

Treatment of olefins with substituted benzenediazonium chlorides in the 
presence of cuprous chloride and an alkali metal halide affords aryl-substituted 
butyrolactone esters (equation 2 19)362 - 

7. Addition of dieth yl dibromomalonate to methyl methacrylate 

Condensation of  diethyl dibromomalonate with methyl methacrylate in the 
presence of iron pentacarbonyl produces the substituted butyrolactone shown in 
equation ( 2 2 0 p 3 .  
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R R 

~- 

R Reagent Yield (%) 

OMe 30%H,O, 7 3  

Me 30% H, 0, 4 5  
H 30% H, 0, 49 

OMe m-ClC,H,CO,H 57 

Br 

(220) 
Br\ ,COOEt Fe(COl5 

C + H2C=C-COOMe - 
Br' \COOEt I 

Me MeOOC 

8, Deh ydrchalogenation of 22 d i m e  th ox y -3-chlo rodih ydrop yrans 

Treatment of a series of substituted 3-chlorodihydropyrans with sodium 
methoxide in dimethyl sulphoxide or dimethylformamide at room temperature 
affords the corresponding a-pyrones in good yields (equation 22 1)3 64 .  

9. Preparation of homoserine lactone 

a-Amino-Y-butyrolactone (homoserine lactone), an important intermediate in 
the synthesis of various amino acids, has been prepared by a two-step sequence in 
which N-tosyl- o r  N-benzoylglutamine is converted into N-tosyl- or  N-benzoyl-a;(- 
diaminobutyric acid with potassium hypobromite, followed by d i a z ~ t i z a t i o n ~ ~  - A 
second route involves the reaction of N-acyl methionines with methyl iodide in a 
mixture of acetic and formic acids to  produce their corresponding sulphonium salts, 
which are then hydrolysed under reflux at pH 6-7 (equation 222). The resulting 
N-acyl-a-amino-y-hydroxybfityric acids are then converted into their corresponding 
lactones using hydrogen chloride3 6 .  
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OMe _____* NaOMe R3@Me - - R 3 n M e  

RZ ’ DMSO or R2 
DMF 

R ’  

R’ R2 R’ Yield (%) 

- 0 M e  

k’ 

Ph H H 85 
H H Ph 64 
Ph H Ph 7 2  
Et -(CHz 14- 78 
H CIOHZI H 5 2  

NHR 
Me1 +,Me 

I Me PH6-7 
CO2 H 

RNHCHCH2CH2SMe - RNHCHCH2CH2S, I -  - 
I 
C02 H 

R Yield (%) 

PhCO 13  
p-MeC, H4 SO, 92 
EtOCO 81 
PhCH, OCO 80 
Me, COCO 29 
o=c\ 
0s’ 

I 45 

111. SYNTHESIS OF LACTAMS 

Information about the synthesis of lactams may be found in numerous review 
articles, most of which, however, have been limited to the preparation of one 
particular class of lactam o r  to the general synthesis of  amides. 

In 1957 Sheehan and C ~ r e y ~ ~ ~  published a review on ‘The synthesis of 
p-lactams’. The synthesis of lactam monomers was reviewed in 1962 by Dachs and 
S ~ h w a r t z ~ ~ ~  and by Testa369. The synthesis of P-lactams was again reviewed in 
1962 by Graf and coworkers370, while in 1966 a review of the preparation, 
properties and pharmacology of amides, amino acids and lactams was published by 
Piovera3 l ,  and in 1967 a discussion of the preparation of P-lactams was published 
by Muller and Harmer3 7 2  . 

The first review on ‘a-Lactams (aziridinones)’ appeared in 1968 from Lengyel 
and Sheehan3 73 ,  while the synthesis of all types of lactams was reviewed fust by 



19. The synthesis of lactones and lactams 1195 

B e c k ~ i s h ~ ~ ~  in 1970 in his chapter on ‘Synthesis of amides’ for this series, by 
L’Abb6 and Hassner3 7 5  in 197 1 in their review of ‘New methods for the synthesis 
of vinyl azides’, by Millich and S e ~ h a d r i ~ ~ ~  in their chapter on lactams in High 
Polymers, by Manhas and Bose3 7 7  in Chemistry o f  0-Lactams, Natural and Syn- 
thetic, by Hawkins3 7 8  in his review of ‘a-Peroxyamines’, and finally, by Mukerjee 
and Srivastava3 7 9  in a review entitled ‘Synthesis of 13-lactams’. 

A. By Ringclosure Reactions (Chemical) 

1. From amino acids and related compounds 

Intramolecular reaction of a carboxylic acid or  ester function with an  appro- 
priately positioned amino group is quite often the method of choice for the 
synthesis of Y- and 6-lactams. Lactams of smaller and larger ring size are somewhat 
less frequently synthesized by such procedures, although a-, P- and E-lactams can be 
prepared by careful choice of reaction conditions and starting materials. Thermal 
cyclization of a mixture of c3-  and trans4-aminocyclohexanecarboxylic acid t o  
produce 3-isoquin~clidone~ is representative of a typical &-lactam synthesis 
(equation 223). Preparation of the Y-lactam, 1 ,5dimethyl-2-pyrrolidone3 , 

COOH 

DowIherm 

reflux 
(223) 

N H2 

involves a related cyclization of the methylammonium salt of yxmethylamino) 
valeric acid (equation 224). 

+ 
CH3CHCH2CH2COO- NHjCH3 

I 
I 
NHCHj 

(224) 

CH3 

An interesting example3 of a-lactam (aziridinone) formation involves the 
synthesis of optically active 3-substituted-1 -benzyl-oxycarbonylaziridin-2-ones from 
N-benzyloxycarbonyl L-amino acids by use ,Of phosgene, thionyl chloride or 
phosphorus oxychloride in THF at  -20 t o  30 C (equation 225). The cyclization 
appears to involve initial formation of a mixed anhydride between the N-protected 
amino acid and the dehydrating agent. 

0 R2 0 
COC12, E t j N  I I  

R’OCN-CH-R~ 
I 1  I 

K R’ OCNHCHCOOH THF, --200c (225) 

0 

R2 = -CH2C6H5 

Intramolecular cyclization of amino esters has found numerous applications in 
lactam synthesis. In some cases the desired cyclizations are accomplished thermally 

in the preparations of 5,5dimethyl-2-pyrrolidone (equation 226)3 3 ,  
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a-(equation 2 x 1 ) ~  t i 4 ,  @-(equation 228)385 and 8 -methylcaprolactam (equation 
229)3 8 5 .  
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200oc 

88-96% 
(CH3)2CCH2CH~COOMe - 

I 
N H 2  CH3 

(226) 

(227) 
ethylene glycol 

H2N(CH2)4CHC00Et 162-1650c ' 
44% 

I 
CH3 

heat H 3 c c N :  
H2N(CH2)3CHCH2COOEt 

I 
CH3 

(228) 

I 
CH3 

Cyclization of dienamino esters, obtained by addition of enamoino esters to 
methyl and ethyl propiolate, has been accomplished at 160-190 C in dipolar 
aprotic solvents to  afford a-pyridones in good yields (equation 230)3 Reaction 

R' R' 

H CH, C6 H, 
Me H 
Me Me 
Ph H 
Ph Me 
0-CH, C, H, H 

of the a,p-unsaturated triester prepared from malonic ester and ethyl pyruvate, with 
the diethyl acetals of a series of Nfldimethylamides affords the corresponding 
dienamino triesters, which in turn undergo cyclization with benzyl amine in 
refluxing ethanol to afford a series of 1 -benzyl-3,4dicarboethoxy-2( lH)-pyridones 
(equation 231)387. 

Cyclization of 2-piperidinylacetates t o  form P-lactams has been effected by 
means of ethylmagnesium bromide (equation 232)3 8 8 .  Yields increase with increas- 
ing substitution at the a-carbon of the ester. Similar cyclization of the methyl ester 
of 3-(methylamino)butyric acid produces3 8 9  N-methyl-P-butyrolactam (equation 
233); however, the reaction failed with ethyl 2-pyrr~lidinylacetate~ 
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OEt 
1 R’OOC COOR’ 

R’OOC H3c1C00Et COOR’ OEt 

+ R2CNMeZ - 
3 i M e 2  

EtOOC 
1 

COOEt 

* 
C & j C H $ W i .  

EtOH 

R2 

I 
CH2C6H5 

R’ RZ 

Et H 
Me H 
Me 3-Pyridyl 
Me 2Cyanophenyl 
Me 3Cyano-2quinolyl 

R’ =Me, Me, Me, E t  

R2 = H, Me, Et, Et  

MeCHCH2COOMe - 
Me Me 

I 
NHMe 

(231 1 

Listed in Table 28 are various P-minopropionic acid esters which have been 
converted to P-lactams by a Grignard reagent. Other examples of P-lactam prepara- 
tion using this method include the conversion of ethyl 3-phenyl-(3-aminopropionate 
to 4-phenyl-2-azetidinone (equation 234)4 ’, the conversion of several ethyl 

(234) 
ether, MeMg‘ 20°C ’ Go H2 NCHCH2C02 E t  

stir 4 h Ph 
I 
P h  

N-substituted 2-ethyl-2-phenyl-3-aminopropionic acid esters to their corresponding 
Nsubstituted 3-ethyl-3-phenyl-2-azetidinones (equation 235)4 2 ,  the conversion of 
methyl 2substituted 3-phenyl-34phenylamino) propionates t o  a mixture of cis and 
trans l-pheny1-3substituted4-phenyl-2-azetidinones (equation 236)4 and the 
conversion of the methyl, ethyl, isopropyl and benzyl esters of 2-phenyl-34benzy- 
1amino)propionic acid to l-benzyl-3-phenyl-2-azetidinone (equation 237)4 0 4 .  

In connection with a new synthesis of oxindoles405-407, Gassman and co- 
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TABLE 28. P-Lactams prepared via the reaction of substituted Paminopropionic 
acid esters with a Grignard reagent 

R’ R’ R3 Yield (%> References 

H 
H 

n-Pr 
i-B u 

H cC6H1, 
H Ph 
H p-MeC, H, 
H p-MeOC, H, 

H a-naphthyl 

Me Me 
Me Ph 
CH,OH Ph 
Et Et 
Et Et 
Et Ph 
Et Ph 
Et p-MeC, H, 

ti-Pr n -Pr 
n-Pr PI1 
i-Pr Ph 
tZ-Bu n-Bu 
n-Bu Ph 
Me,N(CH,), Ph 
Et,N(CH,)2 Ph 
CC6H11 Ph 

H Ph 
(as hydrochloride salt) 

H C6H5CH1 

H p-H5C6--C6H4 

Et C6HSCHZ 

Ph C6HSCHl 

Me 
Me 
Me 
Et 
Me 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Me 
Et 
Me 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Et 
Me 
Et 
Et 
Me 

22 
67 
54 

54 
20 
43 
49 
11 
80 
51 

32 
92 
79 
86 
88 
64 
91 
56 
75-79 
99 
92 
32 
16 
80 

52 

- 

- 

83-87 

390 
39 1 
39 1 
39 2 
393 
39 3 
39 1 
39 1 
39 1 
394 
395 
39 6 
39 0 
394 
390 
394-398 
399 
395 
39 4 
395 
394,395 
394 
394 
395 
39 9 
39 4 
394 
400 

, 
E t  
I EtMgBr 

I 
R N HCH2CC02Et 

ether. O°C, stir 2 h, then 
‘R 4 h a t  room temp. Ph 

R Yield (%) 

n-Pr 23 
i-Pr 27 
tz-BU 60 
‘6 H 5  CHl 74 
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R 

x p h  

EtMgBr 
PhNHCH-CHCOOMe - 

Ph 
I I  
Ph R 

R Yield (%) 

Me 88 
i-Pr 95 

cis and trans 

Ph 

Ifo MaMgl 
PhCH2NHCH2CHCOOR 

or EtMgBr 
'CH2Ph 

I 
Ph - 40% 

R = Me, Et, i-Pr, PhCH2 

SMe 

1199 

(236) 

I 

(Refs. 405, 407) (238) 
H+ 

R2 NH 

R3 /f 

(33) 

"PCHcooEt 
(32) 

R' R' R3 R4 Yield (%) 

Me H H H 34 
H H Me H 67 
H H H Me 46 
NO1 H H H 51 
H NO1 H H 61 
COOEt H Me H 66 

workers found that amino esters 32 afford 3-methylthiooxindoles 33 upon treat- 
ment with dilute acid. 

Cyclization of amino esters with 2-pyridone as catalyst408 *4 O 9  is quite effective, 
as illustrated by a recent example (equation 239)4 O .  

COOMe 

Oo MeOOC 

* (239) 

I 
COOMe H 

dioxane 
COOMe 82% COOMe k I I 

H 

HZN 

H 

Reductive cyclization of nitro esters such as ethyl 3-carboethoxy4-nitro- 
pentanoate4 can be used for the preparation of y- and 6-lactams4 2,4 3 .  The 
required nitro esters can often be obtained by Michael addition of a nitroalkane to 
an appropriate a,P-unsaturated ester (equation 240)4 
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COOEt EtOOC 
RCH2N02 + [ ----+ 

COOEt COOEt 

H p .  PdC E t O O C d  

TH 0 

(240) 

R = Me, Et 81% 

It may be noted that Michael addition of diethyl acetamidomalonate to  ethyl 
acrylate or ethyl crotonate can be accompanied by cyclization of the intermediate 
adduct to form 2-pyrrolidones4 *4 s .  

In a study of lactam formation from a series of o-aminophenoxyacetamides 
Cohen and Kirk4 i4 have drawn the conclusion that the mechanism involves 
simultaneous attack of the aromatic amino function and an external proton donor 
at the amide carboxyl (equation 241). 

2. From halo, h ydrox y and keto amides 

Treatment of a-, p-, y- o r  8-halo amides with a suitable basic reagent results in 
ionization of the amide proton to form a nitrogen anion, which then reacts by 
intramolecular displacement of halide ion to  produce the appropriate lactam 
(equation 242). The scope and limitations of this method as applied to a-lactam 

0 
I I  

n = 1-4 

synthesis have been discussed4 8-4 4 .  Successful preparations require the presence 
of one o r  more alkyl or aryl substituents at the a-carbon as well as a bulky N-alkyl 
group such as t-butyl o r  1- o r  2-adamantyl. Syntheses of p-, y- and 8-lactams, but 
not ~ - 1 a c t a m s ~  s ,  by cyclizations of prerequisite halo amides are much more 
general, as may be seen from equations (243)-(250). Some of the basic reagents 
which have been used include sodium in liquid ammonia425, sodium hydride in 
DMS04 s ,  potassium t-butoxide in DMS04 * and sodium ethoxide in ethanol4 2 6 .  

A lactam synthesis first reported by Sheehan and Bose4 2 ,  and later exploited 
by numerous investigators4 3-4 consists of intramolecular C - a l k y l a t i ~ n ~ ~  of 
N-substituted a-haloacetamides and P-halopropionamides. Alkylation is effected 
through generation of a carbanion centre in the N-alkyl substituent, where one o r  
preferable both of the substituents R2 and R3 shown in the generalized equation 
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R 1  
I baa 

I 
BrCH2CCONHR3 - 

R 2  ‘R3 

1201 

(243) 

R’ R2 R3 Yield (%) Reference 

H H 
H H 
H H 
H H 
Me Me 
H H 
H H 
H H 
n-Pr n -Pr 
Me Ph 
Me Ph 
Me Ph 
Me Ph 
Me Ph 
Ph Ph 

Ph 
o-BrC,H, 

p-BrC,H, 
o-FC,H, 

p-BrC6H, 
Pc1c6 H4 
p-1C6H4 
p-MeOC,H, 
Me 
H 
Me 
c6 H 5 C H l  
Ph 
o-0,NC6 H, 
Me 

68-95 
71 
90 
58 
55 
73 
80 
50 
52 

61 

54 
54 
56 

- 

- 

425 
425 
425 
425 
425 
42 5 
425 
42 5 
42 7 
427 
427 
427 
427 
427 
427 

(Ref. 428) 
KNH2 or 

PhCHCH2CONHR 
I 
X 

X R Yield (%) 

c1 1 75 
c1 H, NCOCH, 76 
Br Me,CHCH(CO, Et), 83 
c1 Me,C=C(CO, Et), 85 

R’ R’ Yield (%) 

H Me 26 
MF Me 28 

(25 1) are electron-withdrawing functions such as carboalkoxy, phenyl or  cyano. In 
most cases where both R2 and R3 are activating groups, triethyl amine432-438, 
sodium acetate4 9 ,  ethanolic potassium hydroxide4 l ,  or  basic ionexchange 
resins4 4 0  function satisfactorily as the base. With a single activating group sodium 
hydroxide44 has proved to  be effective. A number of representative examples of 
this procedure, which have appeared since 1966, are presented in Table 29. 
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Br P h  

PbCHCHCONHPh - 
I 1  
Br Br 

Base Yield (%) 

NaOH, liq. NH, 96 
NaNH,, liq. NH, 78 
KNH, , liq. NH, 86 
NH, alone 38 

(Ref. 429) (2461 

Ph 

(Ref. 430) 
I 

I 
BrCH2C-CONHR - 

Ph 

R Base Yield (%) 

H KNH, in liq. NH, 92 
EtONa in EtOH 90 

Ph KNH, in liq. NH, 96 
KOH in MeCOEt 91 

p-MeOC,H, EtONa in EtOH 98 
P-Ol W H ,  EtONa in EtOH 96 
C6H5CH1 NaSH in EtOH 92 

TABLE 29. Synthesis of p- and y-lactams by base-catalysed intramolecular alkylation of N-substituted 
a-haloacetamides and B-halopropionamides 

Starting amide Base Lactam Yield (%) Reference 

P' 
ClCH,CONCH(COOEt), D M F ~  

p 4 ,  HOOC 

R' = P h  

R' = C,H,Br-p 
R' = C,H,Me-p 

R' = C,H,Cl-p 

R' =Ph 
R' = C,H,Cl-p 
R' = C,H,Br-p 
R' = C,H,Me-p 
R' = ?C,,H, 

439 

90 (go)= 
80 
80 
89 (90)" 

439 

98 
95-98 
95 -97 
95-98 
95-98 
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TABLE 29. (Continued) 

Starting amide Base Lactam Yield (%) Reference 

R' 
I 

Br(CH,),CON-€H(COOEt), 

D1 
I\ 

1 ,COOH 

COOEt 
Br(CH,), CON-CH, 

NaH 

KOH 

KOH 

KOH 

70 44 3 

n 

440 I 
R' 

R' = Ph 85 

R' = C,H,Br-p 84 
R' = C,H,Me-p 80 

R' = C6H4C1-p 90 

EtOOC ' " 0 0  , 
8' 

R' = Ph 

R' = C,H,Br-p 
R' = C,H,Me-p 

R' = C,H,Cl-p 

Hooc%&l EtOOC I 

A ?  
R' = Ph 
R' = C,H,CI-p 
R' = C,H,Br-p 
R' = C,H,Me-p 

440 

85 
80 
80 
80 

440 

80 
86 
80 
80 

uYield of ethyl ester obtained by heating sodium acetate and starting amide without solvent at 
40-1 45" C. 

- - 
bReactions carried out in refluxing DMF without added base. 

Br(CH2)3CONHR - base Go (Ref. 425) 

I 

R Yield (%) 

(2481 

Ph 48 

o-FC,H, 61 
p-BrC,H, 67 

0-BrC, H, 50 

pC1C6H4 54 
p-1C6H4 79 
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X(CH2)4CONHR - (Ref. 425,426) 

1 
k 

X R Yield (%) 

Br 
c1 
c1 
c1 
c1 
c1 
c1 
c1 
C1 

Ph 
H 
Me 
Et 
n -Pr 
n-Bu 
" G H I ,  
C C 6 H I I  
Ph 

61 
82 
48 
33 
28 
36 
37 
11 
96 

(249) 

&17 KOEu-r, re f ,"x3h CgHg 

HN\\#Me (Ref. 431) (250) 

57% 

I I  
I 

O=C-C- CH2CI 

Me 

n = l o r 2  

R = Me, Ph 

(3-Lactams have also been prepared by base-catalysed cyclization of N-(a-chloro- 
benzyl)+cyanoamides (equation 252)4 4 4  and by intramolecular Michael addition 
(equations 253-255)445. 

In addition to the nucleophilic displacements of halide ion shown above, 
N-aryl-a-halo amides can be cyclized via intramolecular Friedel-Crafts alkylation of 
the N-aryl moiety to  produce oxindoles, as shown in the synthesis of 3-ethyl-l- 
methyloxindole from N-methyl-a-bromo-n-butyranilide (equation 256)4 6 .  

An interesting approach to the cyclization of bromo amides may be seen in the 
reaction of N-(2-bromopropanoyl)aminoacetone with triethyl phosphite t o  afford 
an intermediate phosphonate ester, which can then be converted into 2-oxo-3,4- 
dimethyl-A3 -pyrroline via and intramolecular Wittig reaction (equation 257)44 '. 
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2-O 
R ~ - C H  

R’OzC-&I!l, 
P ~ N C H ( C O O R ’ ) ~  - 

1 
O=C-CH=CHR~ COz R’ Ph 

1205 

(253) 

R1 R’ Yield (%) 

Et NC6H4 94 
Me P-0ZNC6H4 74 

Et C0,Et - 
Et 0-0, NC6 H4 70 

-b m I H Z c H 3  (256) 

I I 
I 

Me Me 

M e  Me Me Me 

H H 

y- and 6-Hydroxy amides obtained from reactions of aldehydes and ketones with 
the dilithio derivatives of Nsubstituted benzamides4 and N-substituted 
o - t o l u a r ~ i d e s ~ ~  have been cyclized in the presence of cold, concentrated sulphuric 
acid to form Y- and s-lactams, respectively (equations 258 and 259)450-45 2. A 
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mechanistic of reactions of this type revealed that in addition to  lactam 
formation, linear dehydration to  form olefin amides and cyclodeamination to form 
6-lactones also occurred. The major course of reaction was found to be dependent 
upon the nature of the acidic medium, the temperature and the structure of the 
hydroxy amide. 

A recent patent4s4 claim the preparathn of F-lactmis by reaction of N- 
methyldiarylglycolamides with concentrated sulphuric acid in acetic acid (equation 
260). 

R’ = H, R2 = M e ; n  = 2 

H1 = R2 = H;n E 1 

R’ = H, R 2  = M e ; n  = 1 

R1 = OMe, RZ- M e ; n  = 1 

0 

T H F  MeC-CHN 

(34) (35) 

to afford unsaturated lactams in 80-9096 yield (equation 26 1). 

tricyclic lactam 35 (equation 262)4 

Acidcatalysed cyclization of a series of 6-keto carboxamides has been found455 

An interesting intramolecular aldol cyclization of a-keto amide 34 afforded the 

B. By Ring-closure Reactions (Photochemical) 

exposure to  ultraviolet and ultraviolet-visible irradiation4 7-4 2 .  

starting amide (Table 30). 

A large variety of substituted amides have been found to  produce lactams upon 

The type of lactam obtained is dependent upon the structural features of the 

1. Cyclization of a,P-unsaturated amides 

Irradiation of a ,P-unsaturated anilides affords 3,4-dihydrocarbostyrils via ring- 
closure involving the ortho position of the N-aryl substituent and the P-carbon the 
acyl moiety (equation 263)4 7-4 ti l .  Unsaturated amides possessing an N-heteroaryl 
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R2 R3 

(263) 

A3 

substituent react similarly (equation 264)4 ’. In certain cases where R1 =R2 = Ph, 
P-lactam formation can become the major reaction pathway4 ’ n 4  (Table 30)- 

2. Cyclization of benzanilides 

Prolonged irradiation of a benzene solution of benzanilide in the presence of 
iodine produces phenanthridone in 20% yield (equation 265); however, without 

0 

iodine lactam formation drops to  less than The reaction proceeds more 
satisfactorily of one or the other of the aromatic residues contains an ortho halogen 
or methoxy group (equation 266)4 2-4 5 .  Anilides of thiophene-2carboxylic acid, 

OKi-@ X \ 

tc- X = I, Br 

O H  

1266) 

X = 1, Br, OMe 

furan-2-carboxylic acid, indole-2-carboxylic acid and indole-3-carboxylic acid parti- 
cipate in similar photoinduced cyclizations (Table 30). 

3. Cyclization o f  enamides 

Various enamides of the general type shown in equation (267) have been 
cyclized in connection with the synthesis of a number of isoquinoline 
alkaloids46 5 * 4 6 6 .  Related enamide photocyclizations appear in Table 30. 
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4. Cyclization of Nchloroacetyl-P-arylarnines 

These photocyclizations may be generalized by equation (268). A majority of 
such reactions have been carried out with N-chloroacetyl-a-phenylethyl amines 

NHCOCH2CI 

(268) 

R @- hv R 

containing one or more electron-furnishing groups in the aromatic ring (Table 30). It 
is interesting to note that the N-chloroacetyl derivatives of the biologically impor- 
tant amines - tryptamine, tyramine, dopamine and normescaline - participate in 
these cyclizations 

5. Cyclization of a-diazocarboxamides 

Certain P-lactams have been synthesized by photolysis of adiazocarboxamides. 
These reactions proceed by photolytic decomposition of the azo compound to 
form a carbene intermediate, which then undergoes insertion into a carbon- 
hydrogen bond of the N-akyl substituent. 

6. Miscellaneous c yclizations 

involving p-keto amides4 and carbamates4 a. 
The last several entries in Table 30 represent miscellaneous photocyclizations 

C. By Cycloaddition Reactions 

1. Addition of isocyanates to olefins 

In theory, cycloaddition of isocyanates to  olefins should lead directly to 
P-lactams. In practice, however, simple N-akyl and N-aryl isocyanates add only to  
electron-rich olefins such as enamines4 3 ,  while successful cycloadditions with 
simple olefins require the use of an 'activated' isocyanate possessing a strong 
electron-withdrawing substituent on  nitrogen. Since its discovery in 1956494 
chlorosulphonyl isocynate (CSI)49s has emerged as one of the most widely used 
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isocynate addends for conversion of olefins into p-lactams. The chemistry of CSI 
has been reviewed4 64 9 8  along with its applications to P-lactam 
synthesisJ67r370*37z 9 3 7 7 9 3 7 9 v 4 9 9 .  Reaction of CSI with olefins is presumed499 
to involve equilibrium formation of a TI complex, which then rearranges to a 
1 +dipolar intermediate having positive charge on the more highly substituted 
carbon of the original olefin. Combination of the termini of this intermediate 
completes the stepwise process to form an N-chlorosulphonyl @lactam (equation 
270). In order for the cycloaddition reaction to serve as a viable route to P-lactams, 

H 

H H 

R \  / ,c=C, + ClS02NC0 = x complex - 
(270) 

CH-CH2 
R\+  R\  

CH-CH2 - 
I 1  

CIOzSN-C=O 
I 

C102S --N - c =o 
the N-chlorosulphonyl group must be removed reductively, preferably by treatment 
in a suitable organic solvent, with a 25% aqueous sodium sulphite solution500, or 
with an aqueous solution of a sulphur 0x0 acid, or its salt, in the presence of 
sodium bicarbonate (equation 271)'O 

R' 

R' = Ph, Ph, H, Me 

R 2 = H ,  Me, Me, Me 

Table 3 1 contains a number of recent.examples. Examination of these reactions 
reveals that addition of CSI is both a regiospecific and stereospecific reaction. Some 
regiospecificity is lost with olefiis of the type R' CH=CHRZ, where both R' and 
RZ are simple alkyl groups. Dienes can easily be converted to monoadducts, but 

TABLE 31. Synthesis of p-lactams by addition of chlorosulphonyl isocyanate to 
olefins followed by reduction 

Olefin 
Overall 

@-Lactam yield (%) Reference 

Me,C=CH, 51 -53 502  

Me 

MeCH=CHMe 
cis 

H 

503  
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TABLE 31. (Continued) 

Olefin 
Overall 

p-Lactam yield (%) Reference 

MeCH=CHMe 
trans 

MeCH=CHPr-n 
cis 

MeCH=CHh-n 
trans 

Me, e C R M e  

0 
0 

1 :3 

2:3 

Me-fN\ 

R =  Me 92 
R = H  98 

Me H 

i c H a \ o  

H 

n = 3  63 
n = 4  51  
n = 6  75 

503 

4 9 8 , 5 0 0  

500 

503 

500 

503 
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TABLE 31. (Continued) 

Olefm 
Overall 

p- Lact am yield (%) Reference 

4 P  H H  

499,500 

H + H H  

0 

&yo H 'H 

'+"\, H, C--CR-CH=CH, 

R 

R = H  
R = M e  

m 

68 499 

57 499,503 

30 499 

49 

72 

72 
68 

35 

499 

500,504 

505 
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TABLE 3 1. (Continued) 

Olefin 
Overall 

p-Lactam yield (%) Reference 

Me2C 

Me, C=C=CMe, M e P C  52 506 

Me 

+ 
CH2=C(Me)C=CMe2 22 

I 
CON H2 

506 

+ 

32 (2 C=CH;! 

I 
CONH2 

( c H D : H  36 506 

diadducts have not been isolated. Strained double bonds, such as those in a bicyclo 
[2.2.11 heptene system, tend to  react more rapidly than normal unstrained olefins. 

As mentioned previously, enamines react with simple isocyanates to afford 
p-amino-(3-lactams (equation 272)493*50 7 9 5 0 8 .  

R’ R2 

‘C’ 
II + 
C 

‘R 
R3-N’ ‘H 

PhNCO - 

I 
R4 

Pentahaptocyclopentadienyl dicarbonyl (olefin) iron complexes5 0 9  , represented 
in equation (273) as Fp-olefin complexes 36a,b, fail to react with either ethyl or 
phenyl isocyanate, but react with 2 Sdichlorophenyl isocyanate, CSI, p-toluene- 
sulphonyl isocyanate and methoxysulphonyl isocyanate in a 1,3-addition process to 
afford butyrolactams 37a-es l o .  The cycloalkenyl complexes 38, 40 and 42 react 
similarly’ l o  to give lactams 39, 41a or b and 43, while the butynyl complex 44 
affords the unsaturated lactam 45 upon reaction with tosyl isocyanate. 

Isocyanates of  various types undergo [2n + 27~1 cycloaddition with ketenimhes 
to afford p-imino-klactams in good yields (equation 278)s l .  
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R ~ N C O  

FpJ== - 
(36) 

(a) R' = H 
(b) R' = Me 
Fp = h '-C,HsFe(CO), 

TsNCO 
__.* 

RNCO - 

TrNCO ___. 

F p a 1 R 2  R' (273) 

(37) 
(a) R' = H, R' = C ,  H,C1,-2,5 
(b) R' = H, R' = S0,CI 
(c) R' = Me, R' = Ts 
(d) R' = Me, R' = Ts 
(el R' = H, R' = MeOSO, 

(39) 

(a) R=Ts;  (b) R=MeOSO, 

FP\ 

Me 0 

FpCH2CECMe - X N , T s  
FP 

(44) (45) 

(275) 

(2761 

(277) 

R' R' Yield (%) 

Ph Ph 8 3  
Ph p-MeC,H, 78  
Ph p-hIeOC, €1, 78 
Ph p-McC6H4SO2 72 
Me Ph 76 
Me p-MeC6H4S0, 7 3  

Phenyl isocyanate reacts with various acetylenes in the presence of aluminium 

Treatment of o -b enz oylb enzald ehyde with aryl is0 cy anat es a f fo rd s 2,3 d isub st i- 
chloride to afford 3,4disubstituted carbostyrils (equation 279)5 2. 
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R ~ C = C R *  + P ~ N C O  - AICIJ &: 
I 
H 

R' R2 Yield (%) 

Ph H 4 3  
Ph Me,Si 44 
Et Et - 
tZ-BU Me,Si 50 
Me,Si Me,Si 57 
H Me,Si 25 
Me,Si H 89 

tuted phthalimidines by a reaction pathway involving intermediate formation of 
o-benzoylbenzylideneanilines followed by phenyl group migration (equation 
280)5 3. Similar results have been observed with aromatic isocyanates and phtha- 
laldehyde (equation 28 1)5 

&-Ar Ph 

H 

Ar Yield (%) 

Ph 67 
C,H,Me-rn 54 
a-Naphthyl 84 
p-Naphthyl 81 

* 

acHo + ArNCO - 
CHO 

(281) 

2. From imines 

The most frequently used method for the 
preparation of lactams involves the reaction of a large variety of imines with 
ketenes, which are prepaTed prior to  or during the reaction. 

a. Reaction of iinines with ketenes. 
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In one of the earliest reviews5 1 5 on this method, Staudinger pointed out that the 
reactivity of ketenes towards benzophenone anil exhibited the following order: 

A similar order of ketene reactivity was observed by Brady5 in a recent investi- 
gation of the cycloaddition of ketene itself and fluoro-, chloro-, dibromo-, methyl- 
chloro-, phenylchloro-, diphenyl-, phenylethyl-, butylethyl- and dimethylketenes to 
dicyclohexyl- and diisopropylcarbodiimide. 

