


sgm YESHIVA UNIVERSITY 

Wff THE LIBRARIES 

BELFER 
GRADUATE SCHOOL 
OF SCIENCE 
LIBRARY 





3 



The chemistry of amides 



THE CHEMISTRY OF FUNCTIONAL GROUPS 

A series of advanced treatises under the general editorship oj 
Professor Saul Patai 

The chemistry of alkenes (published in 2 volumes) 
The chemistry of amides (published) 

The chemistry of the carbonyl group (published in 2 volumes) 
The chemistry of the ether linkage (published) 
The chemistry of the amino group (published) 

The chemistry of the nitro and nitroso groups (published in 2 parts) 
The chemistry of carboxylic acids and esters (published) 

The chemistry of the carbon-nitrogen double bond (published) 



The chemistry of 
amides 

Edited, by 

JACOB ZABICKY 

The Weizmann Institute of Science, 

Rehovoth, Israel 

1970 

INTERSCIENCE PUBLISHERS 
a division of John Wiley & Sons 

LONDON - NEW YORK - SYDNEY - TORONTO 



First published 1970John Wiley & Sons Ltd. All 

Rights Reserved. No part of this publication 

may be reproduced, stored in a retrieval system, 

or transmitted, in any form or by any means 

electronic, mechanical photocopying, recording 

or otherwise, without the prior written permis¬ 

sion of the Copyright owner. 

Library of Congress Catalogue Card No. 76-116520 

ISBN 0 471 98049 8 

Made and printed in Great Britain by 

William Clowes and Sons Limited, London and Beccles 



To Judith 

A woman of valour who can find ? . . . 

Proverbs 31:10-29 





Foreword 

The amide function as considered in the present volume is based on 
O 

. • , « / 
the tnvalent group —C—N<" . On attaching various radicals to 

the three free valences of this group, one may obtain many classes of 

compounds. In order to keep the volume within a reasonable size, 

some restrictions were imposed as to the type of radical that might 

be attached at each site. On the carbonyl side of the group only 

bonds to H or C atoms were allowed, while on the amino moiety of 

the group N could also be attached. These limitations leave com¬ 

pounds such as carbamates, ureas and semicarbazides, outside the 

scope of the book, but include in it amides, lactams, imides, diacyla- 

mines, triacylamines and hydrazides. The thiono analogues of these 

compounds are also discussed. 

Studies on the peptidic carboxamido group are usually biologi¬ 

cally oriented and extensively reviewed in other publications. 

Authors were asked to avoid or abbreviate discussions on compounds 

containing this link, unless they afford good illustrations of features 

present in other types of amides too. 

The nomenclature rules of the International Union of Pure and 

Applied Chemistry [Pure Appl. Chem. 11, Nos. 1-2 (1965)] and 

Chemical Abstracts [Chem. Abstr. 66, Introduction to Subject Index 

(1967)] are not always adequate to designate all the intermediates 

and compounds mentioned in the text and are sometimes in conflict 

with widely accepted usage. No attempt was therefore made to 

attain a uniform nomenclature throughout the book, however any 

confusion that might arise from this fact should be dispelled by the 

profusion of formulae that accompany the text. 

It is regretted that chapters on analysis and mass spectrometry of 

amides failed to materialize. 

I wish to thank Prof. Saul Patai for his helpful advice and my wife 

for her patience and encouragement. 
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The Chemistry of the Functional Groups 

Preface to the series 

The series ‘The Chemistry of the Functional Groups’ is planned to 

cover in each volume all aspects of the chemistry of one of the impor¬ 

tant 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 Chemistry of the Ether 

Linkage deals with reactions in which the C—O—C group is involved, 

as well as with the effects of the G—O—G 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—O—C functional group. 

A further restriction in the treatment of the various functional 

groups in these volumes is that material included in easily and gen¬ 

erally available secondary or tertiary sources, such as Chemical 

Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances ’ 

and ‘Progress’ series as 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 to give an encyclopaedic coverage of his 

subject, but to 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 read¬ 

ability of the text. The Editor set himself the goal of attaining 

reasonable coverage with moderate overlap, with a minimum of 
i* IX 



X Preface to the series 

cross-references between the chapters of each volume. In this 

manner, sufficient freedom is given to each author to produce read¬ 

able quasimonographic chapters. 
The general plan of each volume includes the following main 

sections: 

(a) An introductory chapter dealing with the general and theo¬ 

retical aspects of the group. 