The mechanism and stereochemistry of the reaction have both been recently 
elucidated. In 1967, Gomes and Joullie5 investigated the cycloaddition of ketene 
t o  benzylideneaniline in sulphur dioxide as the solvent and obtained the product 
shown in equation (282) in 52% yield. They concluded from their results, that 

PhHC=NPh + HzC=C=O - so 2 "YL0 (282) 

dthough the cycloaddition may proceed through a concerted mechanism or 
through the formation and subsequent reaction of a 1,4dipolar intermediate 
(equation 283), the latter mechanism appeared more probable. Extension of this 

Ph' 

(283) 

mechanism to the reaction of a ketene and an imine in an inert solvent would 
produce a 1,4dipolar intermediate as shown in equation (284), which would then 
cyclize to produce the lactam. 

H 
I 

R-N=C-R' 

A 
O=C=CH2 

In 1968, Luche and Kagan5 I *  reported that regardless of the method used to  
generate the ketenes, they added to benzylidene aniline t o  produce trans-p-lactams 
exclusively (equation 285). This work in conjunction with the study of Sheehan5 
and Bose5 2 o  on the stereochemistry of the p-lactams formed by the reaction of an 
acid chloride and an imine in the presence of a tertiary amine has produced a 
controversy in the literature. Based upon the original suggestion of SheehanSl9 
that the formation of a ketene from the acid chloride and tertiary amine and 
subsequent cycloaddition of the ketene to  the imine was probably not the pathway 
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MeCOCHNq + hv 
MeCOCHN2 + AgqO 
M e C E C O E t  + heat 
MeCHZCOCI + 2 N E t 3  
MeCH2COCI + 4 N E t 3  

’ ---+ MeHC=C=O + PhN=CHPh 

U 

to the (3-lactams produced, BoseS * investigated the initial adduct formed from the 
reaction of a series of acid chlorides and anils in carbon tetrachloride solution using 
‘ H  n.m.r. spectroscopy. He found that the adduct could best be represented by the 
covalent structure shown in equation (286), and that an equilibrium is established 

between the starting materials and the adduct. He further found that in all cases, 
where a (3-lactam was formed both the cis and the trans isomers were obtained. It 
was thus concluded, that although the addition of a preformed ketene to an imine 
produces a trans-p-lactam in every case, it appears ‘that “the acid chloride yeaction” 
for (3-lactam formation by-passes the ketene pathway - a t  least in those cases where 
the cis-p-lactams are produced’. 

Table 32 contains a representative series of lactams produced from the reaction 
of imines with keteness 6-s 9 4 ,  and although many of the reactions shown do not 
necessarily involve a ketene intermediate, as can be seen from the discussion 
presented above, the products obtained are identical with those expected from a 
formal cycloaddition of a ketene and an imine. 

It is interesting to note that the reaction of ketenes with double bonds has also 
been used to produce diazetidinones when the ketene is allowed to undergo a 
cycloaddition with an azo compoundS p S  5-s 9 .  Selected examples of this 
approach are shown in Table 33. In one instancesg7 it has been noted that the 
diazetidinone obtained by the zycloaddition of diphenylketene and azobenzene 
dissociates upon heating at 220 C into benzophenone anil, phenyl isocynate and 
the starting materials, diphenylketene and azobenzene. Recombination of these 

Ph ,Ph 

22ooc P h g o  mot* 
Ph 

Ph’ 
‘C=C=O + PhN=NPh =====! 

(287) 

PhN=C=O + Ph\ ,C=NPh PhpC=C=OL P h R  

Ph Ph 
Ph Ph 
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compounds via a ketene-imine interaction affords 1,3,3,4,4-pentaphenylazetidin-2- 
one (equation 287)5 5 .  

It has also been reported600 that irradiation of diphenylacetylene and nitro- 
benzene for 3 days with a mercury arc lamp affords a 1.8% yield of 1,3,3,4,4-penta- 
phenylazetidin-2-one. The mechanism proposed involves initial formation of 
diphenylketene and benzylideneaniline, followed by their subsequent cycloaddition 
t o  produce the p-lactam (equations 288 and 289). 

h u  
PhCECPh + PhN02 [PhN021° + PhC-CPh - Ph>C=C=O + PhNO ___* 

Ph2C=NPh + Ph2C=C=O P h e  

Ph 
I \  
Ph Ph 

b. Reformatsky reaction wi th  imines. The main interest in the Reformatsky 
reaction with imines has not been with their preparative potential, but with their 
stereochemistry, sinch both cis and trans isomers may be expected from the 
addition of a Reformatsky reagent to an anil (equation 290). Studies of this 

R ’ C H C O O R ~  
I 
Br 

+ 
R HC=NR4\ 

C H Me 
Zn 
L 

H 
I 
I 
I I  

R ’ IllllC -COORZ 

R3UIIIC-N--ZnBr 

H R4 

I 
+ 

E - 
R’--C-COOR~ 

I 
I 1  

- - 

R3 IIIIIC -N- ZnBr 

H R 4  

I 
H 

(290) 

reaction using a variety o f  a-bromo esters have that as the size of the 
R’ group increases the cis-trans product ratio decreases, and that the cis-trans 
product ratio is influenced by the solvent (equation 29 l I 6 O 3 .  

of the stereochemistry of the Reformatsky reaction with the 
stereochemistry of the [2n  + 2n] cycloaddition of a ketene and an imine shows the 
former reaction to  yield mixtures of cis and trans p-lactams, while the latter 
reactions afford mainly trans (3-lactam. Also of interest is the observationdo that a 
competitive Reformatsky reaction using 1 equivalent of methyl a-bromophenyl 
acetate and 1 equivalent each of benzylideneaniline and adeuteriobenzylidene- 
aniline showed a secondary isotope effect of kH/kD 0.86 (equation 292), whereas 
a similar reaction of 1 equivalent of diphenylketene with the same mixture of 
Schiff bases showed no isotope effect. 

In Table 34 are listed @lactams which have been prepared using a Reformatsky 

A comparisonS 
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19. The synthesis of lactones and lactams 

cis and trans 

cis : trans 
~ ~- 

Solvent R' =Me Et i-Pr GH11 t B u  Ph 
~ 

C6 H, Me 73:27 64: 36 55:45 4555 25:75 0:lOO 
Et, 0, c6 H, - 63: 37 80:20 16:24 - - 

THF 80:20 74:26 1oo:o 1oo:o 1oo:o 0:lOO 
(50:50) 

Br 
PhHC=NPh I 

Ph* Ph 

I \  
H Ph 

56.5 + 0.5% 
+ + PhCHCOOMe + 

HgC12 

reflux p h w  
1.5 h 

PhDC=NPh CGHsMe 

Ph-fN, 
D Ph 

43.5 + 0.5% 

reaction with imines. One interesting sidelight to these investigations is the 
study606 of the time required to epimerize the cis wactams prepared into their 
trans counterparts. The results obtained606 are shown in th,e table below equation 
(293). In addition, it was also found that in 50 h at 75 C 92% of pure tmns- 
lY3,4-triphenylazetidin-2-one was converted into its cis epimer. 

~ 

R 7% trans 

t(h) = 25 50 75 100 150 

Me 42 
i-Pr 55 70 I 5  

t-Bu 95 98 98 
C,H, I 80 95 

c. Other imine cycloadditions. Reaction of anils containing a methyl o r  
methylene group in the a-position of the imine double bond with monosubstituted 
malonyl chloride has been reported60 to afford acceptable yields of n-aryl- 
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4-hydroxy-2-pyridones. The mechanism proposed for this reaction is shown in 
equation (294). 

Initial attack of one acid chloride function on the anil nitrogen affords an imine 
salt, which then loses two moles of hydrogen chloride consecutively to afford 
product. 

c,- -HCI R1CHzC=NR3 + CIOCCHCOCI - 
I 
R4 

I 
R2 

R' Ra ' 

H Ph 

H Ph 
H Ph 
H Ph 
H Ph 
Me Ph 
Et Ph 
H S-BU 

R3 

Ph 

Ph 
p-MeC, H, 
p-MeC, H, 
p-MeC, H, 
Ph 
Ph 
Ph 

R4 Yield (%) 

c6 H5 

i-Pr 

n-Bu 
i-h 

CH2 c6 H5 

CH2 c6 HS 

CH2 c6 H5 

CH2 c6 HS 

42-44 
31.2 
55 -7 
81.7 
42 

65.9 
38.2 
39.4 

21 

Conditions 

C, H5 Me, r e f l u  90 min 
C, H5 Me, reflux 30 rnin 
C, H, , reflux 1 h 
C, H, , reflux 45 rnin 
C, H, , reflux 45 min 
C, H, , reflux 80 min 
C6 H, , reflux 90 min 
C, H, , reflux 2 h 
C, H, , reflux 80 min 

AIC13 
PhC=NR4 + R2HC=CR3COOMe 

rOOm temp., , monoadduct = I 

~~ ~ ~ 

R' R' R3 R4 Yield (%) 

H H H Ph 85 
H H Me Ph 55 
Me H H Ph 85 
Me H Me Ph 60 
H Ph H Ph 30" 
Me Ph H Ph 25 

"This yield was obtained at  80°C for 24 hr.; using 
the conditions shown above (r. t., 1 h) afforded no 
reaction. 
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by the reaction of aromatic 
ketimines and acrylic esters. The proposed mechanism involves initial formation of 
an unspecified monoadduct which is proposed to  be in equilibrium with the 
asubstituted anil shown in equation (295). Elimination of  methanol affords 
dihydropyndone via intramolecular condensation. 2-Azetidinylidene ammonium 
salts (46) afford upon hydrolysis the corresponding 2-azetidinones (47)60 9 .  The 
salt 46 is prepared by addition of  aN,Ndimethyl-l-chloroalkenylamine t o  a Schiff 
base. The mechanism proposed (equation 296) involves initial aminoalkenylation of 

Dihydropyridones have been similarly prepared60 

R’, /CI 

R2AC=‘ “-Me 
I 
Me 

IT 
Me 
CI- 

R3\  CHzC12 
+ R4,C=N--R5 7 

C 
R3’ ‘R4 

CI- (2961 

.. 
NaOH 

CI- 

\R5 
R 4  

R2 

Yield (%) 

R’ R2 R3 R4 R’ 46 47  

Me Me Ph H Me 14 82 
Me Me Ph H Ph 47 68 
Me Me C, H, CH, S H Me, C 60 42 

the Scniff base to  give the intermediate shown, which then cyclizes to afford the 
salt. Since the intermediate is also in principle available from the reaction of 
a-chloroalkylideneammonium chloride with Schiff bases, followed by elimination 
of hydrogen chloride, the authors utilized the reaction of tertiary amides with 
phosgene followed by reaction with Schiff bases and triethylamine to produce 
P-lactams as shown in Scheme 3.  

3. From nitrones and nitroso compounds 

In 1919 Staudinger and Miescher6 l o  first investigated the reaction of diphenyl- 
ketene and various nitrones (mil  N-oxides) and proposed the reaction course shown 
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0 CI 
R’, II 1. coc1~,o~c R’\ I + 

R2/ 2. CH2CI. 2 days, r.t. + R2/ 
CHCNMe2 CH--C=NMez 

CI- 

+ 

L 

NEtJ, r.t. 

6Mez CI- 
R 1 \  II 

2,CH-C-N--R5 

R3-C- CI 
R I 

I 
R4 

Yield (%) 

R’ R* R3 R4 RS 46 47 

Me Me Ph Ph Ph 65 70 
H CMe, Ph H Ph 80 (rrans) 0 

SCHEME 3. 

in equation (297). A similar reaction was investigated in 1938 by Taylor, Owen and 
Whittaker6 who proposed the reaction course (298). More recently, however, 

0 

T /Ph , ky ,Ph ‘C=C=O + Ph-N=C 

Ph 

Ph 

Ph/ \Ph Ph N=C\ 

Phi Ph 

(297) 

Ph \ /Ph H2 , Ph\ /Ph 
,CH-N-CH 

Ph/C=N=C I ‘Ph Ph I ‘Ph 
Ph Ph 
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0 
Ph T 

‘c=C=O + Ph-N=CHPh - 
Ph’ 

Ph 

PhiPh 
Ph 
I 
I 
CH2 

N-ph Ph-C-NH-Ph - c  Ph I 
Ph 

Hassall and Lippman612 have found that the reaction of diphenyllcetene and 
benzylideneaniline oxide affords o-benzylideneaminophenyldiphenylacetic acid, 
which upon treatment with Adams catalyst in ethyl acetate produces 1-benzyl-3,3- 
diphenyloxindole and not  a p-lactam (equation 299). 

0 

Ph, T 
,C=C=O + Ph-N=CH-Ph - 

Ph 

Ph Ph (299) 

EtOAc, H2 

Adams catalyst 
N=CHPh 

I 

CH2Ph 

However, P-lactams have been produced from nitrones by reaction of the 
nitrones with copper phenylacetylide (equation 300)6 - 

0 

(300) 
1. R.t., N 2 ,  0.5-1 h ,CgHgN 

2. H+. H20 
CuCECPh + R1HC=NR2 

H 

Rl R2 Yield (%) 

Ph Ph 55 
Ph P C G  H, 60 
o-MeC, H, Ph 51 
oClC, H, Ph 51 

65% 
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The reaction of a ketene with a nitroso compound to  produce a lactam has been 
used6 14. in the preparation of l<pdimethylaminophenyl)-3,3,4,4-tetraphenyl- 
azetidin-2-one (equation 301). 

D. By Rearrangements 

A number of rearrangements have been used to prepare lactams of varying ring 
size. In this section, preparations of  lactams are presented in terms of the type of 
rearrangement employed. 

7. Ring contractions 

By far the most common method for effecting lactam 
syntheses by ring contraction has been the photolytic Wolff rearrangement. 
Recently this approach has been studied by Lowe and Ridley615-616 for the 
generation of Plactams from diazopyrrolidinediones. Thus, N-(t-butoxycarbonyl- 
acetyl)d,I-alanine ethyl ester and KOBu-f in xylene afforded6 a 60% yield of 
5-methylpyrrolidine-2,4dione, which upon treatment with methane sulphonyl 
azide in triethylamine produced a 9 5 %  yield of 3diazo-5-methylpyrrolidine-2,4- 
dione. Photolysis of this product in the presence of  f-butyl carbazate afforded a 
36% yield of  the cis-(3-lactam and 55% of the trans-elactam shown in equation 
(3 02). Add it ion of dibenzyl acet ylenedicarboxylate to 3 diazo-5 -methylp yrrolidine- 

a. Wolff  rearrangemenf. 

9 

0 
II 1. KOBU-t 

C-BUO~CCH~CN HCHCO:! Et - 
2. Xylene I 

0 
Me 

0 

cis 36% 

&N-H 
0 

trans 55% 

2,4dione (equation 303) affords both the (E)-  and (Z)dibenzyl (3-diazo-5- 
methyl-2,4dioxopyrrolidin-l-yl)fumarates, and irradiation of the (2) adduct for 
0.5 h in the presence of f-butyl carbazate affords both the (E)- and (Z>frans-p- 
lactams, dimethyl [ cis-3-( 3-t-bu toxycarbonylcarbazoyI)-2-methyl4-oxoazetidin- 
1-yl] maleate. By irradiation for 2 h the (E)-frans-P-lactam is generated exclusively. 
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In a similar manner, irradiation6 s6  of benzyl 6diazo-5,7dioxohexahydro- 
pyrrolidine-3-carboxylate afforded benzyl 7-0xoda-[ 3-(2-phenyl-2-propyloxy- 
carbonyl)carbazoyl]-5aH- 1-azabicyclo-[ 3.2.01 hexane-2a-carboxylate (equation 
304). 

hu 

PhCMe202CNHNH2 
b 

(304) 
Me 0 O H !  

Ph co I cN II H N H - !! i i j-- 
I 

0 '///'co 2c H:! c6 H5 
MI! 

H 

Using a series of  2,4-pyrrolidinediones ('tetramic acids') as starting materials, 
Stork and Szajewski6 demonstrated that the photolytic Wolff rearrangement was 
a general method for the preparation of carboxy p-lactams (equations 305 and 
306). 

Ring contraction of 2-acylpyrazolidin-3-ones to afford p-lactams has also been 
reported6 * to occur upon photolysis (equation 307). 

b. Miscellaneous ring contractions. Treatment of substituted a,adichloro- 
succinimides with sodium methoxide in a variety of solvents has been reported6 
to produce both the corresponding ring-opened a-chloroacrylamide and the 
P-lactam as products, with the proportion of the two products depending upon the 
nature of the substituents and the solvent used (Scheme 4). Interestingly, if 
potassium t-butoxide is used as the base, the imide again affords the corresponding 
a-chloroacrylamide (35%) by the mechanism shown, along with a less substituted 
P-lactam (47%), which arises through a proposed ketene intermediate (equation 308). 
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R' R2 R3 R4 Yield (%) 

Me Me 
Me M e  
Me M e  
Me Me 
Me Me 
Me Et 
Me Me 
Me Et 
Me Me 

Me M e  

Me Me 

Me M e  

H i-B u 
Me i-B u 

Me n-C6 Hl 3 

Me n C 6 H 1  3 

Me nC6H1 3 

Me nC6 Hl 3 

Me 
Me 
Me 
Me 
Et 
Me 
Et 
Me 

Me 

Me 

Me 

Me 
H 
H 

1 3 

n C ,  HI 3 

nC6H1 3 

nC6 Hl 3 

OMe 
NHNH, 
OH 
OCH, CF, 

OMe) OMe 56:44 

58:42 OH 

OMe OMe) 3:l 

NHIJ NH. 3: 1 

OH j 2: 1 
OH Or 5:1 

NHNH. NHNH2) 3.5:1 

OMe 
OMe 

93 
95 
98 

64 

80 

85-93 

86 

96 
80 

94 

41 
54 

H H  

, M e O 2 C l I m  ~ (Ref. 617) "m etherh:MeOH 0 0 (306) 
2.5 

0 
1 

- 
Me 

h v  

M e 0  H 
Me 

PhCOCl 
(307) 

15% 

0 0 

Me 

I I  hv 
HN-N-C-CH~C~HS - CCH~CH~CNH-N 

t-BuOH 

Me Me 

40-50% 

2. Ring expansions 

The Beckman rearrangement620-622 has found 
extensive use in the preparation of lactams. This reaction generally involves 
treatment of the oximes of cyclic ketones with H2 SO*, PC1, , HC 1 -HOAc-Acz 0 
or polyphosphoric acid622 to convert the hydroxyl group of the oxime into a 

a. Beckmann rearrangement. 
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7' F' C 
RZC- 

R$&OBU. O x - N  1 - C 1 1  - C-BuOH 

I l  II 
R O  

(308) 
A1 

R 2  

I -  I 
I 
R1 

RXC- I CHCl 

O=C-N COgBu-t 

R' = Me. R2 = R3 = Ph 

better leaving group, followed by rearrangement and tautomerization (equation 
309). The group which migrates is normally the one which is anti to the hydroxyl 

Pxylene 

80-90% 
6' + (PhO)2P(O)CI - 

P(O)(OPh)n. HCI 

+ 
H20. 30 min. NaOH r.1.  OIH 

group in the oxime. Exceptions have been observed; however, these may involve a 
syn to  anti isomerization prior to rearrangement. A representative series of recent 
lactam syntheses via the Beckmann rearrangement6 4 2  are compiled in 
Table 35. 
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1284 

A lactam synthesis which mechanistically resembles a Beckmann rearrangement 
involves the reactionoof cyclohexanone ketoxime in p-xylene with diphenyl chloro- 
phosphite at 80-90 C for 18 hours. This reaction afforded643 a mixture of the 
lactim phosphate hydrochloride and bislactim ether hydrochloride shown in 
equation (3 lo), both of which produced Ecaprolactam upon hydrolysis. Similar 
preparation of a series of C4 -C1 

b.  Schmidt rearrangement. Among various Schmidt  rearrangement^^^^-^^^, 
only the reaction of cyclic ketones with hydrazoic acid gives rise to lactams. The 
mechanism for this rearrangement is shown in equation (3 1 l), and the question of 

3. F. Wolfe 2nd M. A. Ogliaruso 

lactams has also been reported64 - 

I H 

Y 

which group migrates during the loss of nitrogen in several different systems has 
produced errors in the literature and many lively published debates. Table 
36640-656 contains a representative sampling of lactams prepared over the last 25 
years by means of the Schmidt rearrangement. 

'These studies indicate that with saturated cyclic ketones possessing an electron- 
donating substituent (R = Me, Et, nPr ,  i-Pr, n-Bu, CH2 R, CHMeC6HS) in the 
2-position, route (1) is the path observed. This route is also observed with some 
electron-withdrawing substituents such as CN and C O ,  Et. However, when the 
substituent at position 2 is either C1 or Ph, or if the cyclic ketone contains an 
a,p-double bond, then route ( 2 )  appears to be the preferred reaction path even 
though mixtures usually result. In the case of cyclic dik'etones, the azide ion 
appears to attack preferentially the less hindered, more basic carbonyl function, 
and this attack is followed by preferential migration of the larger adjacent 
group6S3*6S4 - 

Sodium azide in acetone at pH 5.5 (KH,PO,-NaOH buffer) has been 
reported6 to  convert the ethyl hemiketal of cyclopropanone into y-butyrolactam 
in 21% yield via the mechanism shown in equation (312). This reaction was 

Lx - (312) 

subsequently extended to  the preparation6 s s  of fused-ring p-lactams from 
1,l &substituted cyclopropanones in the bicycle[ 4.1 .O] series (equation 3 13), and 
made more general by preparation of the corresponding carbinolamines of the 
cyclic ketones and then affecting the ring enlargement reaction through the 

+ 
H-0 NH--N2 /H 

NaN3, 
HO OEt 

H+ 
- EtOH + A -  
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X = HO, EtO, N 3 
Me3COCI A -  

R Yield (%) 

61 

Me(CH ) - 43 
MeCH,pMe 38 

Me, C- 52 
Me HCOOEt 65 Y 

(31 3) 

0 
I1 

0-CPh c, 
H - 0  N - C M e 3  

+ PhCOONHCMe3 - “K! - O D ’  + PhCOOH (315) 

nitrenium ion produced from these intermediates (equation 3 14)658. In an effort 
to extend this method, the same authors6 5 8  investigated leaving groups other than 
C1- and N2 in the ring enlargement, and found that the o-benzoyl derivative of 
N<t-buty1)hydroxylamine reacted directly with cyclopropanone in ether at -78OC 
t o  produce N-(t-buty1)-ppropiolactam in 40% yield (equation 315). It was also 
found that alkyl hydroxylamines (equation 316)659 and amino acid esters 
(equation 3 17)660 can be employed in this transformation. 

c. Miscellaneous ring expansions. A novel ring expansion reaction for the 
preparation of y-lactams involves the carbonylation of cyclopropylamine using 
rhodium catalysts (equation 3 18)6 

An interesting disproportionation rearrangement for the preparation of 
E-caprolactam involves heating peroxy amines in the presence of a Group I or IL 
element salt in a non-hydrocarbon organic solvent6 . Thus, 1 ,l-peroxydicyclo- 
hexylamine afforded a 100% conversion to caprolactam and cyclohexanone 
(equation 3 19). 

A novel photochemical ring expansion which allows conversion of fused 
p-1actam.s to  fused bicyclic ring-expanded lactam ethers has also been 

. 



c
)
 

T
A

B
L

E
 3
6.
 P

re
pa

ra
tio

n 
of

 l
ac

ta
m

s 
vi

a 
th

e 
Sc

hm
id

t r
ea

rr
an

ge
m

en
t 

h
) 

00
 

m
 

.- 
K

et
on

e 
C

on
di

tio
ns

a 
Pr

od
uc

t 
Y

ie
ld

 (%
) 

R
ef

er
en

ce
 

#=
O 

A
, 3
-7
°C
 

B,
 50
°C
, 8
.5
 h

 

A,
 3-
7°
C 

B,
 5

0°
C

, 8
.5
 h

 

B,
 5

0°
C

, 8
.5
 11

 

R
=

M
e 

R
 =

E
t 

R
=

P
f 

R 
= 

i-P
r 

R
=

B
u

 

k 
R 

=
 M

e,
 E

t, 
Pr

, 
or

 i-
Pr

 
R

 =
 M

e 
or

 P
r 

(--&
 

R 
A

, 3
-7
°C
 

B,
 S

O"
C,

 8.
5 
h 

B,
 50
°C
 

B,
 5
0°
C 

B,
 50
"C
, 8
.5 

h 
B,
 50

°C
 

B,
 5
0°
C 

B,
 50

°C
 

A
, 3
-7
°C
 

A
, 3
-7
°C
 

80
 

83
 

78
-9
4 

82
-8
7 

89
 

74
 

96
 

96
 

84
 

95
 

92
 

95
 

95
 

98
 

94
 

64
6 

64
7 

L
( crt
 e 2
 z >
 

0
 

64
6 

64
7 

c
.
 

Lu
 3
 
a
 

64
7 

0
 

E
 

w
 

E
 t 0 

64
6 

64
1 

64
0 

64
6 

64
0 

64
6 

64
7 

64
0 

64
0 

64
0 



R 
= 

C
O

, E
t 

F. 
= 

Ph
C

H
, C

H
, 

R 
= 

p-
M

eO
C

, H
, C

H
, C

H
, 

R
 =

 o-
M

eO
C

, H
, C

H
, C

H
, 

R 
= 

p-
M

eC
, H

, C
H

, C
H

, 
R

 =
 M

eC
H

Ph
 

(-Jo 

A
, 

3-
7°

C
 

A
, E

tO
H

, 4
0-

45
°C

 
H

N
,, 

C
H

C
I, 
, H

C
I, 

30
°C

 

A
, r

.t.
, 

90
 rn

in
 

A
, r

.t.
, 

90
 m

in
 

B,
 r

.t.
, 

18
 h

 
B

, 5
5°

C
 

A
, 3

-7
°C

 
B

, 5
O

"C
, 8

.5
 h

 
B

, 0
",

 1
.5

 h
 th

en
 r.

t.,
 6

 h
 

B
, 

0°
C

. 1
.5

 h
 th

en
 r.

t.,
 6

 h
 

A
, 3

-7
°C

 
B

, 
25

"C
, 8

.5
 h

 
B,

 3
5"

C
, 8

.5
 h

 
B,

 4
5"

C
, 8

.5
 h

 
B,

 6
5"

C
, 8

.5
 h

 

80
 

75
 

49
 

40
 

42
 

45
 

37
 

7
0

+
0

 

54
 +

 3
0 

0 
+ 

83
 

76
 +

 8
 

31
 +

 45
 

9 26
 

31
 

64
6 

64
7 

64
0 

64
0 

64
0 

64
0 

64
0 

cl
 z 4
 

3
 

64
6 

64
7 

64
7 

64
7 

rA
 ? rA
 

C
..

 

64
7 

%
 

G
 

64
6 

64
6 

64
6 

R
 Ei rA

 

(1
:2

) 
(1

:lO
) 

(1
 : 3

) 

67
 +

 0
 

60
 

55
 

30
 

64
1 

64
0 

64
0 

4
 

)
-
.
 

h
) 

64
0 

0
3
 



1288 

0 
d 
\o 

I 

3 

+ 
I 

OO f 

u 

tL 

J. F. Wolfe and M. A. Ogliaruso 

0 cc 
W 

0 
W 

00 
d 
W 

I 
0 
v) 

ml 



19. The synthesis of lactones and lactams 1289 

x 

00 

3 
0 
3 

0 
m 

00 
m 
W 

m 
m 

I 
\ 

- 
0 

I 
\ 

OQ; 

5 
+ 

rt 
N 

V 

d 

rs 
N 

u' 
0 
N 



1290 J. F. Wolfe and M. A. Ogliaruso 

0 
v) 
W 

I 

OO: 0 

m 
00 

I 

0 
0 
w 
m 

0- N 
m m  m 

u u 
0 

0 0 
v) v) 

cc7 Ed 



B
, 6

0-
64

”C
, 

4
8

 h 

A
c

O
S

 

C
H

 
I I C
H

2 
I C
H

 
II C

M
e2

 

M
e 

C
H

2 

C
yc

lo
do

de
w

-1
 J-

di
en

-g
-o

ne
 

I: 

G 

n
=

3
 

n 
=

4
 

n 
=

5
 

34
 

64
0 

62
 

57
 

48
 

I-.
 

64
0 

Y
 z c3
 

‘
“
3
 

40
 

re
 

C
H

 
M

e 
I CH

Z 
I C
H

2 
I C
H

 
I1 C

M
e2

 

65
 - 

1 2
-A

rn
in

od
od

ec
a4

,8
di

en
oi

c 
ac

id
 la

ct
ar

n 
f
 

+
. 

h
) 

12
-A
rn
in
od
od
ec
a-
S,
9d
ie
no
ic
 ac

id
 

- 
\o

 
+
. 

a 
A 

=
 H

N
, ,

 C
H

C
l, 

, H
I S

O
, ;

 B
 =

 N
aN

, ,
 po

ly
ph

os
ph

or
ic

 a
ci

d;
 C

 =
 c

on
di

tio
ns

 u
ns

pe
ci

fie
d:

 D
 =

 N
aN

, ,
 M

eO
H

, H
I S

O
, ;

 E 
=

 N
aN

, ,
 C,

H
, 
, C

H
C

I, 
, 

H
, S

O
, ;

 I: 
= 

N
eN

, ,
 H

, S
O

, ;
 G

 =
 N

aN
, ,

 CH
C

l, 
, H

, S
O

,. 

P,
 2. 

65
 6 

65
 6 



1292 J. F. Wolfe and M. A. Ogliaruso 

NazCO3 
RCHO + NH20H.  HCI RHC=NOH 

HO OMe 

RCHNHOH I + [ AsA] 
CN 

HO 
I fOTs 

HO CHR H-0 N’ xAN TrCl , L B Y H R  

CN 

CHCN 

R Yield (%) 

MeCH, CH,- 4 5  

Me, CHCH,- 45 

Me3C- 41  
Me(CH,L- 40 

HCN 

- 
- (31 6) 

R 

HO NHCHCOOEt 
I A orHrcMe CHzC12, A Me3COCI 

-78% MeCN. CHzClz’ 
RCHCOOEt + 

I 
NH2 

R (317) CI R 

HO h-LHCOOEt 
I I  

HO N-CHCOOEt 
As 

\ 
MeCN.CHzCIz’ [A ] - 

NCHCOOEt 
I 
R 

R Yield (%) 

H 33 
Me 47 
Me, CH- 65  
Me, CHCH2-- 6 5  
PhCH2- 70  

reported663tb64. This conversion is limited however, and occurs only when the 
p-lactam moiety is fused to  a bicyclo t2.2.11 system (equations 320-323). A 
mechanism for this reaction has been proposed664 

The spirooxiranes, prepared as shown in equation (324), can be anticipated to 
ring-open in two ways upon irradiation giving rise to  two different intermediate 
diradicals666*66 6 .  Recombination can be expected to  lead to two different 
products. The regioselectivity and the effect of the solvent upon it, have been 
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I 
R 

1293 

(318) 

Composition of mixture (%) 
CO pressure Total yield 

T (“C) ( a t 4  lactam (%) R = (CH,), nPr Ally1 H 

1000 130 
1200 150 
1 404 145 
134 145 
13P 150 
1 30b 150 

10 92 2 5 1 
55 75 19 1 5 
60 62 24 1 12 
22 89 7 2 2 
40 81 16 1 2 
40 28 4 1 67 

%atalyst = Rh,CoO, 6 .  

’Catalyst = ClRh(PPh,), . 

Solvent = MeZSO, MeOH, MeZCO, EtOH, MeCN, or HO(CH2)pOH 

Catalyst = LiBr, CaC12, NaCI, AgOAc, LiCNS, KF or SrC12 

/ 
OMe ‘H 

1321) 

OPr-n ’ ‘H 
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I 1 

investigated, and as the  results in equations (325)-(329) indicate, a high degree of 
regioselectivity is observed. Application of this reaction to  the synthesis of 
N-phenyl- and N-@-chloropheny1)caprolactam gave poor results, and failed 
completely in attempts to  prepare N-(p-methoxyphenyl)caprolactam6 6. This 
reaction can also be performed thermally (equations 330 and 33 1)66776 6 8 .  

(3251 

ti R‘ R= R’ R‘ RS Yield (%) 

‘6 HS m2 

‘6 HS 

c6 H S  

c6H, 3 

Me2 CH 
Me 

‘6 HS 

‘6 H S  

‘6 HS 

c6 HS 

‘6 H S  

H 
Me 

H 
H 
H 
Me 

Me 

Me 
H 
H 
H 

H 

Me 
H 
H 
H 

H H 75 

H Me and ie/ 9 5 5  
H H 
H H 
H H 

H 
and Me\  9 5 : s  

ti 
and M e \  95:s 

Me Me 
H H 
H H 
H H 

80 
85 
95 
85 

80 

80 
50 
85 
85 
85 
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"'@,*-Me Y 'BH12 hu M e o l M e  +-'--Me (Ref. 666) (326) 

Me Me 0 

90% 

Me 
hu 

RCH7-N ' 'w (Ref.648) 

R = Me, n-Pr, nC, H I 

(329) 

R Yield (%) 

U 

Catalyst = vanadyl bb(acetylacetonate), 
V , O , , P , O , , B , O ,  orMnO, 

R = H, alkyl 

The ring expansion of spirooxiranes is also believed to be involved in the 
production of lactams during irradiation o f  primary and secondary nitroalkanes in 
~ y c l o h e x a n e ~ ~  9 .  Thus, irradiation of nitroethane in cyclohexane leads to N-ethyl- 
caprolactam presumably via a mechanism which involves intermediate formation of 
a spirooxirane (equation 332). Other primary and secondary nitroalkanes which 
have also been found6 to produce lactams are shown in equation (333). 

Treatment of cycloalkanecarbnxylic acid with nitrosyl pyrosulphuric acid, 
prepared6 ' 0  as shown in Scheme 5, affords the corresponding ring-expanded 
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0- hv 
EtN02 - EtN02H + 

C6H12 

0- 0- 

R = CsH5CH2, C ~ H ~ C H ~ C H Z ,  cyclohexyl, i-Pr, n-PrCHMe, n-CfjH13CHMe 

lactam (equation 334)6 7 0 .  Similar results were obtained6 l when the same cyclo- 
alkanecarboxylic acids were treated with nitrosyl chlorosulphonate (equation 335). 

(NOI2S207 + H2SO4 (100%) 

(NOj2S207 + HS03CI + HzSO4 
(100%) 

ONOS020S020H N2O3 + HS03CI + H2SO4 
(100%) 

NOHS04 + SO3 

NOHS04 + HS03CI 

NOHS04 + H2SO4 

NOCl + H2S04 (100%) 

SCHEME 5. 

100%) 

PN-H n 
W L c = o  

(334) (CH2)n CHCOOH + ONOS020SO~OH - (CH2)" I 

11 Yield (%) 

4 71 
6 87 
7 81 

11 82 

Reaction of the aziridine ring with thionyl chloride has also been reported6 7 2  to 
afford P-lactams via ring expansion. Thus, reaction of the sodium salt of l-(t-buty1)- 
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n PN-H 
U b c = o  

R(CH2)n CHCOOH + CISOJNO - R(CH*), I (335) 

R = H ; n  = 4, 5, 6, 7, 10.11 

R = 4-Me;n = 5 

2-aziridincarboxylic acid with either thionyl chloride and sodium hydride or oxalyl 
chloride affords l-(t-butyl-3-chloro-2-azitidinone (equation 336). Similar reaction 
of the two isomeric 3-methyl-substituted aziridincarboxylates (equation 337) 
showed this reaction t o  be stereospecific and led to  the conclusion that the 
rearrangement involved intermediate formation of a mixed anhydride, which 
ionized to  give a novel bicyclic ion which in turn captured C1- to give the final 
product (equation 338). 

0 

SOClp, NaH V" THF, 25OC 

C-O-'Na+ 

0 

f- Bu 

Me H 79 
H Me 63 

R t- BU 

I 
t-EU 

t-Bu 

1336) 
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3. Claisen rearrangement 

Thermal treatmen; of tfie allyl imidates, 7-allyloxy-3,4,5,6-tetrahydro-W- 
azepine (48) and (2 E)-743 -phenylallyloxy)-3,4,5,6-tetrahydro-2H-azepine (49): 
prepared by extended heating of the methyl imidate 7-methoxy-3,4,5,6-tetrahydro- 
2H-azepine, with excess allyl and cinnamyl alcohol, respectively (equation 339). 

J. F. Wolfe and M. A. Ogliaruso 

R = H (481.49% 

R = Ph (49). 61% 

affords in both cases the N-ally1 and C-ally1 lactams via a sigmatropic Claisen 
rearrangement6 73. Thus, heating 48 afforded two products, the C-ally1 lactam 
(3-allylhexahydro-2H-azepin-2-one) ( 5 0 )  and the N-ally1 lactarn (l-allylhexahydro- 
W-azepin-2-one (51). The 0,N-ketene acetal shown in equation (340) was postu- 
lated as the intermediate, and its formation the ratedetermining step, in the 

I 
(48) H 

(340) 60% (50) 

H2 

(51) 30% 

TABLE 37. Effect of temperature on the product distribution 
for the thermal rearrangement of allyl (48) and cinnamyl(49) 
imidates 

Yield (%) 

Products for 48 Products for 49 

T ("0 50 51 52 53 

- - 197 -199 32 68 
- 95 5 202.5-205 - 

21 1 -21 3 76  24 
212-214 - - 7 8  22 
222.5 -224.5 - - 36 64 
234-236 69 31 

- - 

- - 
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H Ph 

&‘CH2 + Go (341) 

PhCH \ 

heat 

N\C=CHMe 
oo]:2 - 

I 
Ph I 

H 

(49 1 (52) (53) 

preparation of  50. This view was supported by  the observation that the yield of 50 
was greatly increased by the presence of the bifunctional catalyst 2-pyridone6 73. 
Similar thermal treatment of the cinnamyl imidate 49, afforded the C-ally1 lactam 
[ 3-( 1 ‘-phenylallyl)hexahydro-2H-azepin-2-onel (52) and the N-propenyl lactam 
[ (E)-l-( l’-phenylpropenyl)hexahydro-2H-azepin-2-one (53). The effect of tempera- 
ture  on the product distribution for the rearrangement of the ally1 and cinnamyl 
imidates was also investigated and the results are given in Table 376 73. 

E. By Direct Functionalization of Preformed Lactams 

Generation of a carbanion centre adjacent to the lactam carbonyl provides a 
convenient method for structure elaboration. Gassman and Fox reported6 74  that 
1-methyl-2-pyrrolidone could be alkylated to afford a series of 3substituted-l- 
methyl-2-pyrrolidones (equation 342). Using two molecular equivalents of sodium 
amide and of methyl iodide afforded 1,3,3-trimethyl-2-pyrrolidone in 45% yield. 

(3421 

I 
Me 

I 
Me 

I 
Me 

E .o 
LDA 

R’ 

R’ 

Me 
Me 
Me 
Me 
Me 
Me 

Ph 

Ph 
Ph 
Ph 

R’ 

H, C=CH 
H, C=CH 
H, C=CH 
H, C=CH 
H, C=CH 
Ph 

Ph 

Ph 
Ph 
Ph 

R’ 

13 
H 
H 
Me 
Me 
H 

H 

E 

Me, COH 
Me 
PhCO 
Me2 COH 
Ph, COH 
Ph, COH 

eoH 
H M;, COH 
H 1 
H PhCO 

Yield (%) 

80 
59 
28 
I1 
75 
50 

41 

58 
29 
61 
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A similar carbanion approach6 7 5  to  the synthesis o f  3substituted P-lactams 
consists of  treatment of N-alkyl and N-aryl P-lactams with lithium diisopropylamide 
(LDA) in THF at -78OC to  generate the lithio salt, which can then react with 
various electrophiles (equation 343). 

revealed that P-lactams having no substituents at the 1- and 
3-position can be converted into 1,3dilithio salts by means of n-butyllithium in 
THF at O°C. These salts react regiospecifically with electrophilic reagents to  give 
3-substituted P-lactams (equation 344). 

A later 

2 BuLi E 

R’ -$H TZ I3’b:l-i R’ 

RZ R2 

R’ R2 E Yield (%) 

Ph H Me, COH 55 
Ph H Me 53 
Ph H n-Bu 66 
Ph H I 16 
H, C=CH H Ph, COH 88 

55 

7 7  

H, C=CH 

H, C=CH H n-Bu 
Hi C=CH H i-Pr 45 
H, C=CH Me Ph, COH 5 7  
Et H Ph, COH 65 
Et H n-Bu 65 

It has been that attempts t o  alkylate caprolactam through the 
dianion intermediate have given a mixture of 1,3dialkyl and 1-alkyl derivatives. 
However, lithiation of caprolactim methyl ether with LDA followed by alkylation 
and hydrolysis of the resulting 3-alkyllactim ether (equation 345) affords a useful 
a l t e r n a t i ~ e ~ ~ ~ 9  ti 77*6 7 8  t o  the dianion method. 

(Ref. 648) 
1. LDA 

2.  RX 
3. hydrolysis 

I 

(345) 

H 

R = Me, Et, n-Pr 

In view of the pharmaceutical importance of penicillin and cephalosporin anti- 
biotics, it is not surprising that carbanions have been investigated as intermediates 
for substitution at the position adjacent to the P-lactam carbony16 7 9 .  Among the 
more successful approaches to  the type of functionalization are those involving 
generation and reactions o f  carbanions derived from penicillins and cephalosporins 
containing a 6- or 7-N-arylidene group, which prevents P-elimination of the thiolate 
ion derived from the fused thiazolidine and dihydrothiazine rings during carbanion 
formation. The examples given in equations (346)-(349) are typical of this 
synthetic strategy in the penicillin series. 

A new related synthesis of p-lactamsti8 3, involves oxidative decarboxylation of 
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- 
COOMe 

- 
COOR 

Me Me 
\+/H H_ 
N E E  

- NaH Me~N-j-T---$/;; (Ref. 682) (349) 

EOOMe 

azetidine 2-carboxylic acids. Oxygenation of the dianion formed from the 
appropriate acid and two equivalents of LDA in THF and subsequent acidification 
of the dilithium salt of the resulting hydroperoxy acid leads to decarboxylation and 
formation of the desired lactam (equation 350). 

<p--s,:: - GiF+ - COOMe 

- 0-0 

0 2  , &coo- H* , 
\ 

-78OC. EtZO 
dcooH LDA ~ gCo0- 

THF. O°C 

R R 
\ 

R 
\ 

H+ 
I 

[ /3$gH] \ R + COz + H20 (350) 
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An interesting route684 to  W(Zarylethy1) lactams containing 5-, 6- and 
7-membered rings consists of initial reaction of 0-methyl lactims with a phenacyl 
halide to form N-phenacyl lactams. Sodium borohydride reduction of the phenacyl 
carbonyl group affords the corresponding benzylic alcohols, which undergo facile 
hydrogenolysis to give the desired N(2-arylethyl) derivatives (equation 35 1). It 

R’ R’ tN(-L Me2S04 <-bh& ArCOCH2Br 

I 
H 

R’ =H, n =  1-3 

R’ = ~ t , n = 2  

Ar = Ph and c6 H3 (OM&-3.4 

should be noted that this rather elaborate method of N-alkylation is not necessary 
with halides that d o  not undergo facile pelimination. More routine procedures 
include reaction of lactams with alkyl halides and sulphates in the presence 
of sodium hydride6 reactions with expoxides6 8 6 ,  acetylenes6 and 
aldehydes6 ’, and by thermal rearrangement of allylic lactim ethers64 * I  

A potentially general method640 for the ~ t r o d u c t i o n  of alkyl substituents a t  
the 4-position of caprolactam involves reaction of a mixture of Az- and 
A3caprolact am with t riethylborane (equation 3 52). 

. 

do ..... 
1. Et3B 

2. H 2 0 2 .  OH-’ 

I 
H 

Qo I 

H 

F. By Oxidation Reactions 

The oxidation of nitrogen compounds to  lactams using transition metal 
compounds has been reviewed through 196g6 8 9 .  However, in addition to transition 
metal compounds a variety of other oxidizing agents have been used to convert 
nitrogen compounds into lactams. 

7. Using halogen 

The use of bromine under acid conditions to  effect the oxidation of nicotine has 
been studied since 1892690.  In the original w0rk690-69z it was reported that 
treatment of nicotine with bromine in the presence of hydrogen bromide (equation 
353) resulted in oxidative bromination of nicotine affording two products 
identified as dibromocotinine (51) and dibromoticonine (55). 
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Me 

(54) (55) 

Reinvestigation of the structure of 54 using and mass spectra694 led 
to the disclosure that it should be represented as compound 56. A more recent 

Br 

(56) 

on the structure of 55 using chemical and spectral (including 13C-n.m.r.) 
techniques has established its correct structure to be 3,4dibromo-S-hydroxy-l- 
methyl-5<3-pyridyl)-A3-pyrolin-2~ne (57). 

aqueous 20% Dib-omoticonine 1. 10% NaOH 
HBr.Br2 * hydrobromide 2. HOAc 

130°C, 5'min 

(57) 

Bromine under basic conditions has been used696 to  oxidize cyclic tertiary 
m i n e s  into lactams (equations 355 and 356). This conversion may be done directly 
using excess bromine, or via the intermediate formation of the imminium salts, 
which are easily isolated and convertible into the lactam upon further treatment 
with additional bromine. 

Me 
I 

H 

21 -Nor-5z-conanine 

Me 
I 

fNYO 
(80%) Me 

Br2 ( 2  moles) 
CHZCIZ, NaOH 

r.1.. stir 3 h 

- 
H 

21 -Nor-52-conanine-20-one 

Me (80%) 
I A 

Br2 (1 mold 

r.t., stir 2 h 

CH2C12, Na2COs CH2C12. NaOH 
80°C. 4 h 

- - 

(355) 

H 

21-Nor-5~-coneninium-20(N) bromide (1 00%) 



1304 J. F. Wolfe and M. A. Ogliaruso 

n 

Cotinene 

This reaction sequence may also be performed using N-bromosuccinimide6 5 ,  but 
slightly different results are obtained if the intermediate iminium salt is further 
treated with aqueous sodium hydroxide without bromine (equation 357)69 5 .  

0 

NBS (2  moles1 

r.t.. stir 15 min 

0 
17-Oxalupanine (49%) 

(357) 

, Lupanine 

CH2C12, Na2CO3 NaOH 
r.t., stir 2 h 

0 Br- 

A -18Dihydrolupaninium bromide 17-Hydroxylupanine 

Basic solutions of iodine in tetrahydro furan have been reported to  convert 
i b ~ g a m i n e ~ ~  7 ,  ibogaine69 and v ~ a c a n g i n e ~ ~  to their respective lactams 
(equation 358). Voacangine lactam has also been prepared698 by the basic iodine 
oxidation of dihydrovoacamine followed by acid cleavage of the resulting product. 

lbogamine ( R 1  = R2 = H) 

Ibogaine (R’ = MeO, R2 = H) Ibogaine lactarn (89%) 

Voacangine (R’ = MeO, R 2  = COOMe) 

lbogamine lactam 

Voacangine lactam (10%) 

2. Using chromium or osmium oxides 

In addition to  the use of basic iodine to convert ibogamine and ibogaine to their 
respective lactams, chromium trioxide in pyridine has also been used6g 7 .  This 
reagent has also been used to  effect the conversion of iboquine (equation 359)69 7 ,  

i b ~ l u t e i n e ~ ~  7 ,  c ~ n a n i n e ~ ~ ~ ,  3 - 0 x o c o n a n i n e ~ ~ ~ ,  kopsine and both epimers of 
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OH OH 

lboquine 40% 

q MeOOC 

OH 
Kopsine 

NaBH, I 
CrO3, CgH5N 

or 
oso, 

MeOOC 

Dihydrokopsine (epimer A) 

@ MeOOC 

MeOOC 
OH 

/ 
CrOJ, CgHsN 

mild 
oxidation & MeOOC 

Dihydrokopsine (epirner 6) 

dihydrokopsine (equation 360)70 into their respective lactams. These latter 
conversions have also been accomplished using osmium tetroxide'O . 

3. Using manganese oxides 

Manganese dioxide in acetone has been used t o  oxidize 4-(3,4dimethoxyphen- 
acety1)- and 4-benzoyl-2-methyl-l,2-dihydroisoquinoline t o  4-(3,4dimethoxyphen- 
acetyl)-2-methylisocarbostyril and 4-benzoy1-2-methy1isocarbostyri1, respectively 
(equation 36 1)'02, while acetone solutions of potassium permanganate have been 
used to  oxidize dl-lupanine to  d l - o ~ y l u p a n i n e ~ ~  3, d-lupanine and 17-hydroxy- 
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lupanine to d-oxylupanine (equation 362)70 
two lactams shown in equation (363)70 5 .  

J. F. Wolfe and M. A. Ogliaruso 

and N-formyldihydrovindoline to  the  

O=C--A o=v--R 

MnOp, acetone, wN\ 
@N\ Me r.t., 5 h 

0 Me 

rn 0 

d-Lupanine 

OH 

m 0 

M e0, 

R = MeO$&CH2, Ph 

H20.35 min 

KMn04. 

0 H20.35 min 

KMn04, d-Oxylupanine 
acetone. HOAc, 
H20.40 min 

(361) 

(362) 

17-Hydroxylupanine 

4. Using platinum or ruthenium oxides 

It was originally reported706 that voacangine, the major alkaloid of Rejoua 
aurontiaca Gaud., was converted into P-hydroxyindolenine by controlled oxidation 
using platinum and oxygen followed by catalytic reduction. However, a more 
recent of this reaction has shown the product t o  be voacangine lactam 
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1. Pt, 0 2  

2. Hp.  catalyst 

H Z E t  MeOOC 

MeOOd P-Hydroxyindolenine 

Voacangine 
(364) 

0 
11. R02. EtOAc , 

2. Hp, catalyst 

3 .02  

MeOOC 

Voacangine lactam 

(equation 364), identical to  the product obtained698 from the basic iodine 
oxidation of dihydrovoacamine followed by acid cleavage of the product. 

and piperidine708 react with 
ruthenium tetroxide to produce imides in good yields without oxidation of the 
nitrogen atom directly, suitable substitution on nitrogen followed by oxidation 
with ruthenium tetroxide affords P-lactams (equation 365)70 - This reaction 

Although unsubstituted amines70 7 ,  aziridine70 

(CH2)n (CH2)n 

(365) 
’ ‘CH~ Ru02.Na104, ’ ‘c=o 

C H p C I p  or CHCI, -+ H2c\,/ 

r.t., 2-6 days I 
H2c\,/ 

R 
I 
R 

Yield (%) 

R n=O 1 2 3 

p-MeC, H, SO, a a 46 3 -5 
MeSO, a a 90 85 

22 68 59 

a 34 U 

Meo-i-r 
HCO 
MeCO a 9-13 45-69 42-60 
EtOCO 5 15-33 65 6 3  

‘No product could be isolated. 

appears more likely to succeed as the ring size increases, and appears to be effected 
by the electronegativity of  the nitrogen substituent. The rate of reaction has also 
been noted to decrease as the ring size decreases and the electronegativity of the 
nitrogen substituent increases708. By use of the methyloxalyl protecting group it 
was possible to  prepare lactams of varying ring size according to equation (366)708. 

t o  oxidize 2-substituted-N- 
acetyl pyrrolidines and pipedines  regiospecifically to their corresponding lactams 
in about 60% yields with retention of absolute configuration (equations 367 and 
368). 

Ruthenium tetroxide has also been reported70 
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I 
o=c 

I 
O=C-OMe 

.. .. 

MeOH I 
H 

I 
o=c 

I 
O=C-OMe n = 1, 2. 3 

% =  14,61, 51 

R u 0 2 .  Na104. "QPh (367) 
H20, CC14 I 

OAc 
I 

OAc 

R-(+)-N-Acetyl-2-phenylpyrrolidine R-(+)-N-Acetyl-5-phenyl-2-pyrrolidinone 

QMe I RuOs, Na104, * 0 QMe I (368) 

OAc H20. CCI, OAc 

MehNj,Me Ru02. Na104. No reaction 
I H20.  CCI4 
c=o 
I 
Ph 

RuOz, H20.CC14 NalO,,, + 0 &jph+(-$o 
I 
OAc 

I 
OAc 

I 
OAc 

(1:l) 

Ru02, Ne104, ' 0  ATMe + aMe 
I H20, CC14 I I 

(370) 

OAc OAc OAc 

(1:l) 
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of N-benzoyl-cis-2 ,6dimethylpiperidine afforded 
only recovered starting material (equation 369), while oxidation of similarly 
3-substituted N-acylpyrrolidine and piperidine afforded a 1 : 1 mixture of corre- 
sponding lactam isomers (equations 370 and 37 1). Application of this oxidation to 
N-benzoyl- and n-acetylpiperidine afforded the expected products in good yields 
(equation 372)709. 

How ever, similar oxidation7 O 

n n 

k k 
R = PhCO, MeCO 

5. Via sensitized and unsensitized pho tooxidation 

Although reaction of ibogaine with ethylmagnesium bromide followed by treat- 
ment with oxygen has been reported699 to produce a 20% yield of iboluteine, 
benzophenone-sensitized photolysis of this compound affords69 a 35% yield of 
ibogaine lactam. Similar treatment699 of voacangine affords a 5% yield of 
voacangine lactam, whereas sensitization using Rose Bengal affords a 10% yield of 
the same product. Rose Bengal-sensitized photooxidation has also been used7 l o  to 
effect the conversion shown in equation (373). 

OMe Me0 Rose Bengal, hu Me0 

0 

( 37 3) 

Me 
I 

Me 

methylene blue 

MeOH, hu. O2 
(374) 

Conanine 49% 
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In addition t o  benzophenone and Rose Bengal, methylene blue has also been 
used to sensitize several photooxidations, including the conversion of  conanine 
(equation 374)’ and sparteine (equation 375)7 to their corresponding lactams, 
and lupanine (equation 376)7 to its corresponding lactam dimer. It has also been 
employed in the photooxidation of laudanosine (equation 377)7 2 ,  a reaction 
which affords a better yield of product when performed unsensitized7 - 

!! 

0 methylene MsOH, hu. blue O2 
(375) 

Sparteine 20% 

0 

methylene blue (376) 

\ 
- MeOH, hv. 0 2  - 

43% 
Lupanine 

methylene blue, 0 2  

/pb h u ,  45 min rlw 
(377) 

N-Me 

&OM. \-+ 02, hi>, 25OC. qMgo%o 0 

O M e  3 h  

Laudanosine 

Unsensitized photooxidation has also been found to  be effective in the 
production of lactams from a variety7 l 2  of  bisbenzylisoquinoline derived alkaloids 
such as isotetrandrine and berbamine (equation 378), tenuipine and micranthine. 

M e H N C H z C H 2  

0,. hip 

15 h 

lsotetrandine ( R  = Me) 

Eerbamine (R = H )  I 
M e  

30% (378) 
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photooxidation in the presence of base has been found useful in the conversion 
of 2'-bromoreticuline to  thalifoline (equation 379)7 3, and 10-phenyl-9,10- 
dihydrophenanthridine to N-phenylphenanthridone (equation 380)7 4 .  This latter 
conversion has also been accomplished7 l 4  without the use of base via the peroxide 
d h e r  followed by cleavage under reflux as shown in equation (381). 

HO 

Br aq. EtOH. hu,  N a O H  7 h with or ' M e o q N - M e  MeO 
(379) 

without N e l  

0 OH 

r O=C-R 1 

chromatography silica gel *WN 'Me +WN 'Me 

0 0 

MeO, MeO, 

(382) 
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6. Via autooxidation 

Attempted acylation of 2-methyl-l,2dihydroisoquinoline using benzoyl,3,4- 
dimethoxybenzoyl, phenacetyl and 3,4dimethoxyphencaetyl chlorides has been 
reported702 to give acetylated isocarbostyrils in all cases (equation 382). These 
products arise when the initial reaction products are oxidized by exposure to  air for 
several days followed by chromatography on silica ge1702. Similar results are 
obtained7 when 1,2dihydro-4-methyl-3-phenylisoquinoline is exposed to  air for 
several days followed by chromatography on alumina (equation 383). The 

J. F. Wolfe and M. A. Ogliaruso 

Ye Y e  

1. air 
2. chromatography 

on alumina 

0 I 
I 61% 

(3831 

&:ie @:ie - *:ie w 

‘H 
‘0. 

mechanism for these conversions appears7 
dehydration of the intermediate peroxide. 

to be an autooxidation followed by a 

7. Using miscellaneous reagents 

A variety of lactams have been prepared via oxidation using a variety of 
miscellaneous reagents. For example, potassium hexacyanoferrate has been used to  
oxidize d-lupanine to d-oxylupainine (equation 384)70 4 ,  I-sparteine to  
I-oxysparteine (equation 385)70 and 2,4dimethyl-3-phenylisoquinolinium iodide 
to  2,4dimethyl-3-phenylisoquinoline4(2H)-one (equation 386)7 - 
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Me Me 

88% 

Wassexman and Tremper7 l 7  have reported that treatment of 1-substituted 
azetidine-2carboxylic acid with oxalyl chloride affords the iminium salt shown in 
equation (387), which upon treatment with m-chloroperbenzoic acid in pyridine 
produces a 70-80% yield of 1-substituted P-lactams. This reaction is reported to be 
more convenient than the alternative procedure of low-temperature dianion oxy- 
genation reported elsewhere6 a in this review. 

~coc1)2.ooc 
then  warm 45OC ’ E+ 

for 10 min ‘R 

CI- 

70-80% 

R = MQC, C ~ H ~ C H ~ , P - M ~ O C ~ H ~ C H ~ C H ~ ,  , C6H5CHzCHz 

Treatment of cyclic amines such as pyrrolidine with a hydroperoxide in the 
presence of a metal ion catalyst, such as manganic acetylacetonate, cobalt naph- 
thenate or dicyclopentadienyltitanium dichloride affords the corresponding lactam 
(equation 388)7 . 

(388) 
MEJC-COJH. -4OC 

manganic acetylacetonate 

I 
H 

I 
H 

R’ R’ n X Yield (%) 

- H Ph 2 0 
H Ph 2 (CH, 1, 71.2 
H PhOCH, 1 (CH, 1, 86.2 
Ph Ph 2 CHI 45 .O 
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An interesting preparation of lactams, which appears formally to be an oxidation 
but which in reality is a dehydrogenation, has also been reported719 using the 
Hg(Ir) salt of ethylenediaminetetraacetate (EDTA) (equation 389). 

G. Miscellaneous Lactarn Syntheses 

The following methods do not qualify for inclusion in one of the foregoing 
sections, but appear to have sufficient generality to serve as useful, albeit somewhat 
specialized , synthetic pro ce du res. 

Condensations of 4-arylmethylene-2,3-pyrrolidinediones with p-aminocrotonate 
or with 4-amino-3-penten-2-one result in addition of the nucleophilic vinyl carbon 
of the enamine to the arylmethylene function, accompanied by cyclization of the 
amino groups of the addend with the 3-carbonyl group of the pyrrolidinedione. The 
resulting dihydropyrrolo [3,4,b I pyridin-7anes can be oxidized by bromine to 
afford the pyridine-fused 6-lactams shown in equation (390)72 O .  When N-phen- 
acylpyridinium bromide was allowed to react with the pyrrolidinediones, the 
aromatic 6-lactams were formed directly. In the same study'20 it was found that 
when 4-0-nitrobenzylidene derivatives of l-substituted 2,3-pyrrolidinediones were 
treated with tin(I1) chloride or with sodium dithionate, reductive cyclization took 
place to  afford 1,2-dihydropyrrolo [ 3,4,b]quinolin-34nes (equation 39 1). 