(b) One or more chapters dealing with the formation of the func¬ 

tional group in question, either from groups present in the molecule, 

or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 

of the functional groups, i.e. a chapter dealing with qualitative and 

quantitative methods of determination including chemical and physi¬ 

cal methods, ultraviolet, infrared, nuclear magnetic resonance, and 

mass spectra; a chapter dealing with activating and directive 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 rearrange¬ 

ments which the functional group can undergo, either alone or in 

conjunction with other reagents. 

(e) Special topics which do not fit any of the above sections, such 

as photochemistry, radiation chemistry, biochemical formations and 

reactions. Depending on the nature of each functional group treat¬ 

ed, 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 vol¬ 

ume The Chemistry of the 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 ‘Tetraamino- 

ethylenes ’ 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 presentation 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 
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several parts, without giving consideration to the originally planned 

logical order of the chapters. If after the appearance of the origi¬ 

nally 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 an additional part, this 

will be done as soon as possible. 

The overall plan of the volumes in the series ‘ The Chemistry of the 

Functional Groups’ includes the titles listed below: 

The Chemistry of Alkenes {published in two volumes) 

The Chemistry of the Carbonyl Group {published in two volumes) 

The Chemistry of the Ether Linkage {published) 

The Chemistry of the Amino Group (published) 

The Chemistry of the Nitro and Nitroso Group {published in two parts) 

The Chemistry of Carboxylic Acids and Esters {published) 

The Chemistry of the Carbon-Nitrogen Double Bond {published) 

The Chemistry of the Cyano Group {in press) 

The Chemistry of the Amides {published) 

The Chemistry of the Carbon-Halogen Bond 

The Chemistry of the Hydroxyl Group {in press) 

The Chemistry of the Carbon-Carbon Triple Bond 

The Chemistry of the Azido Group {in preparation) 

The Chemistry of Imidoates and Amidines 

The Chemistry of the Thiol Group 

The Chemistry of the Hydrazo, Azo and Azoxy Groups 

The Chemistry of the Carbonyl Halides {in preparation) 

The Chemistry of the SO, S02, —S02H and —S03H Groups 

The Chemistry of the —OCN, —NCO and —SCN Groups 

The Chemistry of the —P03H2 and Related Groups 

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 Jerusalem helped me 

in the solution of various major and minor matters and my thanks 
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are due especially to Prof. Y. Liwschitz, Dr. Z. Rappoport and Dr. J. 

Zabicky. 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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2 M. B. Robin, F. A. Bovey, and Harold Basch 

I. INTRODUCTION 

Our present knowledge of the molecular structure of the amide group 

(1) is founded largely upon the results of x-ray and electron diffraction 

o 
\ 

C—N 

,R(a) 

analysis, while that of the electronic structure is derived both from 

diverse spectroscopic experiments (u.v.-i.r.-n.m.r.-microwave) and 

the results of various semi-empirical and ab initio quantum mechanical 

calculations. As might be expected, problems still exist in regard to 

both the molecular and electronic structures of amides, but sufficient 

theoretical and experimental data are now at hand to allow more or 

less detailed descriptions of not only the ground state of the amide 

group but certain excited states as well. 

Figure 1. Mean values of the distances (A) and angles within the amide group 

in a crystalline environment. 

Much of the recent interest in the amide group is no doubt related 

to the fact that it is the repeating unit in the biologically important 

polypeptide macromolecules. Since the amide groups within the poly¬ 

peptide molecule appear to be only weakly interacting, they retain 
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their character to a large extent as isolated amide groups, and for this 

reason the study of isolated, i.e. monomeric amides, has been intense. 

However, because the polypeptide aspects of the amide structure have 

been adequately reviewed recently1-3, we shall largely ignore them 

here, except where experiments on polypeptides have provided 

pertinent data which otherwise has not been available for the mono¬ 

meric amides. In our discussion of the amide group, we shall also 

largely ignore intermolecular effects such as solvent shifts, dimer forma¬ 

tion, hydrogen bonding, complexation, etc. Instead, we present first, 

some of the pertinent molecular structural data, and then go on to 

descriptions of the n.m.r. spectra, theoretical electronic structure, and 

finally, electronic and photoelectron spectra of various amides. We 

present this discussion in a book dedicated almost totally to the organic 

chemistry of the amide group in the hope that organic chemists may 

find in it some physical-chemical information either of value in ex¬ 

plaining the results of their experiments, or so stimulating as to en¬ 

courage new experiments. 