R'  =C-C6ti17, C ~ H ~ ( C H Z ) ~  

A convenient SyiIthesis of 5-hydroxy- and 5-methoxy-3-pyrrolin-2anes has been 
carried out via singlet oxygen addition to  an appropriate furan derivative followed 
by ammonolysis of the resulting pseudo ester (equation 392)72 - 

(392) 
- 

OMe OH 1 
U 

Anils of cycloalkanones have been to react with oxalyl chloride to 
afford l-phenyl-4,S-polymethylene-2,3-py1~olidinediones (equation 393). When 
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n 

(393) 
0 0  
1 1  II dioxane 

T C H  
(CHz)" 1 1  

L C = N H P h  + CIC-CCI - 
100°C, 2 h 

Ph 
n = 3. 4. 5. 6 

Yield (%) = 37. 73.8, 75, 84 

bh 
n = 3, 4, 5. 6 

Yield (%) = 46, 48, 46, 18.7 

carbon suboxide is used instead of oxalyl chloride, the same anils afford 4hydroxy- 
5,6-polymethylene-2-pyridones (equation 394)72 . 
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Acetal exchange 543 
Acetals, oxidation of, in carboxylic acid 

synthesis 344-352 
0,N-Aatals 569 
O,S-A&als 561  
Ace ta mi d e , 

association constants of phenols with 
25 1 

dimers of 244 
mass spectrum of 152 
pyrolysis of 867,868 

Acetamides, hydrogen bonding in 

Acetanilides, mass spectra of 155,156 
Acetates, pyrolysis of 

243-251,253-255 

875, 878, 881, 886 
alumina-catalysed elimination in 900 
reactivity of 880,881,892,894 

mass spectra of 124,133 
pyrolysis of 864, 868 
radiolysis of 759, 760 
self-association of 222, 226, 232 

chemical shift of the proton in 230 
isotropic "C shifts in 231 
thermodynamics and kinetics 235, 

Acetic acid, 

236 
Acetic anhydride, 

pyrolysis of 871 
radiolysis of 773 

Acetoacetamide, pyrolysis of 868 
Acetoacetanilides, intramolecular hydrogen 

bondingin 254 
Acetoacetic acid, pyrolysis of 
Acetoacetic esters, 

of 805 

863, 868 

2-alkyl-substituted, cathodic reduction 

condensation reactions of 1096-1099 
in synthesis of carboxylic acids 
in synthesis of substituted acetate 

esters 424, 425 
pyrolysis of 896 

N-Acetoacetylamho acids, chiroptical 
properties of 84, 102 

3-Acetoxybicyclo [ 2.2.21 octene-5,6- 
dicarboxylic anhydride, mass 

279 

spectrum of 161,162 
2-(l-Acetoxyethyl)pyridine N-oxide, 

rearrangement in pyrolysis of 903 
7-Acetoxy-7-methylnorbomme, pyrolysis 

of 901 
?-Acetoxy-7-rnethylnorbornene, pyrolysis 

of 901 
N-Acetyl-(9-alanineamide, CD spectrum 

of 84 
N-Acetyl-L-alanine-N'-methy hide, CD 

spectrum of 99 
Acetylamino acid amides 101, 102 
N-Acetylamino acid N'-methylamides, CD 

spectra of 102 
Acetyl chloride, oxidative addition of, to 

RhCl(PPh,), 838 
Acetylcholine, ab initio investigations of 

32,33 
Acetylene, reaction of, with orthoamides 

569 
Acetylenecarboxylic esters, mass spectra 

of 148 
Acetylenedicarboxylic acid, hydrogen 

bonding in hydrate of 224 
Acetyl fluoride, CI calculations for 
40-Acetyl-PDgalactopyranosides, 

N-Acetylgalactosamine 105 
N-Acetylglucosamine 105 
NQ-Acetylhistidine 947 

21 

chiroptical properties of 106 

deacylation of p-nitrophenyl esters 

S-Acetyl-(2R)-mercaptopropionic acid, 
chiroptical properties of 107 

N-Acetylneuraminic acid, chiroptical 
properties of 105 

Acetylsalicylic acid, polarized spectra of 
229 

Acetylthioacyl sulpludes, synthesis of 
1044 

Acetylthio chromophore 93 
Acid dissociation constants - see also pKa 

Acidity 33-35 

by 999 

of thio carboxylic acids 1044,1045 

intrinsic, of carboxylic acids 34 
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Acrylates, reaction of, with dimethylaceta- 

Acrylic acid, 
mide acetal 582 

pyrolysis of 866 
reduction of 801 
U.V. spectra of 108 

Acrylonitrile, reaction of, with 

N-Acylacetidines, 2-substituted, mass 

Acylamination, in a i d e  synthesis 453 
Acylation, 

in acid anhydride synthesis 438 
in amide synthesis 442-449 
in h i d e  synthesis 458-460 
of orthoamides 575-577,581,582 
of thio esters 1049-1051 
of thiols 1038, 1039 

dimethylacetamide acetal 582 

spectraof 615 

Acyl azides, reaction of, with amide acetals 
576,577 

N-Acylaziridines, 2substituted, mass spectra 
of 615 

Acyl chlorides, 
CD spectra of 109, 110 
ferric hydroxamate test for 603 
oxidative addition of, t o  RhCl(PPh,), 

837 
Acyl cyanides, 

0,N-acetals of 569 
O,N-a~~~inals of 569 

3-Acyl-sn-gly cerols, chirop tical properties 

N-Acylguanidines 562 
Acyl halides, 

of 106 

ab initio investigations of 20-22 
acylation with, in amide synthesis 

alcoholysis of, in ester synthesis 

aliphatic - see Aliphatic acyl halides 
as proton acceptors 240, 241 
decarbonylation of 827-842 

445, 
446 

41 6 
415, 

mechanism of 837-842 
regioselective 837 
stoichiometric 841 

heats of formation of 
hydrolysis of, in carboxylic acid 

synthesis 275 
mass spectra of 160 
oxidative addition of, to RhCICO(PPh,), 

84 1 
pyrolysis of 867 
synthesis of 438-442 

64, 65 

by carbonylations 441 
from carboxylic acids and anhydrides 

438-440 
from esters 440,441 
from trihalides 441 

Na-Acylhistidines, in mixed micelles 1003 
Acylimidazoles 992 
N-Acyl imino esters, in amide acetal 

synthesis 541 
Acyl isocyanate 0,N-acetals 580 
Acylium ion 134 
Acyllactam rearrangement 526 
a-Acyllactams, quantitative analysis by 

n.m.r. spectroscopy 621 
Acyllactone rearrangement 502 
a-Acyllactones, quantitative analysis by 

n.m.r. spectroscopy 621 
Acyloxylation, in ester synthesis 432, 

433 
N-Acyzpiperidides, mass spectra of 154 
Acyl radicals 7 5 8 
Acyl splitting 1035, 1036 

Acylthio chromophore 104, 107 
a-Acylthio lactones, quantitative analysis 

by n.m.r. spectroscopy 621 
AcyIthio ureas, chiroptical properties of 

102,103 
Adipamide, hydrogen bonding in 244 
Adipic anhydride, pyrolysis of 873 
Aerosol O.T. [sodium di(2-ethylhexy1)- 

sulphosuccinate in octane], as 
micelle 986 

S-Acyl splitting 1051 

Alanine, CD spectrum of 89,98 
L-Alanine 95 
(S,S)-Alaninediketopiperazine, CD spectrum 

of 84 
Alanines, CD spectra of 101 
(S)-Alaninol, CD spectrum of 89 
Alcohol formation, in cathodic reduction, 

of aromatic acids 790-792 
of aromatic amides 817,818 
of esters 805 
of heterocyclic acids 797-799 

oxidation of, in carboxylic acid 

reduction of, to hydrocarbons 1046 
thioacylation of 1041 

of orthoamides 557 
of thiolo esters 1048 

of amides 814-817 
of aromatic acids 784-789 
of esters 804, 805 
of heterocyclic acids 794-800 

aliphatic - see Aliphatic aldehydes 
aryl - see Aryl aldehydes 
decarbonylation of 843-855 

mechanism of 852-855 
oxidation of 453 

Alcohols, 

synthesis 298-306 

Alcoholysis, 

Aldehyde formation, in cathodic reduction, 

Aldehydes, 
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in carboxylic acid synthesis 

primary - see Primary aldehydes 
reaction of, with orthoamides 573, 

secondary - see Secondary aldehydes 
tertiary - see Tertiary aldehydes 

306-317 

574 

Aldimines, chiroptical properties of 102, 

Aldol condensation, in lactone synthesis 

Aldonic acid, y-lactones of 84 
Aliphatic acid imides, mass spectra of 

Aliphatic acids, 

103 

1098-1 102 

162- 164 

cathodic reduction of 800,801 
mass spectra of 123-126 

decarbonylation of 834-837,842 

dehydrohalogenation of 8 34- 8 37 

Aliphatic acyl halides, 

regioselective 837 

regioselective 837 
Aliphatic aldehydes, decarbonylation of, 

retention of configuration during 
852 

Aliphatic amides, mass spectra of 

Aliphatic amines, reaction of, with 
orthoamides 561,562 

Aliphatic anhydrides, mass spectra of 
162 

Aliphatic esters, mass spectra of 
Alkaline-earth metal benzenecaxboxylates, 

transcarboxylation of 935 
Alkanecarboxylates, long-chain, deacylation 

by long-chain alkylamines 995 
u-Alkanecarboxylates, anionic micelles of 

985 
Alkanoic acids, 

152-154,613,614 

161, 

133-139 

pyrolysis of 864-867 
Arrhenius parameters for 864 
four-centre processes in 864, 866 
six-centre process in 864 

Alkenes, reaction of, with orthoamides 
582,583 

Alkenoic acids - see also Unsaturated acids 
pyrolysis of 860-863, 877 

p-Alkoxy amides, pyrolysis of 869 
Alkoxycarbonyl group rearrangement 403 
Alkoxy(dialky1amino)carbenes 581 
5-Alkoxy-5-dialkylamino-2,4-diarylirnino- 

imidazolines 577, 578 
5-Alkoxy-5dialkylamino-2,4-dithio- 

imidazolines 577,578 
2-Alkoxyoxetanes, photolysis of 1191 
Alkyl acetoacetates, mass spectra of 

Alkyl acids, conformational analysis of 

149, 
150 

88 

a-Alkyl acids, chiroptical properties of 

Alkylallenecarboxylic acids, CD spectra of 

N-Alkylamides 606,607 
oxidation of 460 

Alkylamine oxides, micellized, pKa deter- 

n-Alkylamines, as deacylating agents 1002 
Alkylammonium carboxylates, reverse 

N-Alkylanilines, in triaminomethane 

Alkylation, 

88-95 

108 

minations of 1000 

micelles of 101 2 

synthesis 546 

in imide synthesis 460 
of dithiocarboxylates 1042 
of orthoamides 572,573,581,582 
of thio acids 1038 
of thio esters 1049, 1050 

Alkyl chlorides, decomposition of alkoxy- 
. methylene iminium chlorides to 

539 

of, relative rates of elimination in 
89 7 

894 

trans-2-Alkylcyclohexyl acetates, pyrolysis 

Alkyl diphenylphosphinates, pyrolysis of 

a-Alkyl esters, chiroptical properties of 

N-Alkylguanidines 562 
Alkylhydrazines, reaction of, with ortho- 

amides 561,562 
Alkyl hydroxamates, deacylation by 995 
n-Alkylimidazoles, as deacylating agents 

1002 
N-Alkylimidazoles, micellar catalysed 

reaction of 966 
2-Alkylmalic acids, CD spectra of the 

molybdate complexes of 104 
S-Alkylmercaptopropionic acids, chiroptical 

properties of 93 
2-Alkyl-2-oxazolines, lithio salts of, in 

lactone synthesis 1120-1 123 
Alkyl phenoxythioacetates, mass spectra 

of 151 
a-Alkylphenylacetic acids, CD spectra of 

109 
Alkyl phenylalkanoates, mass spectra of 

138,139 
Alkyl splitting 1035,1036 

Alkylsuccinic acids, chiroptical properties 

~-(+)-Alkyls~ccinic acids, CD spectra of 9 1 
N-Alkylsulphonamides, reaction of, with 

orthoesters 542 
Alkylsulphonates, in tris(acYlamin0)- 

methane synthesis 547 

88-95 

S-Alkyl splitting 1051 

of 91,94 
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2-Alkyltartaric acids, CD spectra of the 

S-Alkyl thioacetates, rate spread for 

Alkylthiomethylene iminium slats, in 

Alkylthio nitriles 539 
Alkyl thiophenoxyacetates, mass spectra 

PAlkylthiopropionic ester, mass spectrum 

n-Alkyltrimethylammonium bromides, as 

molybdate complexes of 104 

pyrolysis of 892 

amide thioacetal synthesis 536 

of 151 

of 150 

micelles 946,947,962,963, 
965-968,971,972,974,975 

Alkyl-type radicals 757 
Alkynes, reaction of, with orthoamides 

Allenecarboxylic acids, chiroptical 

Allenecarboxylic esters, mass spectra of 

L-Allocystathionine, CD spectra of 99 
Allyl benzoate, pyrolysis of 878 
Allyl esters, pyrolysis of 877-880 

582,583 

properties of 108 

148 

effect of substituents on the rate of 
rearrangement in 878,880 

cis Pelimination in 878 
Allyl formate, pyrolysis of 877 
Allylic acetates, cathodic cleavage of 

81 3 
Allylic alcohols, 

812, 

aldehyde tautomers of 849, 850 
decarbonylation of 849, 850, 854 

Allylic couplings 621 
Allylic oxygen chirality rule 87 
Allylic rearrangement 583,584 
Allyl oxalate, pyrolysis of 878 
Allyl phenylacetate, 

chemical ionization mass spectrum of 
152 

pyrolysis of 818 
Allyl trifluoroacetate, pyrolysis of 878 
Aluminium carbide, in transcarboxylations 

917 
Aluminium hydride complex, in reduction 

of di(alky1thio)methylene iminium 
salts to amide thioacetals 544 

Amide acetals, 
acylation of 575-577 
alcoholysis of 557, 558, 595 
alkylation of 572, 573 
conductivity measurements on 542 
heterocyclic 595 
hydrolysis of 557 
reaction of, 

to form heterocyclic compounds 
569,570,596,597 

with acyl cyanides 544 

Index 

with carbon acids 566,569,596 
with carboxylic acids 561 
with compounds containing acidic 

NH, or NH groups 561-564, 
596 

with compounds containing acidic 
PH groups 564,565,596 

with electrophilic reagents 

with heterocumulenes 577 
with hydrocyanic acid 544 
with isocyanates 577, 597,598 
with organometallic compounds 

with phenols 559,560 

57 2- 5 8 1 

565 

reactions on the a-methylene groups of 

synthesis of 535-545,594,595 
thiolysis of 561 

581-586 

Amide-amide interaction 615 
Amide carbonyl group, reduction of, to a 

methylene group 818-820 
Amide chloride, reaction of, with alkoxide 

to form amide acetals 534 
Amide chromophore 70 
Amide-dialkylsulphate adducts, 

in amide acetal synthesis 536 
in amide thioacetal synthesis 536 

Amide formation, in cathodic reduction of 

Amide hemihydrohalides, hydrogen bonding 

Amide-phosphoroxychloride adducts, in 

Amides, 

imides 818-820 

in 245,246 

amide thioacetal synthesis 539 

ab initio investigations of 27-32 
acylation of 546, 541 
alcoholysis of, in ester synthesis 

aliphatic - see Aliphatic amides 
alkylation of 546,547 
N-alkyl-substituted, pyrolysis of 870 
aromatic - see Aromatic amides, 

as proton acceptors 250, 251 
as proton donors 248,249 
cathodic reduction of 81 3-820 
chiral, enantiomeric purity of 609 
chiroptical properties of 68-70, 72, 

detection and determination of 

418, 
419 

Arylamides 

87-95,99-105,611,612 

602-61 8 
chromatographic methods for 617, 

polarographic methods for 61 8 
titration methods for 6 18 

61 8 

N, N-disubstituted, reaction with 
oxonium salts to give iminium 
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salts 535 

heats of formation of 63-65 
hydrogen bonding in 241-254 
hydrolysis of, in carboxylic acid 

synthesis 274 
internal rotation in 252, 253 
i.r. spectra 604-608 

of open-chain tram N-monosub- 

mass spectra of 152-160,613-616 
n.m.r. spectra of 609,610 

stituted 607 

* ’ N-n.m.r. 61 0 
of a#-unsaturated acids, mass spectra 

of 615 
primary - see Primary amides 
pyrolysis of 867-871 

five-centre process in 869 
four-centre process in 868 
reactivity in 881, 892 
&-centre processes in 868, 870, 

of N,N-dialkyl-substituted 607 
of open-chain trans N-monosub- 

87 1 
Raman spectra of 604-608 

stituted 607 

with dialkyl sulphates 536 
with hydroxylamine sulphate and 

ferric chloride, kinetics and 
mechanism of 603 

reaction of, 

with orthoamides 561,562 
with tetrakis(dimethy1amino)- 

titanium 548 
secondary - see Secondary amides 
spot tests for 603 
sterically hindered 607 
N-substituted, configuration of 609 
synthesis of 442-458 

by acylaminations 45 3 
by acylations 442-449 
by carboxamidations 454-456 
by cleavages 450 
by condensations 456 
by hydrolysis 449 
by oxidations 452 
by rearrangements 450-452 

tertiary - see Tertiary amides 
unsaturated - see Unsaturated amides 
U.V. spectra of 612, 613 

reaction of 558,562, 565,567, 569, 

synthesis of 535-545,594,595 

Amide thioacetals, 

577,596,597 

Amide transitions 73 
Amide I vibrations 604,605 

in primary amides 606 
in secondary amides 607 
in tertiary amides 607 

Amide I1 vibrations 604, 605 
in primary amides 606 
in secondary amides 607 

Amide 111 vibrations 604, 605 
in secondary amides 607 

h i d e  IV vibrations 604, 605 
Amide V vibrations 604, 605 
Amide VI vibrations 604,605 
Amide-water association 251,252 
Amidines 562 

Amidinium salts, 
reaction of, with orthoamides 561,562 

in orthoamide synthesis 540,541,545, 

reaction of, with orthoamides 561, 
546 

562 
Aminal esters 535 

reaction of 557,559-562,564-566, 
569, 574,575, 518, 580,585, 
596 

synthesis of 545-550 

Aminal thio esters 535 
reaction of 567 
synthesis of 545 

O,N-Aminals 569 

Amine formation, in cathodic reduction of 

Amines, 
amides 818-820 

aliphatic - see Aliphatic amines 
aromatic - see Aromatic amines 
micellar catalysed reactioii of 976 
oxidation of 371,452 

31 2 
in carboxylic acid synthesis 371, 

reaction of, with orthoamides 
561-564 

Amino acids, 
ab initio investigations of 
chiroptical properties 95- 104 

of N-acyl derivatives 101 
of metal complexes 103,104 
of selenium-containing 99 
of N-substituted derivatives 102, 

32, 33 

103 
cyclizations using 1 1  95- 1200 
reaction of, with amide acetals 561 

a.Amino acids, chiroptical properties of 

2-Aminobenzamides, hydrogen bonding in 

o-Aminobenzoic acid, intramolecular 

Aminobenzoic acids, intermolecular 

a-Amino-a,--diphenylacetamides, mass 

a-Amino esters, chiroptical properties of 

88-90 

255 

hydrogen bonding in 240 

hydrogen bonding in 224 

spectra of 614 

88-90 
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Aminolysis, of thio esters 1048 
2-Amino-3-methylbemoic acid, hydrogen 

bondingin 225 
Amino-l,3,4-oxadiazoles, reaction of, with 

orthoamides 561, 562 
o-Aminophenols 562 
Aminopurines, reaction of, with ortho- 

amides 561,562 
Aminopyrazines, reaction of, with ortho- 

amides 561,562 
Aminopyridazine-N-oxides, reaction of, 

with orthoamides 561, 562 
Aminopyridazines, reaction of, with ortho- 

amides 561,562 
Aminopyridazinium salts, reaction of, with 

orthoamides 561, 562 
Aminopyridmes, reaction of, with ortho- 

amides 561, 562 
Aminopyridinium salts, reaction of, with 

orthoamides 561, 562 
Aminopyrimidines, reaction of, with ortho- 

amides 561,562 
L-3-Aminopyrrolid-2-one 77 
p-Aminosalicylic acid, hydrogen bonding 

Amino sugars, study of the structure and 

Amino-l,2,3,4-tetrazoles, reaction of, with 

Aminothiazoles, reaction of, with ortho- 

o-Aminothiophenols 562 
AminoS-triazines, reaction of, with ortho- 

amides 561,562 
Amino-l,2,4-triazoles, reaction of, with 

orthoamides 561,562 
Ammonium ribonucleoside-2',3-phosphate, 

cyclization of 558 
Anchimeric assistance, in pyrolysis of 

esters 901 
=-Angelica lactone, 

in 225 

stereochemistry of 105 

orthoamides 561,562 

amides 561,562 

mass spectrum of 166 
synthesis of 503 

mass spectrum of 166 
synthesis of 505 

$-Angelica lactone, 

Angular methyl group, introduction of, 

Anhydrides, 
into bicyclic compounds 848 

acylations with, in amide synthesis 
alcoholysis of, in ester synthesis 
aliphatic - see Aliphatic anhydrides 
aromatic - see Aromatic anhydrides 
as proton acceptors 240, 241 
cathodic reduction of 
complexes of 175-209 
detection and determination of 

446 
416,417 

801, 802, 805 

628-635 

by reaction with hydroxylamine 

chromatographic methods for 634 
luminescent method for 631 
polarographic methods for 635 
thermometric method for 631 
titration methods for 629,630, 

63 1 

635 
ferric hydroxamate test for 603 
hydrolysis of, in carboxylic acid 

synthesis 215 
in acyl halide synthesis 438-440 
i.r. spectra of 631,632 
mass spectra of 161,162,633,634 
n.m.r. spectra of 632 
photodecarbonylation of 661-669, 

138,739 
photodecarboxylation of 708 
pyrolysis of 871-874 

four-centre processes in 871, 873 
six-centre processes in 872 
three-centre process in 813 

radiolysis of 773 
Raman spectra of 631,632 
reduction of, in lactone synthesis 

spot tests for 631 
synthesis of 437,438 
unsaturated - see Unsaturated 

anhydrides 
U.V. spectra of 632,633,670 

11 38- 1 144 

Anilides, micellar catalysed hydrolysis of 
991,992 

Aniline, micellar catalysed reaction of, with 
2,4-dinitrofluorobenzene 964,983 

Anion-radical formation, 
for amides 813, 814 
for conjugated esters and anhydrides 

for imides 814 
for thio esters 1035, 1045 

of carboxylic acids, in synthesis of 
substituted acids 280-282 

of esters, in synthesis of substituted 
esters 426-429 

3-@-Anisyl)butanoic acid, CD spectrum of 

2-@-Anisyl)propionic acid, CD spectrum of 

Anodic dimerization, in ester synthesis 

Anthranilic acid, mass spectrum of 

Anthraquinone-1 -carboxylates, mass spectra 

Arenes, oxidation of, in carboxylic acid 

801-805 

a-Anions, 

110 

110 

433 

128 

of 151 

synthesis 317-331 

121, 
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Aryl phosphate esters, micellar catalysed 
hydrolysis of 958, 959 

Aryl sulphate esters, micellar catalysed 
hydrolysis of 958,959 

Ascorbic acid (vitamin C) 503 
radiolysis of, in aqueous solution 

Association, in solid amides 243-246 
Atomic orbitals 4-9 

overlap matrix of 8 
Autooxidation, in lactam synthesis 1312 
Axial haloketone rule 82 
Aza vinylogues of amidinium salts, in amide 

Azetes, fragmentation of 512 
L-Azetidinecarboxylic acid 95 
Azides, reaction of, with amide acetals 

Azidinium salts, reaction of, with amide 

Azidoformate, reaction of, with ketene 

Azines, reaction of, with orthoamides 

Aziridine, in amide acetal synthesis 540 
Azlactones, chiroptical properties of 84 
Azobenzene-o-carboxylic acids, intra- 

Azomethines, 

774-777 

acetal synthesis 541 

576,577 

acetals 576, 577 

acetals 544 

573-575 

molecular hydrogen bonding in 240 

chiroptical properties of 102, 103 
reaction of, with orthoamides 

573-575 

Amdt-Eistert rearrangement 380-385 
Aromatic acid h ides ,  mass spectra of 

164,165 
Aromatic acids, 

cathodic reduction of 784-794 
mass spectra of 127, 128 
transcarboxylation of salts of 915-942 

Aromatic acyl cyanides - see Aroyl 

Aromatic acyl halides - see Aroyl halides 
Aromatic amides, 

cyanides 

cathodic reduction of 81 7, 81 8 
mass spectra of 154-157,614 

Aromatic amines, reaction of, with 
orthoamides 561,562 

Aromatic amino acids, CD spectra of 
Aromatic anhydrides, mass spzctra of 
Aromatic esters, mass spectra of 
Aroyl chlorides, CD spectra of 
Aroyl cyanides, decarbonylation of 

Aroyl halides, decarbonylation of 

98  
162 

139-143 
109, 11 0 

828-834 

828-834 
stoichiometric 842 

Arrhenius parameters, for thermal 
decomposition of alkanoic acids 
864 

decarbonylation of 842 
Arylacetyl halides, stoichiometric 

Aryl aldehydes, decarbonylation of 

Arylamides, aryl migration in 614 
N-Arylamides 607 
Arylamino acids, CD spectra of 
Arylcarnitines 1000 
Aryl esters, mass spectra of 
1-Arylethyl acetates, 

843-847 

109 

139, 140 

pyrolysis of, 
in determination of electrophilic 

aromatic substituent constants 
904,905 

against u+constants for 890 

correlated with u+-constants 
for 890 

linear free-energy correlations 

relative rates of elimination 

I-Arylethyl esters, 
pyrolysis of 890, 891,904,905 

Hammett p-factors for 891 
I-Arylethyl phenylcarbonates, pyrolysis of, 

in determination of electrophilic 
aromatic substituent constants 905, 
906 

amides 561, 562 
Arylhydrazines, reaction of, with ortho- 

Aryl iodides, preparation of 828 
2-Aryl-3-methoxymaleic anhydrides 634 
Aryl phosphate dianions 993 

Baeyer-Villiger reaction 35 3- 355 
Baker-Nathan order 907 
Barium benzoate, transcarboxylation of 

Barium hemhellitate, as transcarboxy- 

Barium isophthalate, 

934,935 

lation product 935 

as transcarboxylation product 935 
transcarboxylation of 934, 935 

Barium naphthalenecarboxylates, trans- 
carboxylation of 938 

Barium 1,2-naphthalenedicarboxylate, as 
transcarboxylation product, 

of barium a-naphthoate 937 
of barium p-naphthoate 937 

Barium 1,8-naphthalenedicarboxylate, as 
transcarboxylation product of 
barium a-naphthoate 937 

Barium 2,3-naphthalenedicarboxylate, as 
transcarboxylation product of 
barium p-naphthoate 937 

Barium a-naphthoate, transcarboxylation 
of 937 

Barium p-naphthoate, transcarboxylation 
of 937 
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Barium phthalate, 
as transcarboxylation product of barium 

benzoate 935 
transcarboxylation of 935 

Barium terephthalate, as transcarboxylation 

Barium trimellitate, as transcarboxylation 

Barium trimesate, as transcarboxylation 

Barton reaction 1189 
Bases, use of in oxidation, 

of alcohols 298 
of aldehydes 306-309 
of double and triple bonds 
of ketones 355-357 

product 935 

product 935 

product 935 

331 

Basic groups, use of micelles to assist 

Basicity 33 
substrate incorporation in 989 

of carboxylic acids 35 
of orthoamides 553 

contracted A 0  9 
double-zeta 9, 10 
minimal (single-zeta) 9 

Beckmann r earr angement , 
in amide synthesis 450 
in carboxylic acid synthesis 
in lactam synthesis 1274-1284 

Benzaldehyde, formation of, in cathodic 
reduction of benzoic acid 

Benzamide, mass spectrum of 156 
Benzamides, intramolecular hydrogen 

Benzanilides, cyclization of 1207-1223 
Benzene, 

Basis sets 9, 10 

385, 386 

7 84 

bondingin 254 

as transcarboxylation product, 
in mixed transcarboxylations 940 
of potassium benzoate 921,922 

reaction of, with maleic anhydride 
Benzenecarboxylates, transcarboxylation 

205 

of 916-935 
effect of catalysts on 
effect of cations on 933-935 
in an atmosphere of I4C-labelled carbon 

dio.xide 926-929 
in fused KCNO or KCNS 
mechanism of 930-932 

932, 933 

924-928 

Benzidine rearrangement, micellar catalysis 
of 976 

Benzilic acid rearrangement 386-388 
Benzimidazole 965 

micellar catalysed reactions of 
966-969 

salt effects on 968 

pyrolysis of 814, 876, 878 
Benzoa tes, 

Hammett p-factors for 893 

relative rates of 891, 892 
substituted, transcarboxylation of 938, 

939 
Benzoate sector rule 
Benzofuran, reaction with dimethylmaleic 

Benzoic acid 24 

1 11 -1 13  

anhydride 208 

cathodic reduction of, to benzaldehyde 

electron spectra of 229 
hydrogen bonding in, thermodynamics 

mass spectra of 127 
proton distributions in h e r s  of 
U.V. spectra of 7 2  
vibrational spectra of 226 

7 84  

and kinetics of 235 

231 

Benzoic anhydride, pyrolysis of 874 
Benzoic carbonic anhydrides, pyrolysis of 

Benzopropiolactone 499 
Benzoylamino acids, chiroptical properties 

of 102 
Benzoyl cyanide 828 
Benzoyl derivatives, chiroptical properties 

Benzoyl fluoride, 

87 1 

of 1 1 1-1 13  

mass spectrum of 160 
STO-3G calculations on the planar 

conformation of 21 
Benzoylimide, mass spectrum of 164 
Benzyl acetates, photosolvolysis of 651, 

694,746 
Benzyl alcohol, formation of, in cathodic 

reduction of benzoates 805 
Benzyl alcohols, synthesis of 790 
Benzyl anion 678 
Benzyl benzoate, mass spectrum of 

Benzyldimethylcarbinyl acetate, as possible 

142, 
143 

intermediate in pyrolysis of 
neophyl acetate 903 

Benzyl ethyl ether, formation of, in 
cathodic reduction of ethyl benzoate 
805 

Benzyl halogenides, reaction of, with 
ketene 0,N-acetals 581 

Benzylic acyl halides, decarbonylation of 

Benzylidenemalonamide, mass spectrum 

Benzylidenemalonic esters, mass spectra 

Benzylidenemalonyl chloride, mass 

Benzyl migration, 1,3-suprafacial 697 
Benzyl phenylacetate, Fho todecarboxyla- 

2-Benzylpropene, formation of, in 

834-831 

of 158 

of 144,145 

spectrum of 160 

tion of 694,743 



pyrolysis of neophyl acetate 902 
Benzyl radical 678,699 
Benzylthio chromophore 93 
Benzyne 703,738 

Bicyclic y-lactones, mass spectra of 
Bifunctional catalysis 101 1-101 3 
Bile salts, as micelles 953 
Bimolecular reactions, 

synthesis of 499 
166 

inhibition of, by inert electrolytes 
micellar catalysis of 949,959,960 

kinetic models for 960-964 
micellar inhibition of 957, 976,977 

1,l’-Binaphthyls, chiroptical properties of 

Biological molecules, ab itzitio investigations 

Biphenylcarboxylates, transcarboxylation 

Biphenylcarboxylic acids, chiroptical 

Bisbut-2-yl carbonate, pyrolysis of 886 
2,2-Bis(dialkylamino)-1,3-benzdioxoles, 

949 

110 

of 32, 33 

of 938 

properties of 110 

reaction of, with Grignard reagents 
565 

Bis(dialkylamino)difluoromethanes, in urea 
acetal synthesis 5 5 1 

a,a-Bis(dialky1amino)nitriles 5 35 

574,577,585 
reaction of 557, 560-562, 567,573, 

synthesis of 545,546,549,550 
Bis(dialky1phosphine)dimethylamino- 

Bis(dimethy1amino)dialkylphosphino- 

Biselenienylcarboxylic acids, chiroptical 

Bis(ethy1carbonic)dicarboxylic anhydride, 

Bisignate curves 
Bis(thioacy1) sulphides, synthesis of 1044 
3,3’-Bithienyl, 2,2’-diformyl derivative of 

3,3’-Bithienylcarboxylic acids, chiroptical 

3,3’-Bithienyldicarboxylic acids, CD 

B A ~ ~  mechanism, for deacylation of 

Bond-fiiation effects 907 
Borate complexes, CD spectra of 
Boric acid thio esters, in amide thioacetal 

synthesis 541 
Born-Oppenheimer (fixed nuclei) 

approximation 6, 7 
Bornyl acetate, pyrolysis of 902 
Boron fluorides, in oxidation of ethers, 

methanes 565 

methanes 565 

properties of 110 

pyrolysis of 872 
80,98, 106, 11 3 

CD spectrum of 11 1 

properties of 11 0 

spectra of 11 1 

p-nitrophenyl alkanoates 990 

84 

acetals and ketals 344, 345 
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a-Bromoalkylcarboxylic acids, CD spectra 
of 92,93 

rn-Bromobenzhdoxime, micellar catalysed 

P-Bromocarboxylate ions, decomposition 

P-Bromoethyl benzoate, mass spectrum of 

(S)-2-Bromo4-methylpentanoic acid 93 
2-Bromonaphthalene-l,4,5,8-tetracarboxylic 

acid dianhydride, complexes of 177 
(S)-2-Bromopropanoic acid, CD spectrum of 

93 
Brown u+ function 614 
Buffer effects, in micellar catalysed 

acylation of 990 

of, effect of micelles on 

141 

988 

reactions 950, 959,966,971,972, 
986,1001 

‘Burst’ kinetics 996, 1008, 1012 
But-3enoic acid, pyrolysis of, concerted 

cyclic mechanism for 861 
Butenolides, chirality rules for 83-85 
a$-Butenolides, preparation and properties 

p,y-Butenolides, preparation and properties 
of 505,506 

of 503.504 
fButoxycarbony1 group in oligopeptides 

100,101 
N- f-Butylacetamide, 

hydrogen bonding in 247 
pyrolysis of 870 

But-2-yl acetate, pyrolysis of 886 
2-Butyl acetate, pyrolysis of 884 

rate of elimination in 890 
dl-eryf/zro-3d-2-Butyl acetate, pyrolysis of 

dl-rhreo-3d-2-Butyl acetate, pyrolysis of 

tz-Butyl acetate, mass spectrum of 138 
f-Butyl acetate, pyrolysis of, rate of 

elimination in 894 
n-Butyl benzoate, mass spectrum of 142 
f-Butyl chloroacetate, pyrolysis of, rate of 

elimination in 894 
r-Butyl dichloroacetate, pyrolysis of, rate 

of elimination in 893 
2-Butyl halides, pyrolysis of 886 
n-Butyl hexanoates, mass spectra of 
N-n-Butyl-y-lactam, mass spectrum of 169 
N-(t-Butyl)methoxyacetamide, intra- 

molecular hydrogen bonding in 
254 

ti-Butyl propionate, mass spectrum of 138 
f-Butyl thioacetate, pyrolysis of, reactivity 

in 892 
Butyric acid, mass spectrum of 124, 125 
YButyrolactone 493 

mass spectrum of 166 
photolysis of 65 1, 659 

882 

882 

137 
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y-Butyrolactones, 
configuration assignments for 619 
equilibrium studies on 619 

Cadmium benzenecarboxylates, trans- 
carboxylation of 933, 935 

Cadmium benzoate, transcarboxylation of 
933 

Cadmium naphthalenecarboxylates, 
transcarboxylation of 938 

Cadmium salts, as catalysts in trans- 
carboxylations 932,933 

Caesium benzenecarboxylates, trans- 
carboxylation of 934 

Caesium naphthalenecarboxylates, trans- 
carboxylation of 938 

Caesium terephthalate, as t rans  
carboxylation product 934 

Cahn-Ingold-Prelog convention 622 
Calcium benzenewboxylates, trans- 

carboxylation of 935 
Calcium carbide, in transwboxylations 9 17 
Camphorolactams 79 
Caprolactam, hydrogen bonding in 248 
CCaprolactam, hydrogen bonding in 244, 

cCaprolactones, sector rule for 75 
Caprylolactam, hydrogen bonding in 244 
Carbamates, pyrolysis of 876,891,900 

Carbanion reactions, in carboxylic acid 

Carbanions, 

246 

reactivity of 880 

synthesis 287, 288 

formation of, in transcarboxylations 
930,931,937 

reaction of, with thio esters 1047, 
1048 

Carbohydrates, 
acetamides of 104 
acetates of 105, 106 
decarbonylation of 848,849 

cathodic carboxylation of 809 
reaction of, with orthoamides 

Carbon acids, 

566-569 
Carbonamides, heterocyclic, mass spectra 

Carbonate esters, 
of 614 

decomposition of, by micelles of 

pyrolysis of 872, 881, 891, 893 
Na-stearoylhistidine 1003 

reactivity of 880,894 
Carbonation, of organometallic reagents, 

in carboxylic acid synthesis 
293-296 

Carbon disulphide, reduction of, in 
synthesis of thio carboxylic acids 
1037 

X 

Carbonic acid imides 563 
Carbonic acid orthoamides, synthesis of 

Carbonium ions, reaction of, with 
orthoamides 572 

Carbon-1 3 labelling, in mass spectroscopy 
128,136,138,139,168 

Carbon-14 labelling, in transcarboxylations 

Carbon-1 3 nuclear magnetic resonance 
spectroscopy, of thio acid 
derivatives 1035 

Carbonylation reactions, in lactone 
synthesis 1 173-1 180 

Carbophilic addition 1047 
Carboxamidation, in amide synthesis 

Carboxonium ions 559 
reaction of, with orthoamides 572 

Carboxyalkylation, of aromatic compounds, 

550-553 

926-929,935,936 

454-456 

in carboxylic acid synthesis 289, 
290 

Carboxy-hydroxyalkyl radicals 767 
Carboxylate anion 95 
Carboxylate cation, formation of, in 

transcarboxylations 917,928,930, 
931,937 

Carboxylates, as leaving groups 810 
Carboxylate salts, 

acylation of 438 
alkylation of, in ester synthesis 

415 
Carboxylate sector rule 
Carboxyl-carboxyl interactions 129, 61 5 
Carboxylic acids, 

414, 

95, 98, 99 

acylations with, in amide synthesis 

aliphatic - see Aliphatic acids 
a-anions (dianions) of, in lactone 

synthesis 11 16-1 120 
aromatic - see Aromatic acids 
cathodic reduction of 782-801 
chiroptical properties 70-73, 

442-444 

87-105,108-113 
ofallenic 108 
of aromatic 108-1 13 
of naturally occurring 88,108 
of a-substituted 87-104 
of =&unsaturated 108 

dehydrative coupling of 437 
direct esterification of 411-414 
heats of formation of 60-62 
hydrogen bonding in 221-240 
in acyl haLide synthesis 438-440 
keto and aldehydic, reduction of 

liquid, structure of 222,223 
mass spectra of 123-133 

1145-1150 
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oxidation of 372 
photochemical hydrogen-abstraction 

reactions of 718-722 
photodecarboxylation of 671-687, 

739-743 
pyrolysis of 860-867 

four-centre processes in 864, 866 
six-centre process in 864 

radiolysis of 755 -769 
reaction of, 

with alkyl t-butyl ethers, to yield 
esters 345, 346 

with amide acetals 561 

by carbonation of organometallic 
reagents 293-296 

by cleavages 373-380 
by condensations 276-288 
by electrophilic substitutions 296 
by free-radical processes 288-290 
by hydrocarboxylations 290-293 
by hydrolysis 271-276 
by oxidations 297-373 
by rearrangements 380-411 

unsaturated - see Alkenoic acids, 
Unsaturated acids 

Carboxylic acid-water systems 225, 226, 
237,238 

Carboxylic dithiocarbamic anhydrides, 
pyrolysis of 872 

Carboxylic radicals 757 
Carcinogens 629 
Cardiac glycosides 503 
Catalysis, general acid or base 
Catechol dichloromethyl ethers, in urea 

acetal synthesis 55 1 
Catechols, in amide acetal synthesis 
Cathodic carboxylation, of a ,punsaturated 

Cathodic reduction, 

synthesis of 270-41 1 

1008-1010 

539 

esters 808-810 

of amides 813-820 
of anhydrides 801, 802. 805 
of carboxylic acids 782-801 
of esters 801-813 
of imides 813,814,816-820 
of lactams 81 3 
of lactones 801, 804, 812 

Cephalosporanic acids, cathodic reduction 
of 812 

Cephalosporin C 521 
Cephalosporin derivatives, p.m.r. spectra of 

Cephamycins 603 
Ceric ammonium nitrate, in oxidation 

reactions 309, 358 
Cetyltrimethylammonium bromide 

(CTABr), as micelle 946,962,963, 
965-968: 972,974,980,988, 

610 
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990-994,996,999,1001,1003, 
1004.1007 

CetYltrime&ylammonium chloride 

Charge transfer 94 
with solvent in thio acids 

Charge-transfer absorption of EDA 
complexes 195 - 198 

Charge-transfer band, of benzoic acid U.V. 
spectrum 72 

Cheddar cheese lactones, determination of 
628 

Chelate compounds, of a-amino and 
m-hydroxy acids 103, 104 

Chelate formation, between borate ions and 
vicinal cis diols 84 

Chemical ionization mass spectrometry 603 

Chemical-shift reagents 610 
Chemical shifts, 

(CTACl), as micelle 988 

1026 

of esters 151, 152 

for thio acid derivatives 1033-1035 
increment system for 1033 

in hydrogen-bonded acids 217. 
229-231 

Chiral head groups 1006 
Chiral recognition 1006 
Chloroacetamide, hydrogen bonding in 

ZChloroacetamide, pyrolysis of 869 
Chloroacetates, pyrolysis of 886 

NChloroacetyl-Parylamines, cyclization of 

aChloroalkylcarboxylic acids, CD spectra 
of 92,93 

pChlorobenzaldehyde, reaction of, with 
aminal esters 574 

2Chlorobenzamide, mass spectrum of 156 
2CNorobenzimidazolium salts, in 

synthesis of cyclic tris(dia1kylamino)- 
alkoxymethanes 552 

2Chlorobenzoic acid, cathodic reduction of 
789 

Chlorodifluoromethane, in triamino- 
methane synthesis 546 

(S)-2Chloro-3,3dimethylbutanoic acid, CD 
spectrum of 93 

Chlorodi(methylthio)methane, in amide 
acetal synthesis 542 

Chlorodiphenoxymethane, in amide acetal 
synthesis 542 

Chloroform, in orthoamide synthesis 546, 
547 

as precursor of dichlorocarbene 540 
Chloroformamidinium chloride, in synthesis 

of orthocarbamic acid esters 550 
Chloroformates, pyrolysis of 892, 894 

243 

reactivity in 880, 894 

1 208- 1224 

reactivity in 880 
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Chloromethylene iminium salts, 
in amide acetal synthesis 536,539 
in triaminomethane synthesis 546 

aChloropropionic acid, chiroptical 

(3-2-Chloropropanoic acid, CD spectrum 

Chloro substituent effects, multiple 907 
L-(--)€hlorosuccinic acid, CD spectra of 

Chloro tris(tripheny1phosphine)rhodium 

properties of 95 

of 9 3  

91 

(I) [RhCNPPh, 1 3  ] 2 

oxidative addition reactions of, 
with hydrogen 827 
with hydrogen chloride 827 
with methyl iodide 827, 837 
with RCO-H group 852 

with acyl halides 827-842 
with aldehydes 843-855 

reactions of 827 

structure of 826,837 
synthesisof 826 

Choline derivatives, as micelles 991,994, 
1008 

Chromatography, 
in detection and determination, 

of amides 617,618 
of anhydrides 634 
of lactones 628 

sources of error in 
Chromium oxides, use of in oxidation, 

in lactam synthesis 1304, 1305 
of alcohols 298-300 
of aldehydes 309,310 
of arenes 317-319 
of double and triple bonds 
of ethers 346 

inherently dissymmetric 82 
optically active 61 1 

Chymotrypsin 998, 1007 
a-Chymotrypsin, chiroptical properties of 

Cinnamic acid, mass spectrum of 
rrans-Cinnamyl formate, pyrolysis of 878 
Circular dichroism (CD) spectra 

at low temperatures 80, 88 
of amides 72,73, 87-95,99-105, 

of carboxylic acids and esters 

of lactams 73-85,517,611,612 
of lactones 73-87,495, 621, 

6 1 7 

331, 332 

Chromophores, 

100 
131 

68-1 13 

611, 612 
70-73, 

87-113 

624-626 
Citraconic acid, mass spectrum of 
Citric acid, hydrogen bonding in 
Claisen condensation, 

1 3 1 
225 

in carboxylic acid synthesis 283 

Index 

in ester synthesis 431 

in amide synthesis 45 1 
in carboxylic acid synthesis 388-393 
in lactam synthesis 1298, 1299 
in lactone synthesis 
in monothio ester synthesis 1039, 

1041 
-Cleavage 730,731,738 

Claisen rearrangement 583,584, 598 

11 82- 11 84 

of aliphatic amides 152,153 
of mrboxylic acids 123 
of esters 134 

PCleavage, of carboxylic acids 124 
y Cleavage, 

of aliphatic amides 153 
of mrboxylic acids 123 
of esters 134 

cathodic 810-813 
of ethers 373 
of ketones 373-376,450 

Cleavage reactions 373-380 

Clemmensen reduction, of dithio esters 

CND0/2 calculations, 
1046 

and dimers of monothio carboxylic acids 

and electronic spectra of thio esters 
1029 

1026 
CNDO/CI method 612 

84 
for calculation of rotational strengths 

CNDO/MO models, for studying the 
conformational dependence of the 
chiroptical properties of a-substituted 
propionic acids 95 

CNDO/S calculations, 
for alkylallenecarboxylic acids 108 
of rotational strengths 84 

Cobalt complexes, of amino and hydroxy 

Coefficient matrix 8 
Comicelles 995,998,1000,1002,1012 
1 : 1 Complexes, formation of, in deacylation 

995, 999, 1002-1004 
Computer-generated plots 973, 981 
Condensation reactions, 

acids 103, 104 

of aryl esters 

in amide synthesis 456 
in carboxylic acid synthesis 276-288 
in ester synthesis 420-431 
in lactone synthesis 1096-1100 
of thiono esters 1047 

Conductivity measurements, 
on micellar solutions 987, 988 
on orthoamides 553 

Configuration interaction (CI) wave 
functions 4-6 

Conformation, of natural products 882 
PConformation, 
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of oligopeptides 100 
of polyamino acids 99 
of polypeptides 100 

Conformational isomerism, of amide group 

Cooperative catalysis 983 
Coordinate analysis, normal 1029, 1030 
Copper complexes, of amino and hydroxy 

Correlation energy 6 
Cotton effect 68-113 

612 

87,113 

605 

acids 103, 104 

in amides 72,73,87-95,99-105,611, 

in carboxylic acids and esters 

inlactams 73-85,611,612 
in lactones 73-87,621-626 

70-73, 

Coumalic acid 51 0 
aCoumaranone, pyrolysis of 909 
Coumarin, pyrolysis of 909 
Counterions, 

binding of, in micellar solutions 
959,970 

competition between, for ‘sites’ on 
micellar surface 960 

distribution of, in micellar solutions 
955 

Couplets, in CD spectra 
Coupling reactions, in carboxylic acid 

Covalent participation 101 1 
Crotonamide, hydrogen bonding in 245 
Crotonic acid, pyrolysis of 866 
Crotonic acid anhydride, pyrolysis of 
Crotonolactone, mass spectrum of 166 
Crystalline concentration (zone freezing) 

(3=S stretching mode in thiono esters, 

C$’ substituents, influence of 78, 82 
t umyl chlorides, s N 1  soivolysis of 904 
Cupric benzenecarboxylates, trans- 

Cyanoacetamide, hydrogen bonding in 

Cyanoacetamides, pyrolysis of 868 
Cyanoacetic ester, condensation reactions 

Cyanoformates, pyrolysis of 894 
Cyclic anhydrides, 

mass spectra of 161, 162 
pyrolysis of 873 

in lactam synthesis, 

955, 

99, 1 13  

synthesis 286, 287 

872 

631 

coupling of 1030 

carboxylation of 935 

244 

of 1096-1099 

Cyclization, 

chemical 1195-1206 
photochemical 1206- 1224 

in lactone synthesis 493-495 
intramolecular, 

of hydroxy acids and derivatives 

of unsaturated acids and esters 
1065-1 078 

1078-1096 
of olefiiic aldehydes 850, 851 

in lactarn synthesis 1224- 1272 
in lactone synthesis 1 180-1 182 

Cycloalkene-1 ,2-dicarboxylic esters, mass 
spectra of 145 

Cycloalkyl acetates, pyrolysis of 886-888 
Cycloalkyl amides, mass spectra of 
Cyclo butadiene, 

Cy cloaddition, 

614 

as pho toprodcct, 
of B-lactones 743 
of a-pyrone 701-703 

formation of 5 12 
1,l Cyclobutanedicarboxylic acid, 

hydrogen bonding in 230 
Cyclodecyl acetate, pyrolysis of 
3,5Cyclohexadiene-1 ,2-dicarboxylic acid, 

Cyclohexan-l,2-dicarboxylic acid, mass 

Cyclohexane, reaction of, with maleic 

Cyclohexene-1 ,2-dicarboxylic acids, mass 

Cyclohexenol acetate, mass spectrum of 

Cyclohexyl acetates, cis-2-substituted, 

Cyclohexyl trifluoroacetate, pyrolysis of 

Cyclo-yaligoglutamic acids, CD spectra of 

A’ -Cyclopentenone derivatives, i.r. and 

Cyclopropanecarboxylic acid, pyrolysis of 

Cyclopropenecarboamide, hydrogen 

Cyclopropylacetic acid, pyrolysis of 865 
3,fKyclopropyllactones, ring chirality 

rules for 81, 82 
LCystine, CD spectrum of 99 

Dansylamino acids, chiroptical properties 
of 102 

Darzens condensation, 

888, 889 

synthesis of 792, 793 

spectrum of 130 

anhydride 207 

spectra of 130 

140 

pyrolysis of 882 

894 

101 

Raman spectra of 620 

865 

bondingin 244 

in carboxylic acid synthesis 277 
in ester synthesis 421,422 

Deacylation, micellar effects on 
Deamination, of micellized amines 1006 
Decanol, effect on micellar catalysed 

S-(+)-5-Decanolide, CD spectrum of 80, 

946- 1015 

reactions 984 

81 
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Decarbonylation, Diacyl amides 603 
byPdC1, 848 Diagonal matrix 8 
by RhCl(PPh,), 825-855 Dialkoxyalkyltriethylammonium fluoro- 
in pyrolysis reactions 866 borates, in amide acetal synthesis 
of acyl halides 827-842 54 2 

mechanism of 837-842 Dialkoxydialkylaminoacetonitriles 576 
regioselective 837 N,N-Dialkylalkoxymethylene iminium 

mechanism of 852-855 5 35 -5 39 
olefm elimination as sidereaction 

of aldehydes 843-855 salts, in amide acetal synthesis 

N,N-Dialkylalkylmercap tomethylene 
in 852 iminium salts, in amide acetal 

solvent effects on 842 synthesis 535-539 
stoichiometric 834, 841 -843 a-Dialkylamino- a-alkoxynitriles, 

in synthesis of thiolo esters 1039 5 84 
of alkanoic acids 864-867 synthesis of 535, 539,544 

of alkenoic acids 860-863 5 84 
of p-keto acids 860,861, 863 1-Dialkylamino-1-arylnitriles 574 

Decarboxylation-recbox yla tion 2-Dialkylaminobenzo-1,3-dioxole 557 

Decarboxylation, reaction of 557,558, 562, 574, 577, 

mechanism of 864,865 2-Dialkylamino4alkylidene-l,3dioxolones 

mechanism, intermolecular, ionic, Dialkylaminodialkoxyacetonitdes 576 
for transcarboxylation 941 2-Dialkylaminodioxanes 543 

of benzenecarboxylates 932 2-Dialkylamino-l,3dioxanes 557 
of heterocyclic carboxylates 939 5-Dialkylamino-2,4dioxoimidazolines, 
of naphthalenedicarboxylates 937 5-substituted 577 
of polynuclear carboxylates 939 2-Dialkylaminodioxolanes 543 

n-Decylguanidmium ion, addition of, to 2-Dialkylamino-l,3dioxolanes 557 

n-Decyltrimethylammonium bromide, as esters 564 

Dehydration, of alkanoic acids 864 synthesis of 1036 
Dehydrative coupling, of carboxylic acids 

Dehydrohalogenation 11 93 564 

micellar catalysed reactions 994 N, N-Dialkylaminomethane phosphonic 

micelle 971,974 Dialkylammonium dithiocarboxylates, 

Dialkylphosphine oxides, reaction of, with 
437 dimethylformamide dimethylacetal 

of aliphatic acyl halides 834-837 Dialkyl sulphates, 
regioseleitivc 8 37 in tris(acylamino)methane synthesis 547 

Dephosphorylation, micellar catalysis of 
1008 withamides 536 

Deprotonation reactions, theory of 33-41 with N-substituted lactams 537 
Derivative properties 16 Diamides, mass spectra of 158 
Deslongchamps model 54 1,2-Diaminoethylene 575 
Desulphuration, of dithio esters 1048 N,N-Diary1 amide acetals, preparation of 
@Deuterium isotope effects, in pyrolysis 

Deuterium labelling, amide acetds 577,578 

reaction of, 

542 
of esters 881, 899,900,904 Diarylcarbodiimides, reaction of, with 

in formamide acetals 578, 580,581 1,2-Diarylethyl acetates, pyrolysis of, 
in mass spectrometry 124-128, 133, Hammett p-factors for 890 

in micellar catalysed reactions 1005, with anhydrides 203 

in photolysis reactions 702, 71 3, 744 1040,1049 
in transcarboxylations 929, 930, 934, a-Diazo amides, photolysis of 11 89-1 191 

935,938 u-Diazocarboxamides, cyclization of 1224 
in vibrational spectroscopy of monothio =-Diazo esters, photolysis of 1189-1191 

carboxylic acids 1029 Diazomethane, reaction with thiobenzoic 

135-138,140,142, 168 

1010 

1.4-Diaza [ 2.2.21 bicyclooctane, reaction 

Diazoalkanes, reaction with thio esters 

Diacetamide, hydrogen bonding in 249 acid 1040 
1,2-Diacetoxymethylcyclobutane, 

pyrolysis of 903 1192 
Diazonium salts, addition of, to olefins 



Dibenzoate chirality rule 11 2,113 
Dibromoacetonit.de, in orthoamide 

synthesis 549 
1,3-Dibromo ketones, in amide acetal 

synthesis 541 
Dibromopyromellitic dianhydride, 

complexes of 197 
Dibutylacetamide, hydrogen bonding in 

245 
Dicarboxylic acids, mass spectra of 

Dicarboxylic esters, mass spectra of 

Dichloroacetates, pyrolysis of 886 
Dichloroacetic acid, hydrogen bonding in 

2,6-Dichlorobenzamide, mass spectrum of 

Dichlorocarbene, in amide acetal 

Dichlorofluoromethane, in triamino- 

Dichloromaleic anhydride, complexes of 

Dichloromaleic thioanhydride, complexes 

Dichlorophthalic anhydride, complexes of 

3,6-Dichlorophthalic anhydride, complexes 

Dicyanophenylmethyl benzoate, pyrolysis 

129-1 31 

143-147 

230,237 

156 

synthesis 540 

methane synthesis 546 

176,179,180,197 

of 176 

176,200 

of 181,197 

of, intremolecular electrophilic 
aromatic substitution mechanism 
for 874 

Dielectric constants, of lactams 516 
Diels- Adler reactions, intramolecular 

Diethyl adipate 807 
Diethyl carbonate, pyrolysis of 894 
Diethyl dibromomalonate, addition of, to 

methyl methacrylate 1192, 1193 
N,N-Diethyldodecanamide, hydrogen 

bondingin 250 
Diethyl fumarate, 

1092- 1096 

anion Iadical of 803 
cathodic reduction of 803, 808 

Diethyl maleate, anion radical of 
Diethyl malonate, mass spectrum of 
Diethyl oxalate, 

803 
144 

anion radical of 803 
cathodic reduction of 803, 804 

Diethyl phenylmalonate 810 
Diethyl succinate, radiolysis of 771 
Difluoroacetamide, hydrogen bonding in 

Difluoroacetic acid, pyrolysis of 865 
Difluorocarbene 865 
Difluoromethyl trifluoroacetate 865 

244 

Index 1445 

a,=-Difluorotrialkylamines, in amide acetal 

Digitoxigenin 503 
Diglycerides, chiroptical properties of 

Dihalides, hydrolysis of, in carboxylic acid 

Dihedral angle 80 
1,2-Dihydrophthalic anhydride, mass 

spectrum of 161,162 
Dihydroxyfumaric acid, hydrogen bonding 

in dihydrate of 224 
Diisopropylamides, mass spectra of 615 
Diketen 500 

Diketopiperazines, 

synthesis 540 

106,107 

synthesis 276 

synthesis of 498 

m, p2 mechanism for 83 
quadrant rule for 76,77 

r-Dilactones, a,b-unsaturated, mass spectra 
of 628 

1,2-Dilauryl-3-myristoyl-sn~ycerol, 
chiroptical properties of 107 

Dimedon derivatives, chiroptical properties 
of 102,103 

Dimerization 41-45 - see also 
Self-association 

of dithio carboxylic acids 
of formamide 42,44,45 
of formic acid 25,42,43, 222, 226 
of monothio carboxylic acids 1029 

1031, 1035 

2,2-Dime thoxy-3-chlorodihydropyrans, 

1,l -Dimethoxyp yrrolidinomethane 

Dimethylacetamide, hydrogen bonding in 

N.N-Dimethylacetamide, hydrogen bonding 

Diemthylaminelithium dimethylamide, 

dehydrohalogenation of 1 193 

561 

250,251 

in 254 

reaction with N,N-dimethyl- 
chloromethylene iminium chloride 
546 

Dimeth ylaminoalkoxycarbenes 5 9 7 
Dime thylaminoalkylthiomethane 

phosphonic esters 565 
Dimethylaminobis(dialkylphosphiny1)- 

methanes 564 
a-N,N-Dimethylamino tertiary amides, CD 

spectra of 94 
N,N-Dimethylamylamine 820 
N,N-Dimethylanthranilic acid, hydrogen 

bondingin 240 
N,N-Dimethylbenzamide, cathodic 

reduction of 
N,N-Dime thylbenzamides, 

8 13, 81 9 

hydrogen bonding in 250 
mass spectra of 156 

N,N-Dimethylbenzylamine 81 9 
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Dimethyl benzylidenemalonate, maSs 

Dimethyl benzylidenemalonates, mass 

2,2-Dimethylbut-3enoic acid, pyrolysis of 

spectrum of 158 

spectra of 144,145 

860,861 
transition state in 861 

4,4-Dimethylbut-2enoic acid, pyrolysis of 

N,N-Dimethylcinnamides, hydrogen 

Dimethyl cyclobut-3-ene-l,2dicarboxylates, 

N,N-Dimethyldithiocarbamic acid esters 

N,N-Dime thyl-Ndodecylglycine, as micelle 

Dimethy lformamide, 

860 

bondingin 250 

mass spectra of 146 

577,578 

958 

hydrogen bonding in 25 1,252 
negative-ion mass spectrum of 159 

Dimethyl fumarates, mass spectra of 

Dimethyl maleate, cathodic reduction of, 

146, 
147 

in the presence of carbon dioxide 
809 

147 

208 

Dimethyl maleates, mass spectra of 

Dimethylmaleic anhydride, reactions of 

Dimethyl muconates, mass spectra of 146 
2,2-Dimethylpent-3-enoic acid, pyrolysis of 

Dimethyl phenylsuccinate, mass spectrum 

2,2-Dimethylstyrene, formation of, in 

2,3-Dimethylsuccinic acid, chiroptical 

Dimethyl tetrathiooxalate, synthesis of 

k,N-Dimethylthioacetamide, hydrogen 

N,N-Dimethylurethan, in synthesis of 

N.N-Dimethylvaleramide, cathodic 

~,a-Dimorpholineacetonitrile, synthesis of 

1,2-Dimyristoyl-sn-glycerol, chiroptical 

2,4-Dinitrochlorobenzene, micellar 

146, 

861 

of 144 

pyrolysis of neophyl acetate 902 

properties of 94 

1043 

bondingin 254 

orthocarbamic acid esters 550 

reduction of 820 

549 

properties of 107 

catalysed decomposition of 1008, 
1011 

2,4-Dinitrofluorobenzene, 

1008 

964,983 

micellar catalysed decomposition of 

micellar catalysed reaction with aniline 

3,6-Dinitronaphthalene-l, 8-dicarboxylic 

Wtrophenyl  phosphate dianion 993 
3,s-Dinitrophthalic anhydride, complexes 

Diols, 

anhydride, complexes of 182 

of 176,181,197 

dibenzoate chirality rule for 
113 
oxidation of, in lactone synthesis 

3,6-Dioxo-1,4-cyclohexadiene-l,2,4,5- 
tetracarboxylic dianhydride 177 

1,2-Dioxolane3,5diones, photolysis of 
1192 

1,2-Dipalmitoyl-3-myristoyl-sn-glycerol, 
chiroptical properties of 107 

dl-erythro-2d-l,2-Diphenylethyl acetate, 
pyrolysis of 882 

dl-threo-2d-l,2-Diphenylethyl acetate, 
pyrolysis of 882 

3,5-Diphenyl-5-hydroxy-2-pyrrolin4-ones, 
chiroptical properties of 102 

N,N-Diphenyl phenylacetamide, mass 
spectrum of 155 

Diphenyl maleate, pyrolysis of 875 
Diphenylphosphinates, pyrolysis of 894 
Dipicolinic acid, cathodic reduction of 

797,798 
2,6-Dipicolinic acid, hydrogen bonding in 

monohydrate of 225 
Dipole-dipole couplings 73 
Dipole moments, 

11 2, 

1145,1151-1159 

of formamide 13-15, 28,29 
of formic acid 25 
of formyl fluoride 21 
of lactams 517 
of lactones 495,619, 622 
of orthoamides 554 
of S-oxides 1049 
of 2-pyrrolidone 609 
of thio acid derivatives 
of thiocarbonyl-S-imides 1049 

Direct field effects 907 
Dismutation, of aminal esters 553 
Dissociation, of orthoamides 553 
Dissociation energy 33 
Dissymmetry factor 79 
Disulphide chromophore 99 
Disulphides, oxidation of 1 192 
Disulphonylamines, reaction of, with 

orthoamides 563 
Diterpene carboxylic acids, conformational 

analysis of 88 
1,3-Dithian 1053 
Dithietan 1052 
Dithiocarbamates, chiroptical properties of 

Dithiocarbonic acid 0,Sesters 577, 578 

1023, 1024 

102,103 
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of benzenecarboxylates 9 3 1 
of naphthalenecarboxylates 937 

E,,2,  for oxidation of the amide group, 
effects of structure on 

EHMO calculations, and dimers of 
monothio carboxylic acids 1029 

Eigenvalues 18 
Electrochemical cyclization, in lactone 

Electrohydrodimerization (EHD) reaction 

Electrolyte effects, 

6 18 

synthesis 1080,1081,1084-1088 

of =$-unsaturated esters 806-808 

in micellar catalysed reactions 952, 
968,972,977-980,987,1000, 
1014 

977 
Electron affinity 33, 34 

of anhydrides 195-197 
n-Electron densities, reactivity and 907 
Electron density formalism 7 
Electron diffraction spectroscopy, of thio 

acid derivatives 1022, 1023 
Electron-electron repulsion 7 
Electronic effects, on direction of 

in micellar inhibited reactions 949, 

elimination in pyrolysis of esters 
884,890-898 

Electronic transition energies, 
of formamide 29-31 
of formic acid 25 

Electron impact 123, 125, 130 
Electron kinetic energy 7 
Electron paramagnetic resonance spectro- 

scopy, for micellar catalysed 
reactions 988 

Electron spectroscopy 69-73 
of hydrogen bonding 217,218, 

of thio acid derivatives 1023, 
229 

1025-1 029 
Electron spin resonance spectroscopy, of 

Electrophiles, reaction of orthoamides with 

Electrophilic aromatic substituent 
constants, determined from 
pyrolysis of 1-arylethyl acetates 

thio esters 1035 

572-581 

904-907 
Electrophilic reactions, of thio esters 

Electrophilic substituent effects, in the 

Electroreduction, of thio esters, 1045, 

Elephantin 507 
El-like transition states, in pyrolysis of 

1048- 1051 

gas phase 890 

1046 

esters 881, 883, 886, 897, 898, 904 

Dithiolcarbonates, formation of, from 
rearrangement of xanthates 896 

Dithiocarboxylates, alkylation of 1042 
Dithio carboxylic acids, 

chemical properties of 1044, 1045, 

i.r. spectra of 1030, 1031 
n.m.r. spectra of 1033,1035 
synthesis of 1036-1038 
U.V. spectra of 1027, 1028 

acylation of 1050,1051 
alkylation of 1049, 1050 
i.r. spectra of 1031,1032 
mass spectra of 1035, 1036 
n.m.1. spectra of 1034 
oxidation of 104 8,1049 
photolysis of 1052 
proton acceptor properties of 1045 
reaction of, with carbanions 1047, 

1048 
reduction of 1045, 1046 
solvolysis of 1048 
synthesis of 1042-1044 
U.V. spectra of 1027, 1028 

1052 

Dithio esters, 

Dithioformic acid, synthesis of 1037 
1,3-Dithioles 1052 
1,3-Dithiolium cations 1052 
1,3-DithioIone-(2), photolysis of 1043 
Dithioparabanic acid, orthoamides of 549 
Dithiopyromellitic dianhydride, complexes 

n-Dodecane thiol, as functional micelle 

S-(+)-S-Dodecanolide, CD spectrum of 80 
N-Dodecanoyl-DL-cysteinates 1001 
N-Dodecanoylglycinates, as micelles 1001 
Na -Dodecanoyl-L-histidine, mixed 

Dodecylamine, in deacylation of p -  

of 177 

1002 

micelles containing 1003 

nitrobenzoyl phosphate dianion 
99 3 

Dodecylammonium chloride 955 
Na -Dodecylglycine, mixed micelles 

p-Dodecyloxybenzenesulphonic acid 981 
n-Dodecyltrimethylammonium bromide, as 

micelle 971,974,975,979 
Doebner reaction, in carboxylic acid 

synthesis 277 
Double bonds, oxidation of, in carboxylic 

acid synthesis 331-344 
Double proton transfer 43,44 
Dowexl 979 
Drug stabilization, in micellar solutions 

‘Dynamic’ carbanion species, in 

containing 1004 

989, 1014 

transcarboxylation, 
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%-like transition states, in pyroiysis of 
esters 881, 883, 886, 897, 903,904 

Elimination, 
in orthoamides 584-586 
in pyrolysis of esters containing non- 

vinylic p-hydrogen atoms 
880-907 

as a model for electrophilic 

cis nature of 880-884 
cyclic nature of 881 
direction of 884 
isotope effects on 898-900 
neighbouring-group effects in 900, 