II. MOLECULAR STRUCTURE 

X-ray structure analyses of a variety of crystalline amides show a fairly 

constant geometry for the amide group (Table 1), the mean values of 

which are given in Figure 1. The heavier atoms of the primary amide 

group (C',C,0,N) are essentially coplanar, however, the evidence 

would seem to indicate that the protons of the NH2 group are not in 

the plane of the heavier atoms. In many of the crystals listed in Table 

1, the amides are found as centrosymmetric dimer pairs (2). 

0--H—N 

_</ 
\j—H-O^ 

(2) 

The results of structure determinations on monomeric amides in the 

gas phase are distinctly different from those in the crystalline state, the 

gaseous amides having the C=0 distance reduced to 1T9-T21 A and 

a concomitant opening of the G—N distance to 1 -36-1-37 a. The angles 

however appear to be sensibly the same, with C'CN being 113-117°, 

and the other two about 120-125° each. A plot of the C—O vs. C—N 

distances of several amides in both the gas and crystalline phases 

suggests a reciprocal dependence, the shortest C=0 distances having 
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5 1. Molecular and electronic structure of the amide group 

the longest G—N (Figure 2). However, the axes in both directions 
only encompass 0-1 a, and the points for some crystalline amides 
(acetamide, decanamide, tetradecanamide) are so far off the line as 
to be off the graph. The significance of this reciprocal bond-length 
dependence will be discussed below. It is also to be noticed that there 

Figure 2. C=0 versus C—N distances in (1) formamide (crystal), (2) suber- 

amide, (3) aureomycin, (4) taznj-oxamide, (5) benzamide, (6) diketopiperazine, 

(7) succinamide, (8) 7V,iV,iVr,,iV’,-tetramethyl-a,a,-dibromosuccinamide (meso- 

form), (9) chloroacetamide (a-form), (10) acetamide (gas), and (11) formamide 

(gas). 

is a slight shortening of the C'—G bond in amides of about 0*02- 
0-06 a below that of ethane, which can be ascribed to the smaller radius 
of the —C= atom in amides19. 

In theoretical studies of the amide group, it has always been as¬ 
sumed that all the atoms depicted in Figure 1 were coplanar, allowing 
maximal conjugation of the v electrons in the C=0 bond and the 

‘non-bonding’ pair of the —NR2 group. Actually, the gas-phase 
microwave absorption spectrum of formamide suggests this is not quite 
correct, for the hydrogens of the NH2 group are 0*15 A out of the NCO 
plane6. In diketopiperazine, it is also claimed that the amino proton 
is 0-02 a out of the NCO plane17. These situations appear to be 
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much like that of aniline, where simple 7r-electron arguments would 

predict sp2 hybridization at the nitrogen atom and a planar, conju¬ 

gated structure, whereas the hybridization at the nitrogen, in fact, is 

found to lie between sp2 and sp3, resulting in a non-planar structure 20. 

Curiously, in crystalline benzamide10, the molecule is grossly non- 

planar, with the amide portion turned 26° out of the plane of the 
phenyl ring. 

It appears from the structural studies that in spite of possible non¬ 

planarity, there does exist appreciable conjugation and double-bond 

character in the C—N linkage. Thus the reciprocity between C—N 

and C=0 bond lengths could well be explained by variable contribu¬ 

tions from the two valence-bond structures 3 and 4, with increasing 

o O 
// / 

—c 
\ \+ 

N— 
1 

N— 
1 

(3) (4) 

amounts of 4 leading to shorter C—N distances and longer C—O 

distances. In fact, the C—N distance of, say, 1-376 A in gaseous 

formamide, is intermediate between the single bond C—N distance 

of 1-47 A and the double bond C=N distance of 1-24 A, as expected 

from such an explanation. However, it would seem that such an 

argument is superficial, for in the same molecule, one finds the G—O 

bond distance (1-19 A) to be just that expected for a pure C=0 double 

bond, the intermediate length being approximately 1.31 A. Thus 

there appears to be something going on in the cr-electron systems of 

amides which affects the bond lengths, and which does not allow a 

simple 77-electron explanation of the reciprocal relationship shown in 
Figure 2, if indeed, such a relationship exists at all. 