90 1 
rearrangements and 901-903 
trans 889, 890 

substitution 904-907 

syn 716 
ElcB mechanism, for decomposition of 

p-nitrophenyl alkanoates in presence 
of cationic micelles 990 

p-bromocarboxylate ions in cetyl- 
trimethylammonium bromide 988 

E2 mechanism, for decomposition of 

Enamides, cyclization of 1207-1 224 
Enamines, in carboxylic acid synthesis 

Endocyclic alkenes, 
288 

formation of, in pyrolysis of cycloalkyl 

stability of 889 
esters 889 

Ene reaction 504 
Energy hypersurface, critical points of 17, 

18 
order of 18 

of formyl fluoride 20, 21 
of orthoamides 554 

Enthalpy of formation 59-65 

Entropy of activation, in pyrolysis of 
esters 881 

Entropy of formation, of orthoamides 
554 

EPA (ether:isopentane:ethanol = 5:5:2) 
81,91 

Ephedrine derivatives, as functional micelles 
1008 

Episulphides 1052 
as intermediates in alkylation of thio 

esters 1049 
Epoxides 585 
zlP-Epoxy lactones, ring chirality rules for 

E2 reactions, of alkyl halides 
Ester chromophore 70 
Esters, 

81, 82 
101 1 

acylations with, in amide synthesis 

aliphatic - see Aliphatic esters 
446,447 

aromatic - see Aromatic esters, Aryl 

as proton acceptors 240, 241 
cathodic reduction of 801-813 
chiroptical properties 87-108 

of naturally occurring 108 
of a-substituted 87-104 
of a,P-unsaturated 108 

containing non-vinylic P-hydrogen 

esters 

atoms, mechanism of pyrolysis 
of 880-907 

ferric hydroxamate test for 603 
heats of ixmation of 62, 63 
hydrolysis of, 

in carboxylic acid synthesis 

theory of 49-54 
27 1-273 

in acyl halide synthesis 440,441 
keto and aldehydic, reduction of 

mass spectre of 133-152 
photochemical hydrogen-abstraction 

photodecarbonylation of 652-661, 

photodecarboxylation of 687-708, 

photorearrangement of 729-735 

breaking of the BC-H bond in 

conformational effects in 889 
eclipsing interactions in 889 
effect of electron withdrawal at the 

y-carbon on the reactivity in 
89 3 

1145-1150 

reactions of 708-718,744,745 

738 

74 3 

pyrolysis of 874-908 

897,899 

effect of 8-substituents on 896 
five-centre process in 875 
four-centre processes in 874-876 
Hammett p-factors for 883, 893, 

isotope effects in 881, 898-900 
mechanism of the elimination in 

880-907 
neighbouring-group effects in 900, 

901 
nucleophilicity of the carbonyl 

oxygenin 893 
nucleophilic substitution in 895 
partial formation of a carbocation 

in 890,891,904 
etido:exo product yields 883 
rearrangements in 896,901-903 
sis-centre processes in 875, 877, 

880,908 
solvent effects in 900 
steric acceleration in 881, 882, 

896,900 

885,889,897,900-902 
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steric interactions in 886 
~O-values for ortho substituents in 

894 
radiolysis of 769-773 
synthesis of 41 1-436 

by condensation reactions 

by free-radical processes 431-434 
by solvolytic reactions 41 1-420 
from acetylenes 435 
from diazo esters 436 
from organoboranes 434 

420-431 

thiolysis of 1040 
thionation of 1040 
unsaturated - see Unsaturated esters 

Ethane thiol, as functional micelle 
Ethanol, effect on micellar catalysed 

Ether formation, in cathodic reduction, of 

Ethers, 

1001 

reactions 984 

esters 805 

cleavage reactions of 373 
oxidation of, 

in carboxylic acid synthesis 

in lactone synthesis 1171, 1172 

157 

344-352 

o-Ethoxybenzamide, mass spectrum of 

2-Ethoxysuccinic acid, CD spectrum of 
N-Ethylacetamide, hydrogen bonding in 

Ethyl acetate, molecular ion of 136 
Ethyl acetoacetate, mass spectrum of 
Ethyl acrylate, cathodic reduction of 
Ethyl benzoate, 

9 1 

247 

150 
807 

cathodic reduction of 805 
electron-transfer reduction of, by 

naphthalene anion 806 
Ethyl benzoates, mass spectra of 
Ethyl carbonic acid anhydride, pyrolysis of 

Ethyl trans-crotonate, pyrolysis of 894 
Ethylene dibenzoate, pyrolysis of 876 
Ethyl formate, mass spectrum of 137, 

Ethyl glyoxylate, hemiacetal of 804 
2-Ethyl-3-ketohexanoic acid, pyrolysis of 

Ethyl lactate, CD spectrum of 
Ethylmethyl mzbonate, pyrolysis of 894 
Ethyl phenylacetate, cathodic carboxylation 

Ethyl 2-thiazolecarboxylate, cathodic 

S-Ethyl thiobenzoate, mass spectrum of 

Ethynyl substituents at the kcarbon of 

141 

872 

138 

86 3 
89 

of 810 

reduction of 804 

151 

esters, effect on rate of pyrolysis of 

899 
Eudesman lactone 73,74, 79 
Euparotin 507 
Exchange of deuterium by protium, in 

transcarboxylations of mixtures of 
benzenecarhxylates labelled and 
non-labelled by deuterium on the 
benzene ring 929,930 

Excimer fluorescence 229 
Excited-state EDA complexes 204 
Excited structures 4 
Exciton chirality method 
Exciton coupling 99 
Exocyclic alkenes, formation of, from 

Exponential-Type Functions (ETF) 9 , l O  

Favorskii rearrangement, 

1 1 1 - 11 3 

cycloalkyl esters 889 

in amide synthesis 452 
in carboxylic acid synthesis 393-398 

Feist’s acid 731 
Fermi resonance 220, 249, 607 
Ferric hydroxamate test 603 

for lactones 619, 628 
Fluorene, in ketene aminal synthesis 
Fluorescence spectroscopy, 

568 

for micellar catalysed reactions 988 
of EDA complexes 198-202 

2-Fluoroacetamide, htramolecular 
hydrogen bonding in 253 

Fluorobenzene ion 160 
Fluoromaleic anhydride, pyrolysis of 873 
Fluoromalonic acid, hydrogen bonding in 

Force constant matrix 17 
Force constants 16, 17 

of formic acid 25 
Force-field calculations, on amide group 605 
Formamide, 

28 

234 

barrier to rotation about C-N bond of 

dimerization of 42,44,45 
electronic transition energies of 29-31 
geometry of 27, 28 
hydrogen bonding in 247,252,253 

ab initio studies of 241-243 
hydrolysis of 48 
in tris(formylamino)methane synthesis 

547 
ionization potentials of 29 
mass spectrum of 152 
protonation of 39-41 
pyrolysis of 869 
reaction of, with tris(dimethylamin0)- 

alkoxymethanes 562 
solvation of 45-47 
variation of dipole moment of, with 

13-1 5 ,  28, 29 basis-set sue 
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Formamides, 
N-substituted 61 8 
N,N-substituted, Raman spectra of 

Formamidines, N,N,N-trisubstituted 564 
Formamidinium carbaminates 578 
Formamidinium salts, N,N,N', "-tetra- 

607,608 

substituted, in orthoamide synthesis 
540,541,545,546 

Formanilides, mass spectra of 154,155 
Formate ion, electronic states of 
Formates, 

mass spectra of 137, 138 
pyrolysis of 877, 878 

reactivity of 880 

26 

Formic acid, 

24 
barrier to in-plane tautomcrization of 

barrier to rotation of 
chain formation in 
deuteron quadrupole coupling constant 

dimerization of 42,43, 222, 226 

dipole moment of 25 
electronic transition energies of 25 
cis-trans energy difference of 
expulsion of, in fragmentation processes 

force constants of 25 
geometrical parameters of 22-24 
ionization potentials of 25, 26 
molecular ion of, in mass spectra 
negative-ion mass spectrum of 133 
protonation of 35-41 
pyrolysis of 864 
U.V. spectra of 70 
vibrational spectra of 227 

Formyl chloride, as intermediate in 
pyrolysis of formamide 869 

Formyl fluoride, ab itiitio investigations of 
20-22 

Formyl radical 768 
Fragmentations 123-169 

23, 24 
215, 222, 232 

of 230 

vibrational frequency shifts on 25 

23, 24 

125 

129 

involving hydrogen migrations 153, 

involving rearrangements 124-126, 

simple 123, 124, 133, 134, 140, 141 

154 

134-139 

Free energy, of orthoamides 554 
Freeenergy differences, between cis and 

trans isomers of 2,rl-disubstituted 
Y-butyrolactones 619 

Free-radical processes, 
in carboxylic acid synthesis 288-290 
in ester synthesis 431-434 

Free radicals, neutral 757 
Friedel-Crafts reaction, in synthesis of thio 

acid derivatives 1037, 1038,1043 
Fumaramide, hydrogen bonding in 245 
Fumaric acid, 

cathodic hydrogenation of 800 
mass spectra of 131, 133 

Functional-group moments, of esters and 

Furan, electrophilic aromatic substituent 

Furancarboxylic acids, transcarboxylation 

Furanedicarboxylic acid, self-association of 

thio esters 1025 

constants for 904,906 

of 939 

222 

Gaillardm, mass spectrum of 627 
Galactonolactones, colorimetric estimation 

Galactose, chiroptical properties of 105 
Gangleosides, chiroptical properties of 105 
Gas chromatography, 

alkali-fusion 6 17 
use of in determination, 

ofamides 617 
of anhydrides 634 
of lactones 628 

of 619 

Gaussian-Type Functions (GTF) 9,lO 
primitive 10 

Gaussian-Type Orbitals (GTO) 9 
Gel filtration method, 

for measuring the fraction of micellar 

for measuring substrate binding 
incorporated nucleophile 962 

constants 974 
General Restricted Hartree-Fock (GRHF) 

Germaacetic acid, decomposition of 894 
Gibberellins 87 
Gluconolactones, colorimetric estimation 

of 619 
Glucoronic acid 105 
Glucose, chiroptical properties of 105 
Glutaconic anhydrides, rearrangement of 

Glycerides, chiroptical properties of 106, 

Glycine, 

theory 12 

51 1 

107 

ab iriitio investigations of 
electron density distribution for 32 
polypeptides of 32 
zwitterion of 32 

32, 33 

Glycolic acid, intramolecular hydrogen 

1,2-Glycols, dibenzoate chirality rule for 

Glycosaminoglycans, chiroptical properties 

Glycosidation, of protected acylated sugars 

bondingin 240 

112,113 

of 105 

558 
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Henkel reaction 398 
N-Heptylimidazole, micellar catalysed 

acylation of 966,967 
Herzig-Meyer method 609 
Hessian matrix 17, 18 
Heter ocumulenes 5 7 7 - 5 80 
Heterocycles, 

electrophilic reactivities of 904 
synthesis of, from thio acid derivatives 

Heterocyclic acids, cathodic reduction of 

Heterocyclic carboxylates, transcarboxyla- 

1052,1053 

794-800 

tionof 939 

Glycosides, chiroptical properties of 105 
Glyoxylic acid, synthesis of 800 
Gouy-Chapman theory 955,956,969,978 
Grignard reagents, 

in lactone synthesis 
in thio carboxylic acid synthesis 
reaction of, 

with orthoamides 565 
with thio esters 1047 

11 10-1 11 3 
1037 

Ground configurations 4,5 
Group additivity 60-65 
Guanidines, reaction of, with orthoamides 

Guanidinium salts, in orthoamide synthesis 
561,562 

548 

Half-wave potentials, for reduction of thio 
esters 1035, 1046 

Halides, in oxidation reactions 349-351 
Halo acids, mass spectra of 
N-Haloacyl amides, reaction of, with 

orthoamides 580 
Halo amides, cyclizations using 

a-Halo esters, conformational analysis of 88 
Haloform reaction, in oxidation of ketones 

=-Halogeno acids, chiroptical properties of 

a-Halogeno esters, chiroptical properties of 

N-Halogenosulphonamide 5 80 
Halogens, as oxidizing agents in lactam 

synthesis 1302-1 304 
Halolactonization 494, 1081, 1089-1092 
a-Halopropionanilides, chiroptical 

Hamiltonian 6,7, 13, 14 

Hammett p-factors, for pyrolysis of esters 
883,893,896,900 

Hammett relationships 1026 
Hartree-Fock equations 6-12 
Hartree-Fock Limit (HFL) 6 
Hartree-Fock problems, 

closed-shell 6-10 
open-shell 10-12 

in elucidation of transcarboxylation 
mechanism 934,935 

in formamide acetals 578,580,581 

132 

1200-1204 

358-361 

88,92,93,95 

88-93,95 

properties of 93 

expectation value of 6 

H/D exchange, 

Heat of formation - see Enthalpy of 

Helenalin 507 
a-Helix conformation, of polyamino acids 

99 
Hemimellitic acid, hydrogen bonding in 

dihydrate of 224 

formation 

Heterocyclic syntheses, using orthoamides 
569-572 

n-Hexadecyltrimethylammonium bromide, 

Hexafluoroisopropanol (HFIP), as solvent 

Hexamethylbenzene, reaction of, with 
maleic anhydride 206 

Hexamethylguanidinium chloride 559 
N,N,N',N',N".N"-Hexamethylguanidinium 

chloride, in orthoamide synthesis 
54 8 

Hexamethylguanidinium cyanide 576 
Hex-3endoic acid, pyrolysis of, concerted 

cyclic mechanism for 861 
n-Hexyl acetates, mass spectra of 135 
L-Histidine, in chelation with transition 

metals 104 
Histidine derivatives, as functional micelles 

1005 
HMO calculations, and electronic spectra 

of thio acid derivatives 1026 
Hofmann rearrangement, of primary amides 

602,603 
Hofmeister series 956, 978 
3-Homoadamantyl acetate, pyrolysis of 

Homocholine derivatives, functional 

Homoconjugate ions, in carboxylic acid 

as micelle 946,971,975 

95,99 

903 

micelles of 1008 

hydrogen bonding 223,224,237, 
238 

Homophthalic acid anhydride 197 
Homoserine lactone, synthesis of 1193, 

1194 
Huckel method 907 
Hudson's rule 621 
Hydantoins, chiroptical properties of 102 
Hydrated electrons 763-769,772, 775 
Hydration numbers, of carboxylic acids 

Hydrazobenzene 976 
Hydrocarboxylation, in carboxylic acid 

237 

synthesis 290-293 
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Hydrocyanic acid, reaction with alicyclic 

Hydrogen abstracting reactivity and 
amines 549 

thermodynamic bond dissociation 
energies 713,714 

reversibility of 714,715 
Hydrogen-abstraction reactions 708-727 

YLHydrogenabstraction reactions 71 2, 

8-Hydrogen-abstraction reactions 

713,725 
isotope effect for 7 13 

722-724 
substituent effects on 724 

Hydrogenation, of the aromatic nucleus 

Hydrogen bonding 214-254 
790 

in amides 241 -254 
in wboxylic acids 221-240 
in thio acids 254 
in thio amides 254, 255 
spectroscopy of 216-21 8,226-231 
structural aspects of 214-216 
symmetry of 228, 231 
theory of 41-47,218-221, 231-234, 

thermodynamics and kinetics of 
241-243 

21 8, 

Hydrogen migration 135, 136, 142,153, 

Hydrogen radicals 763-768,772,775 
Hydrogen randomization (scrambling) 136 
1,s-Hydrogen shifts, in pyrolysis of esters 

containing non-vinylic P-hydrogen 
atoms 881 

234-238 

154 

Hydrolysis, 
in synthesis of thiolo esters 

1039 
of acyl halides 275 
of amides 48,274 
ofanhydrides 275 
of dihalides 276 
of esters 49-54, 271 
of nitriles 271,449 
of orthoamides 557 
of thiolo esters 1048 
of trihalides 275 
theory of 47-54 

Hydrophobic interactions 225, 226 
between micelles and solute 951 
between solutes 952 

of nucleophile in micellar reactions 

1038, 

Hydrophobicity, 

949.998 I -  - 
of substrate in micellar reactions 949, 

950.973.974 
Hydroxamic acid-ion complex, stability 

of 603 

Hydroxamic acids, as functional micelles 

Hydroxy acids, intramolecular cyclization 

a-Hydroxy acids, ch i ropt id  properties of 

PHydroxy acids, reaction of, with amide 

P-Hydroxyalkenes, pyrolysis of 908 
p-Hydroxyalkynes, pyrolysis of 908 
Hydroxy amides, cyclizations using 1205, 

1206 
p-Hydroxybenzoic acid, hydrogen bonding 

in monohydrate of 224 
o-Hydroxybenzoic acids, intramolecular 

hydrogen bonding in 239 
a-Hydroxybenzylacetic acid, CD spectrum 

of 110 
Hydroxycarbene, from photolysis of 

pyruvic acid 686,740 
Hydroxy esters, mass spectra of 
a-Hydroxy esters, ch i ropt id  properties of 

P-Hydroxy esters, pyrolysis of 908 
2-Hydroxyethyl acetate, radiolysis of 772 
0-(2-HydroxyethyI)benzamide, mass 

P-Hydroxyethyl groups, in functional 

2-( 1-Hydroxyethy1)pyridine N-oxide, 

p-Hydroxy ketones, pyrolysis of 908 
Hydroxy-y-lactone, mass spectrum of 166 
Hydroxylalkyl derivatives, as functional 

Hydroxylamine, reaction of, with anhydrides 

a-Hydroxy-p-methylvaleric acid, CD 

a-Hydroxyphenylacetic acid, CD spectrum 

Hydroxyproline, CD spectrum of 89 
3-Hydroxypyridinium derivatives of amino 

Hyperconjugation 863 
in pyrolysis of esters 

Hypochlorite, in oxidation of alcohols 298 

Imidates, thiolysis of 1040, 1041 
Imidazole anion, in micellar catalysis 

1004,1005 
Imidazole-2-carboxylic acid, cathodic 

reduction of 795-797 
Imidazole derivatives, as functional micelles 

Imidazole group, acylation of 996 
Imidazoline 1052 

1007 

of 1065-1078 

88-91 

acetals 585 

148 

88-91 

spectrum of 157 

micelles 1012 

pyrolysis of 903 

micelles 1008-1011 

631 

spectrum of 91 

of 110 

acids, chiroptical properties of 102 

899, 906 

995,1002,1004,1012 
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twoelectron 7 
Internal coordinates 19, 20 
Internal motion of atoms 17 
Iodine-pyridine, in oxidation of ketones 

Iodoacetic acid, pyrolysis of 865 
Ion cyclotron resonance 162 
Ionexchange constant 970,978,980 

361 

for two counterions between micellar 
surface and the aqueous phase 
946 

Ionexchange models, in micellar catalysis 

Ionexchange resins 956,957, 960,969 
Ionization-initiated reactions 7 5 6-7 59 
Ionization potentials, 

of carbon 14 
offormamide 29 
of formic acid 25,26 
of hydrogen 33,34 

Ion-molecule reactions 757 
Ion-pair formation from excited EDA 

complexes 204 
Ion-selective electrodes 980 
Iron pentacarbonyl, reaction of, with 

Isobornyl acetate, pyrolysis of 902 
Isobutyramide, mass spectrum of 152 
Isocyanates, 

969,970,978-980,982 

orthoamides of carbonic acid 566 

acylations with, in amide synthesis 
in orthoamide synthesis 542,549 
reaction of, with orthoamides 577 

448 

Isodehydroacetic acid 510 
Isoimides 868 
Isoleucine, CD spectrum of 98 
Isomerism, 

cis-trans, 
in formic acid H-bonded chains 
in products of decarbonylation and 

dehydrohalogenation of 
aliphatic acyl chlorides 834 

containing non-vinylic 
p-hydrogen atoms 880 

222 

in products of pyrolysis of esters 

EIZ, in thio acids 1033 

anion radicals of methyl and ethyl 

electrochemistry of 794,795,799, 

Isonicotinic acid, 

esters of 803 

803 
Isonicotinic amide, cathodic reduction of 

Isonitrile rearrangement 399 
Isophthalic acid, cathodic reduction of 

81 5 

793 

Imide carbonyl group, reduction of, to a 

Imides, 
cathodic reduction of 813, 814, 

ferric hydroxamate test for 603 
hydrogen bonding in 254 
mass spectra of 162-165 
photochemical hydrogen-abstraction 

photodecarbonylation of 669-67 1 
reaction of, with orthoamides 

synthesis of, 

methylene group 818-820 

816-820 

reactions of 722-724,745 

562-564 

by acylation reactions 458-460 
by C- and N-alkylations 460 
by oxidation reactions 460,461 

acetals 551 

Imidothiolates, thiolysis of 1042 
Imidozolinediones, in synthesis of urea 

Imines, 
reaction of, with ketenes 1230-1263 
Reformatsky reaction with 1233, 

Iminium alkylsulphates, 
in amide acetal synthesis 536 
in amide thioacetal synthesis 536 

Iminium salts, reduction of, to give amide 

Indenes, reaction of, with dimethylmaleic 

INDO calculations, on acetolactone and its 

1265-1267 

acetals 544 

anhydride 208 

difluoro and dimethyl derivatives 
620 

INDO models, for studying the conforma- 
tional dependence of the chiroptical 
properties of. -substituted 
propionic acids 95 

rotational strengths 83, 84 
INDO/MO model, for calculation of 

Infrared spectroscopy, 
of amides 604-608 
of anhydrides 631,632 
of hydrogen bonding 216,217 
of lactams 517,608,609 
of lactones 495,619-621 
of orthoamides 553 
of products of photolysis of a-pyrone 

701,702 
of thio acid derivatives 1026, 

1029-1032 
horganic acids, reaction of, with 

orthoamides 572 
Integrals, 

coulomb 7 
exchange 7 N-Isopropylacetamides, hydrogen bonding 
molecular 8 in 247 
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o-Isopropylbenzoic acid, mass spectrum of 
127,128 

1,2-Isopropyliden-3acylsnglycerols, 
chiroptical properties of 106 

1,2-Isopropyliden-3-thioacetylsnglycerol, 
CD spectrum of 107 

Isoquinoline, electrophilic aromatic 
substituent constants for 904,906, 
907 

Isothiazole 1052 
Isothiocyanates, 

in orthoamide synthesis 549 
reaction of, with a i d e  acetals 577, 

578 
Isotope effects, 

in mass spectrometry 135, 142 
in micellar catalysed reactions 1005, 

1010 
in photochemical reactions 681,713, 

717,732,733,744,745 
in pyrolysis reactions, 

of carboxylic acids 861 
of estcrs 881, 898-900,904 

Carbon-1 3 labelling, Carbon-14 
labelling, Deuterium labelling, 
Oxygen-1 8 labelling 

Isotropic absorption (u.v.) spectra 69-73 

Karl Fischer reagent 603 
Kawa lactones, mass spectra of 
Ketalation 574 
Ketals, oxidation of, in carboxylic acid 

Ketene 0,N-acetals, synthesis of 538 
Ketene aminals 568 
Ketene dialkyl mercaptals, reaction of, to 

Ketenes, 

Isotope studies 1030, 1031 - see also 

627 

synthesis 344-352 

give dithio esters 1043 

acylations with, in amide synthesis 
alcoholysis of, in ester synthesis 

cycloaddition of, in lactone synthesis 

reaction of, 

447 
417, 

41 8 

1125,1131-1138 

with azo compounds 1232,1264 
with imines 1230-1263 

868 
P-Keto acids, pyrolysis of 

Keto amides, cyclizations using 1206 
p-Keto amides, pyrolysis of 868, 896 
2-Keto carboxylic acids, photosensitization 

Keto esters, mass spectra of 
Ketones, 

860, 861, 863, 

of 687,742,143 
149, 150 

cleavage reactions of 373-379,450 
oxidation of, 

in carboxylic acid synthesis 

353-371 
in lactone synthesis 1160-1170 

reaction of, with orthoamides 573, 
574 

Kinetic acidity 555 
Kinetic isotope effect 732, 733 

hoeyenagel reaction 420,421 
Koopmans’ theorem 25, 29 

Lactam acetals, 

P-deuterium, in pyrolysis of esters 881 

reaction of 562,565,566,572,595, 

reactions on the a-methylene groups of 

synthesis of 535,537,538,594 

cathodic reduction of 81 3 
chemical properties of 517, 518 
chiroptical properties of 73-85,517, 

colorimetric estimation of 604 
determination of, by titration methods 

dielectric constants of 516 
dipole moments of 517 
hydrogen bonding in 244,246,248, 

i r .  spectra of 
mass spectra of 167-169,517,616, 

617 
n m r .  spectra of 517,610 
oxidation of 460 
photodecarbonylation of 669-671 
pyrolysis of 909 
radiolysis of 777 
Raman spectra of 608, 609 
N-substituted, in lactam acetal synthesis 

synthesis of 1194-1315 

596 

581-586 

Lactams, 

611,612 

61 8 

25 3 
517, 608, 609 

537 

by cycloadditions 1224-1272 
by direct functionalization of 

preformed lactams 
1299-1 302 

by oxidations 1302-1314 
by rearrangements 1271-1299 
by ring-closures (chemical) 

by ring-closures (photochemical) 

general methods of 5 16 

11 95-1 206 

1206-1224 

types of 492,493 
U.V. spectra of 

mass spectra of 165, 167,168 
preparation and properties of 518-520 

3,34substituted 610 

5 17, 61 3 
z-Lactams, 

p-Lactams, 
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photodecarboxylation of 687-708, 

photorearrangement of 727-729 
pyrolysis of 908,909 

cis nature of the elimination in 
radiolysis of 773 - 7 77 
Raman spectra of 619-621 
synthcsis of 1065-1194 

74 3 

908 

by carbonylations 1173-1180 
by condensations 1096-1100 
by cyclizations 1065-1096 
by cycloadditions 11 80-1 182 
by direct functionalization of 

preformed lactones 
1123-1 130 

by Grignard and Reformatsky 
reactions 1100-1115 

by lactone interconversions 11 87, 
1188 

by oxidations 1145, 1151-1173, 
1192 

by rearrangements 11 82-1 187 
by reductions 1138-1150 
by Wittig-type reactions 11 15, 

1116 
from -anions (dianions) of 

carboxylic acids 
from ketenes 1125, 1131-1138 
from lithio salts of 2-alkyl-2- 

general methods of 493-495 

1 11 6-1 I20 

oxazolines 1120-1123 

types of 492,493 
U.V. spectra of 626 
a,p-unsaturated, five-membered, 

stereochemistry of 621 

620 
a-Lactones, 

i.r. and Raman spectra of 
synthesis of 496,497 

i.r. and Raman spectra of 
mass spectra of 165 
properties of 499,500 
synthesis of 497,498 

calculation of rotational strengths for 

chirality rules for 78,79, 81 
endocyclic conjugated 620 
i.r. and Raman spectra of 620 
mass spectra of 166,626,627 
preparation and properties of 500-508 
pyrolysis of 909 
r,p-unsaturated, chirality rules for 

p-Lactones, 
620 

y-Lactones, 

83,84 

85-87 
8-Lactones, 

calculation of rotational strengths for 
83,84 

CD spectra of 625 

ir. and Raman spectra of 
mass spectra of 168 
n.m.r. spectra of 610 
properties of 523,524 
synthesis of 521-523 

calculation of rotational strengths for 
83,84 

chirality rules for 
influence of C(a substituents on CD 

spectra02 82 
mass spectra of 168, 169 
preparation and properties of 
quadrant rules for 77 

calculation of rotational strengths for 

ring chirality Iules for 81 
c-Lactams 526 

ring chirality rules foi 81 
Lactates, CD spectra of 104 
Lactic acid, chiroptical properties of 

(S)-Lactic acid, CD spectrum of 89 
Lactim ethers 517 

in lactam acetal synthesis 537 
Lactone hydroxamates, kinetics of the 

Lactone interconversions 1187,1188 
r-Lactone ring, 

conformational mobility of 621 
stereoconfiguration of 621 

8-Lactone ring, conformation of 624 
Lactones, 

as proton acceptors 240, 241 
cathodic reduction of 
chemical properties of 496 
chiroptical properties 73-87,495, 

608 

y-Lactams, 

78, 79, 81 

524, 525 

%Lactams 526 

83 

91, 
95 

formation of 619 

801, 804, 812 

621,624-626 
of saturated 73-85 
of Q,p-unsaturated 85-87 
of p,y-unsaturated 87 

detection and determination of 
618-628 

chromatographic methods for 628 
colorimetric methods for 619 
titration methods for 61 9 

dipole moments of 495, 619,622 
ferric hydroxamate test for 619 
i.r. spectra of 495,619-621 
mass spectra of 165-167,495,496, 

n.m.r. spectra of 621 
oxidation of, in carboxylic acid 

photochemical hydrogen-abstraction 

photodecarbonylation of 65 2-66 1 

626-628 

synthesis 371, 372 

reactions of 719-722,746 
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chirality rules for 
i r .  and Raman spectra of 
mass spectra of 167,626,627 
preparation and properties of 508-514 

a,p-unsaturated, chirality rules for 

78, 80, 81 
619, 620 

pyrolysis of 909 

85-87 
c -Ladones, 

preparation and properties of 
p,y-unsaturated, chirality rule for 87 

Langmuir adsorption isotherm 956 
L-Lanthionine, CD spectrum of 99 
Lead (11) benzenecarboxylates, trans- 

carboxylation of 935 
Lemieux-von Rudloff reagent, in oxidation 

of double and triple bonds 
333 

514, 515 

332, 

Leucine, CD spectrum of 98 
Lewis acids, reaction of, with orthoamides 

572 
Light scattering measurements, on micellar 

solutions 988 
Linderenolide 87 
Linear dichroism 73 
Liquid chromatography, high-speed, high- 

Liquid crystals 226 
Lithium benzenecarboxylates, transcar- 

boxylation of 934 
Litium dialkylphosphides, reaction of, with 

dimethylformamide acetal 565 
Lithium dmethylamide, in triaminomethane 

synthesis 547 
Long-chain acid amides, determination of 

617 
Long-chain acids, mass spectra of 
Long-chain esters, mass spectra of 

Luminescent method, for the determination 

Lycoctonamic acid 863 
Lysolecithin, as micelle 958 

Macrolides 514 
Maleic acid, 

resolution 617 

126 
136, 

137 

of anhydrides 631 

cathodic hydrogenation of 800 
intramolecular hydrogen bonding in 

mass spectra of 131, 133 
self-association of 222 

complexes of 176,179,180,197 
negative-ion mass spectrum of 162 
photochemical reactions of 205-209 
pyrolysis of 873 

239 

Maleic anhydride, 

Maleimide, hydrogen bonding in 249 
Malic acid, CD spectrum of 
Malondiamide, reaction of, with tris- 

9 1 

(dimethylamino)alkoxymethmes, 
562 

condensation reactions of, in lactone 
synthesis 1 102-1 108 

hydrogen bonding in 230 
mass spectrum of 129,130 

Malonic acid, 

hlalonic acids, intramolecular hydrogen 

Malonic esters, 
bondingin 240 

in carboxylic acid synthesis 279 
in ester synthesis 426 
in lactone synthesis 1102-1108 

chiroptical properties of 
thiophene analogues of, CD spectra of 

Mandelic acids, 
109, 1 10 

109 
Manganese oxides, use of in oxidation, 

in lactam synthesis 1305,1306 

of aldehydes 310-313 
of arenes 319-321 
of double and triple bonds 

of alcohols 301 -303 

333,334 
Mannose, chiroptical properties of 105 
Mass-action model of micelle formation 

954 
Mass spectrometry, 

of acyl halides 160 
of amides 152-160,613-616 
of anhydrides 161,162,633,634 
of carboxylic acids 123-133 
of esters 133-152 
of imides 162-165 

of lactones 165-167,495,496, 

of thio acid derivatives 

of carboxylic acids 124-1 26 
of esters, 

Of lactams 167-169,517,616,617 

626-628 
1035, 1036 

McLafferty rearrangement, 

aliphatic 134-1 36,139 
keto 150 
thio 151,1036 

m, F~ Mechanism 83 
Mellitic trianhydride, complexes of 177, 

184, 197 
(-)-Menthy1 acetate, pyrolysis of 888 
Mercaptans, oxidation of 11 92 
a-Mercapto acids, chiroptical properties of 

88.93-95 
Mercaptobenzothiazole, hydrogen bonding 

in 255 
a-Mercapto esters, chiroptical properties of 

sMer cap topropionic acid, chiroptical 

(R )-2-Mercaptopropionic acid, ORD and 

88,93-95 

properties of 95 

CD spectra of 93  



Index 1457 

spectrum of 144 

148 
2-Methylbut-2enoic esters, mass spectra of 

Methyl butyrate, mass spectrum of 134 
Methyl butyrates, y-substituted, mass 

a-Methylbutyric acid, CD spectrum of 91 
L-(+)-2-Methylbutyric acid, CD spectrum 

of 91 
1-Methylcycloalkyl acetates, pyrolysis of 

889 
1-Methylcyclohexanol, acetate derived from, 

pyrolysis of 883 
N4l-Methylcy clohexyl)acetamide, 

pyrolysis of 870 
trans-2-Methylcyclohexyl acetate, 

pyrolysis of 888,889 
l-Methyl-l,4dihydronicotinamide, 

hydrogen bonding in 245 
Methylene dibenzoate, pyrolysis of 876 
a -Methylene-y-lactones, preparation and 

properties of 506-508 
a-Methylene+lactones, preparation of 

508 
Methyl esters, mass spectra of 

N-Methy lformamide , ab in itio investigations 
of 31 

o-Methylformanilide, hydrogen bonding in 
247 

Methyl formate, 

spectra of 135 

133-141, 
143-151 

nb inirio investigations of 27 
base-catalysed hydrolysis of 49-54 
mass spectrum of 137,13 8 

2-Methyl-1-indanyl acetate, pyrolysis of 
881 

N-Methyl-N-laurylhydroxamate ion, in 
mixed micelles 1007 

Methyl methacrylate, addition of diethyl 
dibromomalonate to 1192, 1193 

Methyl N-methylcarbamates, pyrolysis of 
876 

Methyl myristate, mass spectrum of 134 
Methyl octadecanoate, mass spectrum of 

Methyl oleate, radiolysis of 771 
Methyl orthobenzoate 983 

136 

micellax caatlysed hydrolysis of 972 

Methyl 1 O-oxoundecanoate, mass spectrum 

Methyl 4-phenylbutanoates, mass spectra 

2-Methyl-3-phenyl-u-bu tyrolactones 61 9 
Methyl 6-phenylhexanoate, mass spectrum 

Methyl 3-phenylpropionate, mass spectrum 

effect of alcohols on 984 

of 150 

of 139 

of 139 

of 138 

Mesaconic acid, mass spectrum of 131 
Metal complexes, of amino and hydroxy 

Metal-ion promoted reactions, of thio 

Metal oxides, use of in oxidation, 

acids 103, 104 

esters 1048 

of alcohols 303-305 
of arenes 325,326 

Metaphosphate ion, elimination of, from 

Methacrylic acid, pyrolysis of 866 
Methacrylic anhydride, pyrolysis of 873 
Methoxybenzoates, mass spectra of 143 
o-Methoxybenzoic acid, intramolecular 

hydrogen bonding in 239 
p-Methoxycarbonylbenzyl acetate, cathodic 

reduction of 81 1 
Methoxy esters, mass spectra of 148, 149 
S-Methoxymethyl acetates, pyrolysis of 

875 
S-Methoxymethyl thioacetates, pyrolysis of 

875 
1,2-Methoxynaphthoic acid, hydrogen 

bondingin 239 
2,3-Methoxynaphthoic acid, hydrogen 

bondingin 239 
Methoxyphenylacetic anhydrides, sub- 

stituent effects on 708 
N-Methylacetamide, 

nb initio investigations of 31 
hydrogen bonding in 243,246-249, 

Methylacetanilides, mass spectra of 156 
N-Methylacetanilides, p-substituted, 

p-nitrobenzoyl phosphate 993 

251 

micellar catalysed hydrolysis of 
991 

Methyl acetate, 
mass spectrum of 134 
radiolysis 770 

of aqueous solutions of 772 

163 

of 84 

spectrum of 140 

809 

N-Methylacetylimide, mass spectrum of 

Methyl 0-acetyl-(S)-lactate, CD spectrum 

Methyl (04, -acetyl)salicylate, mass 

Methyl acrylate, cathodic carboxylation of 

2-Methylallyl formate, pyrolysis of 877 
N-Methylbenzimidazole 965 
Methyl benzoate, 

anion radical of 802 
cathodic reduction of 802, 805 

Methyl benzoates, mass spectra of 

N-Methyl-N-benzyl-o-chloro benzamide, 
hydrogen bonding in 253 

Methyl 3-br0mo-3-phenylpropionate, mass 

139-141,143 
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N-Methyl-N-phenyltrifluoroacetamides, 

N-Methylphthalimide, cathodic reduction 

Methyl propionate, mass spectrum of 
rrarts-3-( 6-Methyl-2-pyridilthio)propenic 

3-Methylpyrrolid-2-one 77, 84 
5-Methylpyrrolid-2-one 84 
L-5-Methylpyrrolid-2-one 77 
N-Methylpyrrolidone 524 

hydrogen bonding in 246 
Methylpynolid-2anes 77 

calculation of rotational strengths of 

147 

mass spectra of 164 

of 814 
134 

acid, hydrogen bonding in 225 

84 
Methyl sorbate, mass spectrum of 
Methyl substituents, activating effects of 

Methylsuccinic anhydride, pyrolysis of 

N-Methylsuccinimide, cathodic reduction 

Methylthiepan-2-ones, chiroptical properties 

N-Methylthiocarbamoylamino acids, 

Methyl thionvalerate, mass spectrum of 

N-Methyltrichloroacetamide, hydrogen 

N-Methyl trifluoroacetanilides, mass 

Methyl p-(trifluoromethyl)benzoate, 

Methyl undecanoate, mass spectrum of 

Methyl valerate, mass spectrum of 134 
Methyl yellow 629 
Micellar catalysed reactions 946-1015 

907 

87 3 

of 820 

of 107 

chiroptical properties of 102 

151 

bondingin 248 

spectra of 159 

cathodic reduction of 81 1 

150 

buffer effects in 
972,986,1001 

concentration effect in 101 3 
effect of nonelectrolytes on 949, 984 
effect of nucleophile hydrophobicity on 

effect of substrate hydrophobicity on 

electrolyte effects in 952, 968, 972, 

inhibited or unaffected by miceUes of 

kinetic models for 960-984 
simple 957-960 

medium effects in 1013 
pseudo-phase model for 954, 957, 

transition-state effects in 958 
Micellar inhibited reactions 976, 977, 

950, 959, 966, 971, 

949,998 

949,950,973,974 

977-980,987,1000,1014 

the opposite charge 948 

960,969 

984,992,1001 
effect of nucleophile hydrophobicity on 

effect of substrate hydrophobicity on 

electrolyte effects in 949,977 
kinetic models for 960 

simple 957,.959 

949 

949 

Micellar solutions, water structure in 
Micelles, 

1014 

anionic, examples of 952 
as models for enzyme catalysis 

cationic, examples of 952 
chain-length of 950,956 
critical concentration (cmc) of 946, 

951, 963,974,975,977, 978, 
986,987,995,1014 

956 

946,970,978 

948, 
957,998 

degree of ionization (a) of 946,955, 

fraction of counterions bound to (p) 

functional 949,988,995-1011 
non-functional 989-995,998 
non-ionic 953,984 
reverse 953,985, 986,1012 
rough 955 
shape of 952,954 
size of 952,978 
smooth 955 
Stern layer of 954, 956, 963, 969, 

970, 972,973,975, 979,980, 
987,988,994,1007 

structure of 951-957,988 
submicroscopic reaction medium of 

surface of 955,969 
zwitterionic 952,959,985, 1009 

Micelle-water interface, polarity of 958 
Michaelis-Menten equation 957 
Michael reaction, 

958 

in carboxylic acid synthesis 282 
in ester synthesis 429,430 

Microwave spectroscopy, of thio acid 
derivatives 1022, 1023 

Migration 727-735 
1,2-acyl 731 
1,3-acyl 733 
alkyl, in isomerization of triphenyl- 

phosphinerhodium compounds 
852 

double-bond, in products of decarbonyl- 
ation and dehydrohalogenation of 
aliphatic acyl chlorides 834 

of aryl groups 727-729 
of carboxyl groups 727, 733-735 

Migratory aptitudes 728 
Migratory preferences 729 
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Minimumenergy pathway 18 
Mixed indicators 629 
MO calculations, and electronic spectra of 

thio acid derivatives 1026 
Model problems 16 
Molecular anions 756 
Molecular complexes, of carboxylic acids, 

hydrogen bonding in 224,225, 
237,238 

Molecular geometry 19 
of formamide 27,28 
of formic acid 22-24 

Molecular orbital energies 6, 8 
Molecular orbitals (MO) 4-6 

canonical (CMO) 4 
localized(LM0) 4 

Molybdate complexes, of a-hydroxy acids 

Monocarboxyalkyl radicals 767 
Monochloroacetic acid, hydrogen bonding 

in hydrates of 237 
a-Monochloroacetic acid, self-association of 

222 
Monofluoroacetic acid, pyrolysis of 865 
Monothio carboxylic acids, 

chemical properties of 1044, 1045, 
1052 

n.m.r. spectra of 1033,1034 
synthesis of 1036 
uv. spectra of 1025 
vibrational spectra of 1029 

104 

Monothio esters - see Thiolo esters, Thiono 
esters 

Monothioformic acid, microwave spectrum 
of 1022 

Morpholine, in a,=-bis(dialkylamin0)- 
acetonitrile synthesis 549 

Morpholine method, for determination of 
anhydrides 629,630 

Multiple equilibria 17 8 
N a-Myristoylhistidine 9 47 
Myristoylhistidines, deacylation of 

p-nitrophenyl esters by 999 

Nalidixic acid, photodecarboxylation of 

Naphthalene, as transcarboxylation product 

Naphthalenecarboxylates, transcarboxyl- 

Naphthalene-l,8dicarboxylic anhydride 

Naphthalene- 1,4,5 ,8-tetracarboxylic acid 

Naphthalic 1,8-anhydride, complexes of 

+Naphthol, reaction of, with aminal esters 

674 

936,940 

ation of 935-938 

197 

anhydride 177,197 

209 

561 

Negative-ion mass spectrometry, 
of amides 159,160 
of anhydrides 162 
of carboxylicacids 123,132,133 
of esters 151, 152 
of thio esters 1036 

esters 900,901 
Neighbouring-group effects, in pyrolysis of 

Neopentyl esters, mass spectra of 
Neophyl acetate, pyrolysis of 902 
Newman projection 624 
Nickel tetracarbonyl, reaction of, with 

136 

tetrakis(dimethylamin0) methane 
566 

Nicotkaide,  hydrogen bonding in 252 
Nicotinic acid, photodecarboxylation of 

Nitrene insertion 545 
Nitric acid, in ketone oxidation 
Nitriles, 

674 

358 

alcoholysis of, in ester synthesis 

hydrolysis of, 

418, 
419 

in amide synthesis 449,450 
in wboxylic acid synthesis 273 

Nitroacetanilides, mass spectra of 155 
p-Nitrobenzaldehyde diethyl acetal, micellar 

catalysed hydrolysis of 964, 
980-982 

6-Nitrobenzisoxazole-3-carboxylate ions, 
micellar catalysed decarboxylation of 
95 8 

o-Nitrobenzoic acid, mass spectrum of 128 
Nitrobenzoic acids, negative-ion mass 

p-Nitrobenzoyl phosphate, micellar 

p-Nitrobenzoyl phosphate dianion, micellar 

Nitrogen oxides, use of in oxidation, 

spectra of 133 

catalysed reactions of 993,994 

catalysed deacylation of 1010 

ofalcohols 303 
of aldehydes 31 3 
of arenes 321-323 
of double and triple bonds 334, 335 

3-Nitronaphthalene-l,8dicarboxylic acid 

Nitrones, cycloaddition of, 
in lactam synthesis 
in lactone synthesis 

spectra of 159 

micellar catalysed deacylation of 
1005 

spectra of 15 1 

99 1 

anhydride 177, 197 

1269- 127 1 
1 180-1 182 

o-Nitrophenylacetamide, negative-ion mass 

(R )-p-Nitrophenyl-N-acetylphenylalanine, 

Nitrophenyl benzoates, negative-ion mass 

pNitrophenyldipheny1 phosphate 981, 
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micellax inhibited reaction of 984 
p-Nitrophenyl p-guanidinobenzoate 

hydrochloride, deacylation of, in 
reverse micelles 986 

p-Nitrophenyl 2-phenylpropionates, micellar 
catalysed hydrolysis of 1005 

3-Nitrophthalic anhydride, 
complexes of 180 
negative-ion mass spectrum of 162 

4-Nitrophthalic anhydride, 
complexes of 181,197 
negative-ion mass spectrum of 162 

Nitrophthalic anhydrides, reaction of, with 
nitrogen bases 203 

3-Nitro-2-pyridylamino acids, chiroptical 
properties of 102 

Nitroso compounds, reaction of, with 
ketenes 1271,1272 

N-Nitroso derivatives of amino acids, 
chiroptical properties of 102, 103 

Non-Relativistic Limit (NRL) 6 
Nomsh Type I1 photoelimination, of 

thiono esters 1052 
Nomalines, CD spectra of 101 
Nuclear-electron attraction 7 
Nuclear magnetic resonance spectroscopy, 

of amides 609,610 
ofanhydrides 632 
of hydrogen bonding 21 7,229 

of lactones 621 
of orthoamides 553, 554 
of S-oxides 1049 
of thio acid derivatives 1033-1035 
of thiocarbonylS-hides 1049 

constant for 946,962,968 
in micellar catalysed reactions 1001 

Nucleophiles, reaction of, with orthoamides 

Nucleophilic groups, use of micelles to 
assist substrate incorporation in 
989 

of lactams 517,608-610 

Nucleophile binding, 

554-571 

Nucleophilic reactions, 
of hydroxy moiety of hydroxyalkyl 

surfactants, with halides and with 
carbocations 1008 

of thio esters 1045-1048 
‘Nylon 3’ 518 
‘Nylon 6’ (Perlon) 5 18 

Octadecylammonium benzoate, as micelle 

Octadecyltrimethylammonium bromide, 

rz-Octadecyltrimethylammonium bromide, 

986 

comicelle of 1001 

as micelle 971,974,975 

Octant rule, in lactones and lactams 
75,76,623 

Octyloxyamine, in deacylation of 
p-nitrobenzoyl phosphate 994 

p-Octyloxybenzyltrimethylammonium 
hydroxide 981 

n-Octyltrimethylammonium bromide, as 
micelle 971,974 

Olefinic aldehydes, cyclization of 850, 
85 1 

Olefins, 

73, 

addition of diazonium salts to 
as products of decarbonylation reactions 

of aliphatic acyl halides 

cycloaddition of isocyanates to 

cycloaddition of nitrones to 

elimination of, 

1192 

834-837, 842 

1 2 24 - 1 23 0 

11 80-1 182 

in reactions of acyl halides with 
triphenylphosphinerhodium 
compounds 840, 841 

in reactions of aldehydes with 
triplienylphosphinerhodium 
compounds 852, 853 

isomerization of 834, 854 
oxidation of, in lactone synthesis 

synthesis of, from amide acetals 
Oleic acid, radiolysis of 762, 763 
Oligopeptides, chiroptical properties of 

Operators 13, 14 

1172, 1173 
585 

99-102 

expectation values of 13 
oneelectron 13 
two-electron 13 

Optical characteristics, of radicals produced 
by pulse radiolysis of aqueous 
solutions of acids 766 

spectroscopy 68,69, 104-107 
Optical rotatory dispersion (ORD) 

of amides 611,612 
of carboxylic acids 93, 109 
of lactams 517, 611, 612 
of lactones 495,621, 624-626 

Optical rotatory power 61 1 
Optimal geometries 19 
Orbital exponents (r) 9 
&Orbital participation, in thio acid 

derivatives 1045 
Organotin compounds, in synthesis of 

orthocaxbamic acid esters 55 1 
Orotic acid, hydrogen bonding in 

dihydrate of 224 
Orthoamides, 

physical characteristics and structure of 
553,554 
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Oxidative sulphuration, in synthesis of thio 
carboxylic acids 1037, 1038 

S-Oxides, 
configuration and conformation of 

1049 
synthesis of 1049 

Oximate ions, as functional micelles 
Oxime derivatives, as functional micelles 

Oxonium salts, 

1007 

1007,1008 

in tris(acy1amino)methane synthesis 
54 7 

reaction with N,N-disubstituted amides 
to give iminium salts 535 

a-0x0 thioacyl chlorides, synthesis of 

Oxycelluloses, estimation of 61 9 
Oxygen, use of in oxidation, 

1044 

of alcohols 305 
of aldehydes 3 13 
of arenes 326-331 
of ketones 361, 362 

in mass spectrometry 

in photolysis of lactones 705 
in photosolvolysis reactions 735 
in study of oxygen interchange reaction 

Oxygen-1 8 labelling, 
124, 141, 143. 

148 

in photolysis of esters 697, 
700,746 

Ozone, use of in oxidation, 
of aldehydes 3 13 
of arenes 326-331 
of double and triple bonds 
of ethers and acetals 346-348 
of ketones 361 -365 

336-341 

reactions of 554-586 
on the a-methylene groups of amide 

and lactam acetals 581-586 
with electrophilic reagents 

with nucleophilic reagents 
572-581 

554-571 
reactivity of 556, 557 
synthesis of 5 3 5- 55 3 

reaction of 
synthesis of 550, 551 

Orthocarbamic acid esters 535 
557, 559, 568, 575 

Ortho effect 
Orthoesters, 

127, 128, 157, 159 

in amide acetal synthesis 
in triaminomethane synthesis 541, 548 

541, 542 

Orthooxalic acid 549 
Osmium oxides, as oxidizing agents in 

lactam synthesis 1305 
Oxadi-n-methane rearrangements 706, 

Oxalic acid, 
731-733 

cathodic reduction of 800 
hydrogen bonding in dihydrate of 
mass spectrum of 129 
radiolysis of 760, 761 
self-association of 222 

230 

a-Oxalic acid, vibrational spectra of 226 
POxalic acid, vibrational spectra of 226 
Oxalic acid amide imide thio esters 577, 

Oxamide, reaction of, with tris(dimethy1- 

1,4-Oxathian 1052 
1,3-Oxathiolium cations 1052 
1,3-0xazin-6-one 5 12 
Oxazoline 1052 
Oxazolines, in carboxylic acid synthesis 

283-286 
Oxetans, formation via EDA complexes 

208 
Oxidation, 

578 

amino)alkoxymethanes 562 

of acetals 344-352 
of alcohols 298-306 
of aldehydes 306-317,453 
of N-alkylamides 460 
of amines 371,452 
of arenes 3 17-33 1 
of carboxylic acids 372 
of double and triple bonds 
of ethers 344-352, 1171, 1172 
of ketals 344-353 
of ketones 
of lactams 460 
of lactones 371, 372 
ofolefins 1172, 1173 
of thio esters 1048, 1049 

Oxidation states. of carbon 2-4 

331-344 

353-37 1, 11 60- 1 170 

Pachystermine A 521 
Palladium metal, as catalyst in dehydro- 

halogenation of aliphatic acyl 
chlorides 834 

Parabanic acid, orthoamides of 549 
Partition, between water and benzene of 

carboxylic acids 237 
Pelargolactam, hydrogen bonding in 244 
Penicillin, i.1. and Raman spectra of 608 
Penicillin V 52 1 
Penicillins 603 

p.m.r. spectra of 610 
radiolysis of, in aqueous solution 777 

Pentafluorobenzamide, mass spectrum of 

Pentafluorobenzoic acid, cathodic reduction 

Pent4-enoic acid 86 1, 865 
Pentenolides, chirality rules for 83-85 
n-Pentyl acetates, mass spectra of 

156 

of 791 

135 
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Peptides 602 
reaction of, with amide acetals 

Peracids, use of in oxidation 
ofacetals 348 
of ketones 353-355 

of alcohols 300, 301 
of aldehydes 3 10 
ofarenes 319 
of double and triple bonds 
of ketones 365-369 

Periodic acid, use of in oxidation, 
of alcohols 300, 301 
of aldehydes 3 10 
of arenes 319 

Perkin condensation, in lactone synthesis 
1108, 1109 

Perkin reaction, in carboxylic acid 
synthesis 276 

Peroxides, use of in oxidation, 

561 
346-348 

Periodates, use of in oxidation, 

336-341 

of alcohols 305 
of arenes 326-331 
of dioxanes 348 
of ketones 361-365 

Peroxy acids, in oxidation of double and 
triple bonds 336-341 

Peroxycarboxyl radicals 767 
PES band 1026 
pH, micellar effects on 950 
Pharmaceutical materials 602 
Phase-transfer catalysts 986, 1007, 1014 
Phenols, 

reaction of, with orthoamides 

thioacylation of 1041 
559-561 

u-Phenoxypropionic acids, CD spectra of 

Phenyl acetate, radiolysis of 770 
Phenyl acetates, mass spectra of 
Phenylacetates, pyrolysis of 878 

Hammett p-factors for 893 
relative rates of 891, 892 

hydrogen bonding in, thermodynamics 

pyrolysis of 869 

chiroptical properties of 108-1 10 
photodecarboxylation of 678-682 

CIDNP studies of 682 
substituent-effect study of 679 

109 

139, 140 

Phenylacetic acid, 

and kinetics of 235 

Phenylacetic acids, 

Phenyl acrylate, pyrolysis of 875 
Phenylalanine, CD spectrum of 98 
a-Phenylalkanoic acids, mass spectra of 

Phenylallenecarboxylic acids, CD spectra of 

Phenyl butanoate, mass spectrum of 

125, 126 

108 
140 

CPhenylbutanoic acid, mass spectrum of 

N-Phenylcarbamates, pyrolysis of, 
Hammett p-factors for 893 
relative rates of 891, 892 

Hammett p-factors for 893 
relative rates of 891, 892 

125 

Phenylcarbonates, pyrolysis of, 

4-Phenylcrotonic acid 860 
cis-2-Phenylcyclohexanol, xanthate derived 

Phenyldiazomethane 575 
2-Phenyl-2,2-diphenylacetamide, pyrolysis 

o-Phenylenediamine 562 
Phenyl ethers 559 
6-Phenylhexanoic acid, mass spectrum of 

Phenylmercaptoic acid, pyrolysis of 865 
Phenyl u-methylacrylate, pyrolysis of 

87 5 
Phenyl nitrobenzoates, negative-ion mass 

spectra of 15 1 
Phenyl (p-nitrophenyl)acetate, negative-ion 

mass spectrum of 15 1 
3-Phenylpropionic acid, mass spectrum of 

125 
3-Phenylpropionyl halides, mass spectra of 

160 
Phenyl substituents at the P-carbon of esters, 

effect on rate of pyrolysis of 
Phenylthioacetamide, hydrogen bonding in 

255 
Phenylthiohydantoins, chiroptical 

properties of 102, 103 
Phenyl valerate, mass spectrum of 140 
Phosphines, reaction of, with dimethyl- 

formamide dimethylacetal 564 
Phosphonic esters 564, 565 
Phosphorescence spectroscopy, 

in micellar catalysed reactions 988 
of EDA complexes 202 

from, pyrolysis of 883 

of 868 

126 

897 

Phosphoric acid dialkyl ester chlorides, 
reaction of, with amide acetals 
576,577 

Phosphorus trichloride, 
in tris(acy1amino)methane synthesis 547 
reaction of, with amide acetals 576, 

577 
Phosphoryl chloride, in tris(acy1amino)- 

Photochemical hydrogen abstraction 

Photochemical reactions, 

methane synthesis 547 

708-727 

in carboxylic acid synthesis 369,408 
in ketone oxidation 369 
in lactam synthesis 1206- 1224, 

1309-131 1 
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in lactone synthesis 1186, 1187, 

involving EDA complexes 204-209 
of thio esters 105 1 

Photodecarbonylation 65 1 
of anhydrides 661-669 
of esters 652-66 1 
of imides 669-671 
of lactams 669-671 
of lactones 652-661 

Photodecarboxylation 67 1 
of acids 671-687 

of anhydrides 708 
of esters 687-708 
of lactones 687-708 
of RXCH, CO, H, 

reductive 739 

1189-1191 

pH-dependent 677 

CIDNP studies of 684 

Photodeconjugation 717, 71 8,722 
Photo-Fries rearrangement, 

of esters 
of thiono esters 1052 

652, 657, 693, 694, 735 

Photooxidation, in lactam synthesis 

Photorearrangements 408-410, 727-735, 

Photosolvolysis 7 3 5- 73 8 

Phthalates, 

1309-131 1 

1186,1187 

of benzyl acetates 651, 694 

cathodic reduction of 805 
determination of the anhydride 

content of 635 
pyrolysis of 894 

cathodic reduction of, to tetrahydro- 

mass spectrum of 

Phthalic acid, 

phthalic acid 793 
130, 13  1 

Phthalic acids, cathodic reduction of 
Phthalic anhydride, 

anion radical of 802 
complexes of 

200,202 
determination of 635 
mass spectrum of 162 
pyrolysis of 874 

793 

176, 179, 180, 197, 

Phthalic thioanhydride, complexes of 176 
Phthalide, 

formation of, in cathodic reduction of 
phthalates and phthalic 
anhydride 805 

pyrolysis df 909 

cathodic reduction of 
hydrogen bonding in 

cathodic reduction of 
mass spectra of 164 

Phthalimide, 

Ph thalirnides, 

814, 816, 817 
249 

819 . 

Phthalimidines, cathodic reduction of 819 
2-Phthalimidobiphenyl, mass spectrum of 

164,165 
4-Phthalimidobiphenyl, mass spectrum of 

164, 165 
N-Phthaloyl derivatives of amino acids, 

chiroptical properties of 102,103 
Picolinic acid, cathodic reduction of 

797-799 
Piperazinedione 1052 
Piperidme, in apbis(dialky1amino)- 

Pivalanilides, mass spectra of 156 
pK, of radicals produced by pulse radiolysis 

of aqueous solutions of acids 766 
pKa - see also Acid dissociation constants 

acetonitrile synthesis 549 

apparent, 
effect of electrolyte on 1000 
effect of micelles on 959, 972 
of m-bromobenzaldoxime 991 

Platinum oxides, as oxidizing agents in 

Polarography, 

of choline 101 0 

lactam synthesis 1306, 1307 

ofamides 618 
of phthalic anhydride 635 
of thio esters 1035, 1045, 1046 

Polar solvents, in pyrolysis of p-keto acids 

Poly-L-alanine, CD spectrum of 100 
Polyamides, 

86 3 

analysis by alkali-fusion gas 

pyrolysis of 869 
chromatography 6 17 

Polycyclic acyl compounds, decarbonyla tion 

Polycyclic imides, mass spectra of 
Polyelectrolytes, soluble 957 
Polyesters, conformation of, by chiroptical 

Polyglutamic acid, CD spectra of 
Poly-u-methylglutamate, CD spectra of 

Polynitro(2,5-;3,6-;4,5-;2,4,5-)naphthalene- 

of 828 
164 

methods 101 
99 

99,100 

1,8-dicarboxylic acid anhydride, 
complexes of 177 

Polypeptides, chiroptical properties of 

Polyproline helices 99 
Polysoaps, as micelles 95 3 
Polythiol esters 1051 
Polyvinylpyridinium chloride 979 
Positive holes 756 
Positive ions, generated as a result of 

99- 102 

electron impact fragmentations 

Potassium 9-anthracenecarboxylate, as 
123-133 

reactant in mixed transcarboxylations 
940 
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Potassium benzenecarboxylates, trans- 
carboxylation of 9 16-932 

effect of catalysts on 932 
in an atmosphere of l4 C- labelled carbon 

dioxide 926-929 
in fused KCNO or KCNS 
mechanism of 9 3 0-9 3 2 
time dependence of the content of 

Potassium benzenedicarboxylates, trans- 

924-928 

reaction mixtures in 918-924 

carboxylation of 918-921 
932, 933 effect of catalysts on 

in fused KCNO 924-927 
mechanism of 930,931 

Potassium benzenehexacarboxylates, 
transcarboxylation of mixtures 
containing 924 

Potassium benzenepentacarboxylates, 
transcarboxylation of mixtures 
containing 924 

Potassium benzenetetracarboxylates, 
as transcarboxylation products, of 

benzenetricarboxylates in fused 
KCNO 926 

transcarboxylation of mixtures 
containing 924 

Potassium benzenetricarboxylates, trans- 
carboxylation of mixtures 
containing 923, 924 

in fused KCNO 924-926 

as reactant in  mixed transcarboxylations 

as transcarboxylation product, 

921,926 

925 

KCNO 926 

in fused KCNO 925.928 
Potassium 2-biphenylcarboxylate, 

Potassium benzoate, 

940 

of potassium isophthalate 920, 

of potassium phthalate 9 18-920, 

of potassium terephthalate in fused 

transcarboxylation of 921-923, 938 

as reactant in mixed tanscarboxylations 

transcarboxylation of 938 

as reactant in mixed transcarboxylations 

transcarboxylation of 938 

94 0 

Potassium 2.2'-biphenyldicarboxylate, 

940 

Potassium 4,4'-biphenyldicarboxylate, as 
transcarboxylation product 938 

Potassium ethyl phthalate, cathodic 
reduction of 805 

Potassium 2-furoate, as reactant in mixed 
transcarboxylations 940 

Potassium hemimellitate, as trans- 
carboxylation product, 

of potassium benzoate 921,922,928 
of potassium isophthalate 920, 921, 

of potassium phthalate 918,919, 925 
of potassium terephthalate in fused 

926 

KCNO 927 
Potassium hydrogen maleate, 

charge-transfer bands of 229 
vibrational spectra of 228 

Potassium isonicotinate, as reactant in 

Potassium isophthalate, 
mixed transcarboxylations 940 

as transcarboxylation product, 
of potassium benzoate 921. 928 
of potassium phthalate 918, 919, 

of potassium terephthalate in fused 
925 

KCNO 927 
transcarboxylation of 920,921 

in fused KCNO 926 
Potassium lauryl sulphate 980 
Potassium 2,6-naphthalenedicarboxylate, as 

transcarboxylation product 935, 
936 

transcarboxylation of 935, 936 
Potassium naphthalenedicarboxylates, 

in fused KCNO 936 
Potassium naphthalenemonocarboxylates, 

as transcarboxylation products 936 
Potassium naphthalenetricarboxylates, as 

transcarboxylation products 936 
Potassium a-naphthoate, as reactant in 

mixed transcarboxylations 940 
Potassium B-naphthoate, as reactant in 

mixed transcarboxylations 940 
Potassium naphthoates, transcarboxylation 

of 936 
in fused KCNO 937 

Potassium nicotinate, as reactant in mixed 
transcarboxylations 940 

Potassium 9-phenanthrenecarboxylate, as 
reactant in mixed transcarboxylations 
94 0 

Potassium phthalate, 
as transcarboxylation product, 

of potassium benzoate 921. 922, 

of potassium isophthalate 920, 

of potassium terephthalate in fused 

928 

921,926 

KCNO 927 
transcarboxylation of 91 8, 919 

effect of catalysts on 
in fused KCNO 925 
mechanism of 930,93 1 

Potassium phthalimide, reaction with 
N,N-dimethylchloromethylene 
iminium chloride 546 

932, 933 
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Potassium picolinate, as reactant in mixed 
transcarboxylations 940 

Potassium pyrazinecarboxylate, as reactant 
in mixed transcarboxylations 940 

Potassium 3,4-pyridinedicarboxylate, as 
reactant in mixed transcarboxylations 
940 

in mixed transcarboxylations 940 
Potassium a-pyrrolecarboxylate, as reactant 

Potassium 4-sulphobenzoate 939 
Potassium terephthalate, 

as transcarboxylation product, 
of potassium benzoate 921-923, 

of potassium isophthalate 920, 

of potassium phthalate 918, 919, 

transcarboxylation of, in fused KCNO 

928 

921,926 

925 

9 27 
Potassium a-thiophenecarboxylate, as 

reactant in mixed transcarboxylations 
940 

938 

lation product, 
of potassium benzoate 
of potassium isophthalate 920, 921, 

of potassium phthalate 918, 919,925 
of potassium terephthalate in fused 

Potassium trimesate, as transcarboxylation 

of potassium benzoate 921, 922,928 
of potassium isophthalate 920, 921, 

of potassium phthalate 918, 919,925 
of potassium terephthalate in fused 

Potassium toluates, transcarboxylation of 

Potassium trimellitate, as transcarboxy- 

921, 922, 928 

926 

KCNO 927 

product, 

9 26 

KCNO 927 
Potentiometric titration 1000 
PPP method 1026 
Primary aldehydes, decarbonylation of 