A variable contribution of polar structure 4 to the ground states of 

different amides as suggested by the C—N bond lengths might reason¬ 

ably be expected to express itself as a variation in the dipole moments 

of these molecules. Meighan and Cole21 infer ‘the presence of 

considerable difficulties’ in the measurement of amide dipole moments 

m solution, but they present gas-phase values which are remarkably 

constant from molecule to molecule. They report at 110°c: A-methyl- 

formamide, 3-82 d; A,A-dimethylformamide, 3-80 d; acetamide, 3-75 

d; A-methylacetamide, 3-71 d; 7V,iV-dimethylacetamide, 3-80 d; and 

iV-methylpropionamide, 3-59 d. The microwave determination of the 
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dipole moment of gaseous formamide gave 3'7 d22. From these 

values, it seems that the amide group itself can be assigned a moment 

of 3-75 d, with variations in the amount of structure 4 and o-bond 

moments due to various alkyl groups having a net effect of only 
± 0-1 D. 

Another interesting feature of the molecular structure of amides is 

the possible geometric isomerization about the G—N and G—C' 

bonds of this group. This feature of the structure of amides, together 

with the thermodynamic aspects of isomerization are best studied using 

the techniques of n.m.r. spectroscopy as described in the following 
section. 

IN. NUCLEAR MAGNETIC RESONANCE 

Amides have been intensively studied by n.m.r. Though most of these 

studies have dealt with rotational isomerization about the G—N 

bond, chemical shifts, J couplings, proton exchange, and association 

have received considerable attention as well. A general, overriding 

motivation for such studies is their relevance to polypeptides and 

proteins. This aspect, however, will not be emphasized here. 

Although formamide has been shown by microwave studies to have 

a slightly pyramidal conformation about the nitrogen atom, it is 
permissible to regard the 

O 
\ / 

C—N 
/ \ 

bond system as planar for most amides, at least so far as n.m.r. inter¬ 

pretations are concerned. The pyramidal conformation, if present, 

will invert very rapidly6, and so will appear effectively planar. 

Rotation about the G—N bond is slow, the barrier being of the 

order of 20 kcal/mole. This is attributed23 to partial double-bond 

character derived from the structure 5. As a result, the environments 

V < 
A 

B 

(5) 

of groups A and B are not averaged, and they can usually be observed 

separately by n.m.r. even at temperatures well above room tempera¬ 

ture. These features will be described further in section III.D. 
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A. J Couplings 

The 14N nucleus has a spin of 1 and consequently an electric quad- 

rupole moment. It therefore tends to couple strongly to the motions 

of the molecular framework via the electric-field gradients in the 

molecule. Scalar coupling of 14N to protons directly bonded to it 

varies from 30 to 70 c.p.s., depending upon the hybridization of the 

bond. For amides, Ji4N_iH is usually about 65 c.p.s. The 14N—4H 
coupling is most clearly observed in molecules such as the ammonium 

ion, the proton spectrum of which is a 1:1:1 triplet with a spacing of 

52 c.p.s. Here, the molecular environment is highly symmetrical 

and the interaction of the nuclear quadrupole with the molecular 

electric-field gradients is very weak, and would in fact be zero if it 

were not for vibrational perturbations of the tetrahedral symmetry. 

The coupling of the 14N quadrupole to the tumbling of the molecule 

in less symmetrical environments, such as the amide group, tends to 

remove the 14N—4H coupling and if sufficiently effective will collapse 

the triplet completely. An example is provided by A-acetyl-L-valine 

(6) 24, the NH spectrum of which is a sharp doublet (from coupling 

h3c ch3 

\/ 
CH 

ch3conhchco2h 

(6) 

to the a-proton); probably in this case molecular asymmetry produces 
unusually large electric-field gradients. 

More commonly, the amide-proton resonance appears as a broad 

singlet, 10-100 c.p.s. in width. Figure 3a shows the normal spectrum 

of formamide, the spectrum of the amide protons is broad and feature¬ 

less. Upon irradiation at the resonance of 14N, the ‘ decoupling ’ of the 

nitrogen and directly bonded protons can be made complete and 

separate resonances for each proton can be seen (Figure 3b). The 

assignments and couplings are shown in the figure and caption. The 

relative chemical shifts indicated are based on the assumption that 

trans vicinal couplings across a C—N bond with double-bond character 

will be larger than cis, as in olefins*. (The assignment could in 

principle be proved by nuclear Overhauser effect measurements- 
see below.) 