84 3 
Primary amides, 

i.r. and Raman spectra of 
mass spectra of 613-615 

604-606 

Proline, CD spectrum of 
L-Proline 95 
Propanoates, pyrolysis of, reactivity in 

Propanoic acid, pyrolysis of 
Propargyl aldehydes, 

0,N-acetals of 569 
0,N-aminals of 569 

89, 95, 98  

880 
864, 866 

Propionamide, mass spectrum of 152 
Propionic acid, 

hydrogen bonding in 
negative-ion mass spectrum of 133 

230, 234, 236 

2-Propyl acetate, pyrolysis of, rate of 

n-Propyl benzoate, mass spectrum of 
N-Propyl-3carbomoylpyridinium iodide 

n-Propyl formate, mass spectrum of 

Roteins 602 
fundamental functional group of 

Proton affinity 33-36 
definition of 3 3 

Protonation reactions, theory of 33-41 
Proton dynamics, in hydrogen bonding 

Proton magnetic resonance spectroscopy, 
in quantitative analysis 609 
of thio acid derivatives 1033-1035 

Roton-transfer reactions 42-44, 238 
Proton tunnelling 233 
Proximity effects 128, 133, 151 
Pseudo-phase models, in micellar catalysis 

954,957,960,969 
Pummerer reactions, in synthesis of thiolo 

esters 1039 
Pummerer rearrangement 400,401 
Pyrazincarboxamides, hydrogen bonding in 

Pyrazinecarboxylic acids, transcarboxylation 

Pyrazolone 1052 
Pyridine, 

elimination in 890 
142 

979 

138 
137, 

2, 27 

231-234 

245 

of 939 

electrophilic aromatic substituent 

oximate ions of 991 
constants for 904,905, 907 

Pyridine aldehydes, hydration kinetics of 

Pyridinecarboxylates, transcarboxylation 

2,3-Pyridinecarboxylic acid, intramolecular 

Pyridine acids, intermolecular 

2,3-Pyridinedicarboxylic anhydride, 

Pyridine N-oxide, electrophilic aromatic 

798 

of 939 

hydrogen bonding in 240 

hydrogen bonding in 224 

complexes of 197 

substituent constants for 904, 906, 
907 

Pyridine-N-oxide-2-carboxylic acid, in tra- 
molecular hydrogen bonding in 240 

Pyridines, carboxamido-substituted, 
separation of, by liquid 
chromatography 6 17 

2-Pyridone, hydrogen bonding in 248 
2-Pyridones, mass spectra of 
Pyridylacetic acids, 

6 17 

photodecarboxylation of 680 
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pyrolysis of 865 

of acyl halides 867 
of amides 867-871 
of anhydrides 87 1-874 
of carboxylic acids 860-867 
of esters 874-908 
of lactams 909 
of lactones 908, 909 
of orthoamides 584-586 

Pyrolysis, 

Pyromellitic dianhydride, complexes of 
176,181,183-193,196-198, 201, 
202,204 

Pyromellitic dithioanhydride, complexes 
of 194 

Pyrone 1052 
2-Pyrone, pyrolysis of 909 
a-Pyrone, photolysis of 701 -703 
2-Pyrones, 

properties of 5 11-514 
synthesis of 510,511 

Pyrrolecarboxylic acids, transcarboxylation 

Pyrrolidides, mass spectra of 154 
Pyrrolidine, in a,a-bis(dialky1amino)- 

acetonitrile synthesis 549 
Pyrrolidine amides, mass spectra of 

154 
Pyrrolidinedithione, 1052 
2-Pyrrolidone, dipole moment of 609 
Pyruvamides, intramolecular hydrogen 

Pyruvic acid, 

of 939 

153, 

bonding in 254 

hydrogen bonding in 239 
photolysis of 686 

CIDNP studies of 740 

Quadrant rules 76, 77, 612 
Quinoline, electrophilic aromatic 

substituent constants for 904, 906, 
907 

991 Quinoline aldehydes, oximate ions of 
Quinolinecarboxylic acids, 

anilides of, mass spectra of 
transcarboxylation of 939 

614 

Quinoxalinone 1052 

Radical mechanism in pyrolysis of alkanoic 

Radicals, 
acids 866 

acyl 758 
alkyl-type 757 
anion 801-805,813. 814, 1035, 1045 
benzyl 678,699 
carboxy-hydroxyalkyl 767 
carboxylic 757 
C O , H  677 
formyl 768 

hydrogen 763-768,772,775 
monocarboxyalkyl 767 
*OH 763,764,766,772,774,775 
peroxycarboxyl 767 

of anhydrides 773 
of aqueous solutions, 

Radiolysis, 

of ascorbic acid 774-777 
of carboxylic acids 763-769 
of esters 772, 773 
of penicillins 777 

of carboxylic acids 755-769 
of esters 769-773 
of lactams 777 
of lactones 773-777 
ofwater 763 

Raecke process 398 
Raman spectroscopy, 

of amides 604-608 
of anhydrides 631,632 
of hydrogen bonding 217 
of lactams 608,609 
of lactones 619-621 
of thio acid derivatives 1026, 

1029-1032 
Random coil arrangement, of polyamino 

Rate constants, 
acids 99 

for reaction of ascorbic acid with H, 
e-aq and OH radicals 776 

for reaction of carboxylic acids with H, 
eaq and OH radicals 763-765 

Reaction coordinates 18 
Rearrangements, 

acid-catalysed 403-405 
base-catalysed 393-398,403-408 

of dithiocarbonates 1042 
carbonium ion 1184-1186 
in amide synthesis 450-452 
in carboxylic acid synthesis 380-410 
in lactam synthesis 1272-1299 
in lactone synthesis 11 82-1 187 
in pyrolysis of esters 896,901-903 
involved with fragmentations 124-126, 

photochemical 408-410,652,657, 
134-1 39 

693,694,727-725, 1052,1186, 
1187 

p,y-unsaturated ester 732 
Reductive elimination reactions 853 

of triphenylphosphinerhodium 
compounds 839,840 

Reformatsky reaction, 
in ester synthesis 423,424 
in lactam synthesis 1233, 1265-1267 
in lactone synthesis 1 100-1 11 5 

RhC1, (COCH, CH, Ph)(PPh, X-ray 
[RhCI(C, H, 11 1 1 848 
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salicylic acids, mass spectra of 
'Sandwich' complex, as possible 

127,128 

intermediate in transcarboxylations 
931,932 

Santonins, mass spectra of 627 
Schmidt rearrangement, in lactam synthesis 

Secondary aldehydes, decarbonylation of 
84 3 

Secondary amides, 

1284-1 29 1 

Ndeuterated 605 
i.r. and Raman spectra of 
mass spectIa of 152,613-615 

Sector rules 73-78 
for lactams 612 
for lactones 623,624,626 

of aldehydes 314 
ofarenes 325 

604-607 

Selenide chromophores 99 
Selenium oxides, use of in oxidation, 

Selenolactams, i.r. and Raman spectra of 608 
Self-association - see also Dimerization 

of amides 243-248 
of carboxylic acids, structural aspects of 

SelfConsistent Field (SCF) method 8-10 
Semicarbazides, reaction of, with 

Semiconcerted processes, in pyrolysis of 

221-226 

orthoamides 561,562 

esters containing non-vinylic 
8-hydrogen atoms 880 

and electronic spectra of thio acid 
derivatives 1026 

Semiempirical ASMO-SCF-CI calculations, 

Sesquiterpene lactones 621 
CD spectra of 625 
mass spectra of 627 
separation of, by thin-layer 

chromatography 628 
[2,3] Sigmatropic shift, in reactions of 

unsaturated Grignard reagents with 
dithio esters 1047 

314, 
315 

Silver oxides, in aldehyde oxidation 

Slater-Type Orbitals (STO) 9 
sN1 mechanism, for decomposition of 

S$ mechanism, in pyrolysis reactions, 

-Sn- (stereospecifically numbered) 106, 
107 

Sodium benzenecarboxylates, trans- 
carboxylation of 934 

Sodium 1,4-benzenedisulphonate 939 
Sodium benzenesulphonate, thermal 

p-bromocarboxylate ions in dilute 
aqueous alkali 988 

of anhydrides 872 
of esters 872, 895 

disproportionation of 939 

crystal structure determination of 
838 

RhClCO(PPh,), 827, 839, 840 
oxidative addition of acyl halides to 

84 1 
structure of 837 

Rhc1, (COR)CO(PPh, 1, compounds 841 
RhC1, (COR)(PPh, 1, compounds 838, 

RhCl(PMePh,), 848 
RhCl(PPh,), 826, 837, 838 

oxidative addition, 

84 1 

of acetyl chloride to 838 
of acyl chlorides to 837 

structure of 837 
RhCl(PPh, ), - see Chlorotris 

RhMeI, (PPh,), 837 
RhRC1, CO(PPh, ), compounds 839 

of olefirn and hydrogen chloride 

of RC1 839 

(tripheny1phosphine)rhodium (I) 

elimination from, 

839 

RhRC1, (PPh, ), compounds 841 
RhRHCICO(PPh, ), compounds, reductive 

elimination of alkane from 852 
D-Ribonolactone, cathodic reduction of 

804, 805 
Ring chirality 78-82 
Ring contractions, 

inlactam synthesis 1272-1275 
oxidative 399,400 

Ring expansions, in hctam synthesis 

Ritter reaction 453,454 
Rotational barriers, 

offormamide 28 
of formic acid 23,24 
of E/Z isomers of thio acids 

Rotational modes of a molecule 
Rubidium benzenecarboxylates, 

Rubidium terephthalate, as 

Ruthenium oxides, use of in oxidation, 
in lactam synthesis 1307-1309 
of double and triple bonds 

1274-1297 

1033 
17 

transcarboxylation of 934 

transcarboxylation product 9 34 

335,336 
RXH-acidic compounds, reaction of, with 

RXH, -acidic compounds, reaction of, with 

Rydberg states 25 

Saccharides, chiroptical properties of 105 
Salicylic acid, 

791 

orthoamides 554-557 

orthoamides 554-557 

cathodic reduction of 785-788, 

hydrogen bonding in 240 
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Sodium laurate, as micelle 976,977 
Sodium lauryl sulphate(NaLS), as micelle 

947,955,959,963-966,972,976, 
980,981,983-985,987,992, 
1007 

aggregation number of 956 
densityof 956 

Sodium naphthalenecarboxylates, 
transcarboxylation of 938 

Sodium a-naphthoate, transcarboxylation 
of 937 

Sodium p-naphthoate, transcarboxylation of 
937 

Sodium saccharin, reaction with N,N- 
dimethylchloromethylene iminium 
chloride 546 

product 934 

product 934 

fraction of micellar incorporated 
nucleophile 962 

Sodium terephthalate, as transcarboxylation 

Sodium trimesate, as transcarboxylation 

Solubility methods, for measuring the 

Solvation 41 

Solvent competition in complex formation 

Solvent effects, in pyrolysis of esters 900 
Solvent isotope exchange 745 
Solvent structure 953 
Solvolytic reactions, in ester synthesis 

Sorbamide, hydrogen bonding in 244 
Spatial functions 5 
Specific ion electrodes 960 

of formamide 45-47 

183 

41 1-420 

for measuring the fraction of micellar 
incorporated nucleophile 962 

Spectral methods, for measuring the 
fraction of micellar incorporated 
nucleophile 962 

Spin density, in thio esters 
Spin-Unrestricted Hartree-Fock (SUHF) 

equations 12 
Spirocyclic urea acetals, preparation of 

551 
Spot tests, 

1035 

for amides 603 
for anhydrides 63 1 

in which the stereochemistry is changed 

micellar inhibition of 959 
s ~ 2  reactions, of alkyl halides 
SN1 solvolysis, of r-cumyl chlorides 
Stable structures, theory of 17 
Statistical effects, on the direction of 

SN1 reactions, 

on micellization 989, 1006 

101 1 
904 

elimination in pyrolysis of esters 
884. 885 

Na-Stearoylhistidine, as micelle 1003 
Stereochemical probes 694 
Steric acceleration, in pyrolysis of esters 

Steric inhibition of conjugation 862 
Stem theory 955,956 
Steroid carboxylic acids, chiroptical 

properties of 88, 108 
Steroid ketones, ketalation of 574 
Steroid lactones, 

881,882, 885,889,890,897, 
900-902 

chirality rules for 78 
sector rule for 75 

acetamides of 104,105 
acetates of 104,105 

Steroids, 

Stevens rearrangement 402,574. 
trans-Stilbene 882 
Stobbe condensation, 

in carboxylic acid synthesis 277 
in lactone synthesis 1100 

Stretching vibrations of the CS, group 

Strontium benzenecarboxylates, transcar- 

Strophantidin 503 
Styrylacetic acid 860 
a-Substituent, splitting of, in fragmentation 

processes 1036 
Substituent pattern, 

1030 

boxylation of 935 

influence on Cotton effect of 78, 86 
of the aromatic ring, influence on CD 

spectra 110 
Substitution reactions, electrophilic 296 
Substrate aggregation 985 
Substrate binding constant (Kd 

958,961,962,973 
Succinamide, hydrogen bonding in 245 
Succinic acid, 

946, 957, 

mass spectrum of 130 
vibrational spectra of 226 

Succinic acids, a-substituted, chiroptical 
properties of 91, 92, 94 

Succinic anhydride, 
mass spectrum of 16 1 
pyrolysis of 873 

hydrogen bonding in 249 
mass spectrum of 163 

Succinimide, 

y-Sugar lactones 621 
&Sugar lactones 621 
Sulphide chromophore, in sulphur- 

Sulphines - see Saxides 
Sulphonamides, 

containing amino acids 98,99 

chiroptical properties of 89,90 
reaction of, with orthoamides 561, 

562 



Sulphonyl azides, reaction of, with amide 
acetals 576, 577 

NSulphonylformamidines 580 
Sulphur, 3d orbitals of 1026,1030 
Sulphur compounds, use of in oxidation, 

of arenes 323-325 
of ketones 369 

Sulphur extrusion 1042, 1049 
Sulphuryl chloride (SO, C1, ), in 

Sultam derivatives, of amino acids, 

Superposition of configurations (SOC) 

Surface potential, a t  the Stem layer of 

Surfactants, 

tris(acylamino)methane synthesis 
54 7 

chiroptical properties of 89,90 

wave functions 4 

micelles 955 

anionic, examples of 952 
cationic, examples of 952 
chain-length of 950 
functional 949,988,995-1011 
non-functional 989-995,998 
non-ionic 953,984 
zwitterionic 952,959,985,1009 

Synartetic assistance, in pyrolysis of esters 
902 

Synthesis, 
of acyl halides 438-442 
of amides 442-458 
of anhydrides 437,438 
of carboxylic acids 270-41 1 
of esters 411-436 
of h ides  458-461 

of lactones 493-495,1065-1194 
of orthoamides 535-553 
of thio acid derivatives 1036-1044 

of lactams 516,1194-1315 

Tafel rearrangement 805 
Taft's equation 765 
Taft o*-values, for ethyl esters 
Tartaric acid, hydrogen bonding in 
(+)-Tartaric acid, CD spectrum of 93 
Tartronic acid, hydrogen bonding in 
Terephthalamides, cathodic reduction of 

Terephthalic acid, cathodic reduction of 

Terpene acids, chiroptical properties of 

Tertiary aldehydes, stoichiometric 

Tertiary amides, 

895 
225 

225 

81 7 

793 

108 

decarbonylation of 843 

i.r. spectra of 604,607 
mass spectra of 153,613-615 
Raman spectra of 604,607 
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Tertiary hydrogen phthalates, pyrolysis of 

Tetraalkylammonium dithiocarboxylates, 

Tetraaminoethylenes 547 
Tetrabromophthalic anhydride, 

complexes of 176,181,197,201 
mass spectrum of 162 

Tetrachlorophthalic anhydride, 
complexes of 176,180,195,196,202 
mass spectrum of 162 
reaction of, with triethylamine 203 

894 

synthesis of 1037 

n-Tztradecyltrimethylammonium bromide 

as micelle 971,975,978,979,988 
n-Tetradecyltrimethylammonium chloride, 

Tetraethyl ethenetetracarboxylate, 

947 

as micelle 947,972,979 

anion radical of 803 
dianionof 803 

micelle 986 

spectrum of 161 

553 

Tetra-n-hexylammonium benzoate, as 

Tetrahydrophthalic anhydride, mass 

Tetrakisaminomethane, pentacyclic 552, 

Tetrakis(dialkylamino)methanes 5 35 
reaction of 566,568,585 
synthesis of 552,553 

Tetrakis(dimethylamino)ethylene, 
methanolysis of 545 

Tetrakis(dimethylamino)titanium, in 
tris(dimethy1amino)alkane synthesis 
548 

bithieny14,4'dicarboxqrlic acid, CD 
spectrum of 111,112 

bithienyl-2,2'-di~arboxylic acid, CD 
spectrumof 111, 112 

(R )-(-)-2,2',5,5'-Tetramethyl-3,3'- 

(i? )-(+)-4,4' ,5 ,5'-Tetramethyl-3,3'- 

Tetronic acid, mass spectrum of 
Thermochemistry 59-65 
Thermodynamic acidity 555 
Thermodynamic parameters, of 

orthoamides 554 
Thermodynamic stability of products, 

effect on direction of elimination in 
pyrolysis of esters 884-890 

Thermoxretric method, for the determina- 
tion of anhydrides 631 

1-Thiacyclobutane-3-carboxylic acid-l- 
oxide, hydrogen bonding in 225 

1,2,3-Thiadiazole 105 3 
1,2,4-Thiadiazole 105 3 
Thiapyrane 1052 
2-Thiapyridone, hydrogen bonding in 255 
Thiapyrone 1052 
1J-Thiazine 1053 

166 
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Thiazole 1052 
Thiazole-2-carboxylic acid, cathodic 

Thiazolidine-2-thione, hydrogen bonding in 

Thiepan-2-ones, chiroptical properties of 

Thietan 1052 
Thiirans 1052 
Thin-layer chromatography, €or detection 

reduction of 797 

25 5 

85,107 

and determination, 
of amides 617 
oflactones 628 

Thioacetamide, hydrogen bonding in 255 
Thioacetates, pyrolysis of, reactivity in 

Thioacetic acid, hydrogen bonding in 

3-Thioacetyl-sn-glycerol, CD spectrum of 

Thioacyl anhydrides, synthesis of 1044 
Thioacylation, 

881, 892 

254 

107 

231, 

of alcohols and phenols 1041 
of thiols 1043 

mass spectra of 1035 
synthesis of 1044 
U.V. spectra of 1025 

Thioacyl halides, 

Thioacyl isothiocyanates 1048 
Thio amides, 

N,N-disubstituted, formation of 561 
hydrogen bonding in 254 
mass spectra of 158 
reaction of, with orthoamides 561, 

Thioanilides, hydrogen bonding in 255 
Thiobenzamide, mass spectrum of 158 
Thiobenzoic acid, hydrogen bonding in 

Thiobenzoylamino acids, chiroptical 

Thiobenzoyl hexafluoroantimonate, 

Thiocarbonates, pyrolysis of, formaticn of 

Thiocarbonyl-S-imides, 

562 

254 

properties of 102 

synthesis of 1044 

thio esters in 895 

configuration and conformation of 
1049 

synthesis of 1049 
Thiocarboxylate anions, vibrational 

Thio carboxylic acids, 
spectra of 1030 

alkylation of 1038 
bond angles of 1022,1023 
bond lengths of 1022, 1023 
dipole moments of 1023, 1024 
electron diffraction spectra of 1022, 

1023 

formation of heterocycles from 1052 
hydrogen bonding in 254 
mass spectra of 132 
microwave spectra of 1022, 1023 
n.m.r. spectra of 1033-1035 
prototropic behaviour of 1044, 1045 
synthesis of 1036- 1 038 
U.V. spectra of 1023,1025-1028 
vibrational spectra of 1029-1031 
X-ray diffraction of 1022,1023 

Thio derivatives of amino acids, chiroptical 

Thio esters, 
properties of 102, 103 

bond lengths of 1022,1023 
dipole moments of 1024 
electrophilic reactions of 1048-1051 
e.s.r. spectra of 1035 
functional-group moments of 1025 
i r .  spectra of 1030-1032 
mass spectra of 150,151,1035,1036 
n.m.r. spectra of 1033-1035 
non-polar reactions of 1051, 1052 
nucleophilic reactions of 1045-1048 
prototropic behaviour of 1045 
synthesis of 1038-1044 
U.V. spectra of 1025,1027,1028 

Thioglycollic acids, mass spectra of 
Thioglycollic esters, mass spectra of 
Thiolacetates, chiroptical properties of 107 
Thiolactams, i.r. and Raman spectra of 608 
a-Thiolactones, synthesis of 1038 
r-Thiolactones, ORD spectra of 85 
Thiolcarbamates, formation of, from 

132 
150 

rearrangement of thioncarbamates 
896 

rearrangement of thioncarbonates 
896 

Thiolcarbonates, formation of, from 

Thiolo esters, 
acylation of 1050, 1051 
alkylation of 1050 
chiroptical properties of 107 
i.r. spectra of 1030 
mass spectra of 1035,1036 
n.m.r. spectra of 1034, 1035 
oxidation of 1048 
photolysis of 1051 
proton acceptor properties of 1045 
reaction of, with carbanions 1047 
reduction of 1045,1046 
solvolysis of 1048 
synthesis of 1038,1039 
thionation of 1042 

acylation of 1038, 1039 
reaction of, with amide-phosphoroxy- 

thioacylation of 1043 

Thiols, 

chloride adducts 539 



Index 

Thiolysis, 
in thio carboxylic acid synthesis 
in thio ester synthesis 1040-1042 
of orthoamides 561 

1037 

Thionacetates, pyrolysis of, reactivity of 

Thionamide chromophore 108 
Thionamides, chiroptical properties of 

Thionation 1040, 1042 
Thioncarbamates, pyrolysis of, rearrange- 

Thioncarbonates, pyrolysis of, rearrange- 

Thiono derivatives, of amino acids, 

Thiono esters, 

881,896 

102,103 

mentin 896 

mentin 896 

chiroptical properties of 102,103 

acylation of 1050,1051 
alkylation of 1049 
i.r. spectra of 1030,1031 
mass spectra of 1035,1036 
n.m.1. spectra of 1033,1034 
oxidation of 1048 
photolysis of 1051,1052 
proton acceptor properties of 1045 
reaction of, with carbanions 1047 
rearrangement of 1039 
reduction of 1045, 1046 
solvolysis of 1048 
synthesis of 1040-1042 

electrophilic aromatic substituent 

Thiophenecarboxylic acids, transcarboxy- 

Thiophilic addition 1047 
Thiophilic attack 1048 
Thio ureas, 

Thiophene 1052 

constants for 904, 906 

lationof 939 

in synthesis of orthocarbamic acid 

reaction of, with orthoamides 561, 
esters 550 

562 
1,3,4-Thioxazole 1053 
Third-order reactions, micellar catalysis of 

Thujyl acetate, pyrolysis of 888 
Thymol blue 629 
Titration methods, for determination, 

of amides 618 
of anhydrides 629,630,635 
of lactams 61 8 
of lactones 61 9 

949,975,976 

0-Toluic acid, mass spectrum of 
Tolylacetic acid-d, isotope effect of 
Topology, of the energy surface for the 

127, 128 
681 

tetrahedral intermediate in the 
base-catalysed hydrolysis of methyl 
formate 49, 50, 53 

Transamidation 448,449 
Transamination 544,548 
Transcarboxylation 91 5-942 

effect of catalysts on 
effect of cations on 933-935 

932, 933 

1471 

intermolecular, ionic mechanism of 
916-940 

ionic character of the liberation of the 

mixed 940-942 

carboxylate group from the 
benzene ring in 9 17 

as a method for determination of fie 
unknown transcarboxylation 
mechanism of one partner 
942 

of mixtures of benzenecarboxylates 
labelled and non-labelled by 
deuterium on the benzene ring, 
exchange of deuterium by 
protium in 929,930 

recarboxylation in 917,931 
simultaneous decarboxylation- 

Transesterification 419, 420 
Transition states, 

in fragmentation processes, 
four-membered 125, 140 
six-membered 125 

in pyrolysis of N-t-butylacetoacetamide, 

in pyrolysis of 2,2dimethylbut-3-enoic 

in pyrolysis of esters 890 

eight-membered 868 

acid 861 

comparison between f-butyl and 

polarity of 881, 886, 892, 893 
seven-membered 895,902 . 
six-membered 877,878,883 

i-propyl 892 

in pyrolysis of P-keto acids, six- 
membered 863 

in pyrolysis of phenylacetamides, 
four-membered 869 

in pyrolysis of propanoic acid, five- 
membered 866 

in pyrolysis of trimethylacetic acid, 
seven-membered 867 

theory of 17 
with electron-deficient centres 890 

Translational modes of a molecule 
Transprotonation process, in trans- 

Trialkoxyacetonitrie 575 
Trialkylammonium dithiocarboxylates, 

Triazolines 544 
Tributyl phosphate, pyrolysis of 894 
Trichloroacetamide, hydrogen bonding in 

Trichloroacetanilides, mass spectra of 155 

17 

carboxylation 932,937,939 

synthesis of 1036 

249 



1472 Index 

Trichloroacetic acid, hydrogen bonding in 

thermodynamics and kinetics of 235, 

vibrational spectra of 228 

231,232 

237 

Trichloroacetic acid ester, as precursor of 
dichlorocarbene in amide acetal 
synthesis 540 

secondary amines 534 

ethers 348 

in 254 

phthalic anhydride 203 

of orthocarbamic acid esters 550 

l,l,l-Trichloroethane, reaction of, with 

Trichloroisocyanuric acid, in oxidation of 

Trichlorothioacetic acid, hydrogen bonding 

Triethylamine, reaction with tetrachloro- 

Triethyloxonium fluoroborate, in synthesis 

Trifluoroacetamides, mass spectra of 158 
Trifluoroacetates, pyrolysis of 886 
Trifluoroacetic acid, 

electrocatalytic reduction of 800 
hydrogen bonding in 230,232,235 

electron spectra of 229 
vibrational spectra of 228 

pyrolysis of 865 
Trifluoroacetylacetic acid 863 
1-Trifluoroacetylindole, hydrolysis of, 

micellar effects on 99 2 
3'-Trifluoromethyldiphenylamine-2- 

cazboxylic acid, hydrogen bonding 
in 225 

Triglycerides, chiroptical properties of 
107 

Trialides, 
in acyl halide synthesis 441 
in carboxylic acid synthesis 275 

Trihalomethanes, in triaminomethane 
synthesis 546,547 

a-Trimethylammonio acids, CD spectra of 
94 

a -N,N,N-Trimethylammonio tertiary 
amides, CD spectra of 

a-Trimethylammonium acids, chiroptical 
properties of 88, 90, 91, 94,95 

a-Trimethylammonium esters, chiroptical 
properties of 88, 90,91, 94.95 

Trimethyl-l,l,2-ethanetricarboxylate 809 
Trioctylmethylammonium chloride, as 

deacylation catalyst 1002, 1007 
Tri-n-octylmethylammonium chloride, as 

functional micelle 996 
Triols, dibenzoate chirality rule for 

113 
2,2,2-Triphenylacetamide, pyrolysis of 

868 
Triple bonds, oxidation of, in carboxylic 

acid synthesis 331-344 

94, 95 

11 2, 

Tris(acylamino)methanes 535 
reaction of 562,567,571, 578,586, 

synthesis of 545-550 
Tris(dialkylamino)alkoxymethanes 535 

reaction of 568,576,584 
synthesis of 552 

Tris(dialkylamino)methanes 535 
reaction of 557, 558,562,566,573, 

574,577,578 
synthesis of 545-550 

Tris(diarylamino)methanes 535 
Tris(dmethylamino)phenylmethme, 

synthesisof 548 
Tris(N-me th yl-N-phenylamino)methane, 

synthesis of 546 
'Trithio anhydrides', synthesis of 1044 
Tryptophane, CD spectrum of 98 
'Twinning' of reactants 995,1002 
Type  I cleavage reactions 731, 734, 735, 

59 7 

738 ~~ 

Type II reactions 677,678,712-718, 
722.744 

Tyrosine, CD spectrum of 98 

Ultrafiltration method 980 
for measuring the fraction of micellar 

incorporated nucleophile 962 
Ultraviolet spectroscopy 69-73 

of acetic acid 70 
of acrylic acid 108 
of acylthio derivatives 107 
of alanine in hexafluoroisopropanol 70 
of amides 612,613 
of amino acids 95,98 
of anhydrides 632, 633,670 
of benzoic acid 72 
of carboxylate anions 71 
of formic acid 70 
of lactams 517, 613 
of lactones 626 
of oligopeptides 101 
of polypeptides 99, 100 
of thio acid derivatives 1023, 

1025-1029 
Unimolecular reactions, 

micellax catalysis of 
976,993,994 

pseudo-phase model for 960 
salt effects in 977 
simple kinetic model for 957-959 

micellar inhibition of 959 
Unsaturated acids - see also Alkenoic acids 

intramolecular cyclization of 

mass spectra of 131, 132 

949, 969, 975, 

1078-1096 

z,p-Unsaturated acids, isomerization to 
P,y-unsaturated acids 860 



p, y-Unsaturated acids, pyrolysis of 

substituent effects in 861 
860-863,877 

Unsaturated amides, mass spectra of 157, 
158,615 

+Unsaturated amides, cyclization of 

ag-Unsaturated anhydrides, pyrolysis of 

Unsaturated esters, 

1206-1223 

873,874 

intramolecular cyclization of 

mass spectra of 147,148 
1078-1 096 

Urea, effect of, on micellar catalysed 

Ureaacetals 535 
alcoholysis of 550 
reaction of 
synthesis of 551,552 

reaction of, 
with orthoamides 561,562 
with orthoesters 542 

N. N,N', N'-tetrasubstituted, in 

reactions 984 

559, 568, 576, 584 

Ureas. 

synthesis of orthocarbamic acid 
esters 550 

Vacuum ultraviolet CD spectra, 
of amino acids 95,98 
of oligopeptides 101 
of polypeptides 99, 100 

Valence Bond (V3) wave functions 
8-Valerolactam, hydrogen bonding in 246 
Valine, CD spectrum of 98 
g-Values, of thio ester radical anions 1035 
Variation theorem 6 
Vermeerin, identification of 628 
Vermiculine 515 
Vernolepin 507 
Vernolide, mass spectrum of 627 
Vibrational modes of a molecule 
Vibrational spectroscopy - see also 

4,s 

17 

Infrared spectroscopy, Raman 
spectroscopy 

of hydrogen-bonded carboxylic acids 
226-228 

Vilsmeier-Haack intermediates 547 
Vinyl benzoate, pyrolysis of 876 

cis Pelimination in 876 
Vinyl esters, pyrolysis of 
Vinyl ethers, pyrolysis of 877 
Vinylic aldehydes, decarbonylation of 

876, 877 

848 
retention of configuration during 852 

Index 1473 

N-Vinyllactams, i.r. and Raman spectra of 

Vinylogous amide acetals, synthesis of 

Vinylogous amide chromophore 103 
Vinyl substituents at the pcarbon of esters, 

effect on rate of pyrolysis of 
S-Vinyl thiol esters, synthesis of 

Water pools 953,986 
Wave functions 4-16 
Wavelength effect, in photochemical 

Wildfire toxin 521 
Willgerodt reaction 369,452 
Wilson's GF matrix method 16 
Wittig-type reactions, 

in amide synthesis 457 
in carboxylic acid synthesis 278 
in ester synthesis 422,423 
inlactone synthesis 1115,1116 

in carboxylic acid synthesis 380-385 
in lactam synthesis 1272,1273 

Xanthates, pyrolysis of 883 
reactivity in 896 
rearrangement in 896 
transition state for 883 

of S-oxides 1049 
of thio acid derivatives 
of thiocarbonylS-imides 1049 

Yukawa-Tsuno version of the Hammett 

608 

538 

897 
1038 

reactions 660,725,727,735,745 

Wolff rearrangement, 

X-ray diffraction, 

1022, 1023 

equation 897 

Zearalenone dimethyl ether 51 5 
Zeta potential, in micelles 955 
Zinc benzenecarboxylates, transcarboxyla- 

tion of 9 35 
Zinc naphthalenecarboxylates, trans- 

carboxylation of 938 
Zinc salts, as catalysts, in transcarboxyla- 

tions 932 
Zwitterionic form, 

of y-aminobutyric acid 26 
ofglycine 32 

as intermediates in pyrolysis, 
Zwitterions, 

of alkanoic acids 865, 866 
of anhydrides 874 
of b-keto acids 863 

as micelles 952,959,985, 1005 
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