* The cis-trans nomenclature has been recently changed as explained in 

section I.C.2 of Chapter 8. The new designation is not used in the present 
chapter. ^ 
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r 

Figure 3. The 60 MHz n.m.r. spectrum of neat formamide, previous to, (a), 

and upon decoupling of the 14N nucleus by irradiation, (b). From the calculated 

spectrum, (c), the following parameters are determined: ta = 2-70 r; rB = 

3-35 t; tc = 3-56 r; TAB = 2T c.p.s.; JAC — 13*3 c.p.s.; JBc = 2T c.p.s. 

The ‘decoupling’ effects of molecular motion in amides are, as one 

might expect, temperature dependent. Thus, Roberts25 found that 

the broad singlet resonance of the NH2 group of formamide begins to 

assume a triplet character above about 50°c; for acetamide and N- 

methylacetamide the transition was in the neighbourhood of 200°; for 

iV-metbylformamide it remained a singlet up to 250°, the highest 

temperature employed. Conversely, it was found26 that on adding 
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glycerol to increase the viscosity of an aqueous formamide solution, the 

NH2 peak became a doublet, although not so well resolved as in 

Figure 3b. Likewise, the amide protons of polyacrylamide appear as a 

doublet26. The reason for this behaviour is that as molecular motion 

is increased, the component of the local magnetic noise spectrum at the 

resonant frequency of 14N is decreased, and consequently the spin- 

lattice relaxation time is increased. Under these conditions, the spin 

lifetime of the 14N nucleus becomes long enough for the 14N—XH 

coupling to be observable. Conversely, when motion is restricted by 

increasing the solvent viscosity or attaching the amide group to a 

larger molecule, the 14N spin lifetime is shortened. It should be 

noted that these effects are entirely distinct from the marked tempera¬ 

ture dependence of jV,jV-dialkylamide spectra, discussed in section 
III.D. 

Since 14N couplings are usually difficult to observe directly, use has 

been made of 15N, which has a spin of \ and therefore no quadrupole 

moment. 15N couplings will bear a constant proportion to 14N 

couplings, equal to the ratio of magnetogyric ratios, y15/y14 or ca. 

1 -41. Because the magnetic moment of 15N is negative, 15N couplings 
are opposite in sign to the corresponding 14N couplings. 

In Table 2, 1H-1H and 15N-1H couplings are given for a number of 

simple amides. As we have seen, the trans vicinal 1H-1H coupling 

(Ji3 in entry 1 and J12 in entry 7a) is comparable in magnitude to 

that in an olefin; the cis coupling (entries 1, 3b, and 7b) is considerably 

smaller than that in an olefin. Both are positive, as are all known 

vicinal proton-proton couplings on carbon frameworks. The geminal 

coupling of the NH protons in unsubstituted amides (J23 in entries 1 

and 2) is likewise comparable in magnitude to that in vinyl groups, 

but is positive, whereas in vinyl compounds with electronegative sub¬ 

stituents such as oxygen on the j8 carbon, this coupling is negative. 

The four-bond couplings to methyl groups (J13 in entries 3b and 4) are 

likewise comparable in magnitude and sign (negative) to the corre¬ 

sponding olefinic couplings except that the transoid coupling is slightly 

larger than the cisoid. This is the reverse of observations made in 

olefins. Thus, there is a fairly close similarity between amides and 
olefins, at least as far as n.m.r. parameters are concerned. 

Nitrogen couplings to protons fall off rapidly with the number of 

intervening bonds, being always negative for 15N (and positive for 

N) across one bond. All 15N-proton couplings are negative in the 

HCONH bond system. Two-bond 15N couplings to protons on tetra¬ 

hedral carbon are weaker and are positive (see Jibn_iH(1) vs. J15N^H(3) in 
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entry 3 b). There are indications that directly bonded N—H couplings 

increase with the fractional ^-character of the nitrogen bonding orbital, 

in a manner reminiscent of the well-established dependence of 13C—1H 

couplings. The magnitudes of the 15N—H couplings in amides are 

consistent with an approximately sp2 bond hybridization, as might be 

expected. There are also a few scattered 13C—1H coupling measure¬ 

ments for formamides; Muller39 and Malinowski40 observed a value 

of 192 c.p.s. for the formyl coupling in dimethylformamide. From 

relationship (l)39, where pCH is the percentage of j character in the 

Pcs. — 0-20Ji3c_iH (1) 

bonding C orbital, we find a value of 38% for this bond, again con¬ 
sistent with sp2 hybridization at the carbon atom. 

The vicinal coupling JNa between the NH proton and the a-carbon 

proton in monoalkyl-substituted amides is of particular importance 

because of its relationship to the conformations of poly(a-amino 

acid) chains. There is evidence that it is dependent upon the 

H—N—C(a)—H dihedral angle. We shall discuss this question 
further in section III.C. 

B. Chemical Shifts 

As we have seen, substituent groups on the amide nitrogen atom 

can be distinguished because amides are planar or nearly so and 

rotation about the C—N bond is slow (sections III.A and III.D). 

In formamide, the more shielded of the two NH protons is taken to be 

that which is cis to the carbonyl. The spectrum of acetamide (Figure 

4) is fundamentally similar, except that here quadrupolar relaxation 

is evidently more effective and the NH protons appear as a doublet 

without irradiation of the nitrogen. (The coupling of the NH protons 

to each other is weak and can be resolved only upon irradiation of 14N- 
cf. Table 2, entry 2.) 

In N, A-dialkylamides such as dimethylformamide and dimethyl- 

acetamide, the A-methyl groups are likewise in non-equivalent en¬ 

vironments and give separate resonances. In Figure 5 is shown the 

spectrum of dimethylformamide in chloroform. The more shielded 

methyl protons are more strongly coupled to the formyl proton. In 

this instance, the assignment of the methyl protons is not based on 

assumptions concerning the relative magnitudes of the couplings, for it 

has been demonstrated by nuclear Overhauser experiments that the 

methyl group cis to the carbonyl is the more shielded. Before dis- 
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cussing this further, let us consider briefly some features of the shielding 

anisotropy and other shielding effects of the carbonyl group, since this 

undoubtedly makes a major contribution to the differentiation in 
chemical shift of the methyl groups. 

T 

Figure 4. The 100 MHz n.m.r. spectrum of a 10% (wt /vol) solution of acet¬ 

amide in DMSO-d6 at 25°c. A residual resonance due to DMSO-d5 appears at 

ca. 7-5 r. The doublet near 3 r is the resonance of the NH2 group; the methyl 

group appears at 8-22 r. 

There is ample qualitative evidence for shielding and deshielding 

effects by carbonyl groups. These effects are thought to arise pri¬ 

marily from the magnetic anisotropy of the C=0 double bond, with 

a contribution from electric-field effects arising from the strong electric 

dipole moment of the C=0 group, particularly in amides41-44. 

Jackman45 has suggested that the diamagnetism of the carbonyl 

group is as shown in Figure 6. In the volume marked ‘ + ’, increased 

shielding will be experienced by a neighbouring proton, while in the 

4 — ’ volume, deshielding will be observed. Both effects decrease to¬ 

ward zero as the conical nodal surface is approached. Alternatively, 

Pople 46 has suggested that shielding effects arise from a paramagnetism 

centred on the carbon atom and in the plane of the bonds. The very 

strong deshielding of aldehydic protons which appear at 0-1 r, is in 
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accord with this picture; it may be significant that the formyl proton 

of formaldehyde is markedly more deshielded than that of formamide 

(Figure 3). Olefinic protons in cc,/3-unsaturated esters (7) lie in the 

O 

RO-C H(a) 

/ \ 
R/ H(b) 

(7) 

plane of the carbonyl group unless sterically prevented. Both H(a) 

and H(b) will be deshielded by the carbonyl group but one may expect 

H(a> to be more deshielded because it is closer. This assignment is 

confirmed for a large number of related compounds, and is quite 

Ficure 5. The 100 MHz spectrum of a 10% (wt/vol) solution of MJV-di- 

methylformamide in CDC13 at 25°. Residual CKC13 is responsible for the peak 

at ca 2-7 r. The formyl proton appears at 2 r, and the methyl resonances give a 

doublet near 7 r. As the 20-fold expanded methyl spectrum shows, each methyl 

peak is itself a doublet resulting from coupling to the formyl proton. 
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secure when R' = H because of the very well-established relative 

magnitudes of cis- and tram-olelinic couplings (section III.A). It is, 
however, the reverse of the assignment in formaldehyde. 

In N, A-dimethylformamide (8), one would expect CH3(b) to be 

\-N 

CH3(a) 

\ 
CH3(b) 

(8) 

more shielded than CH3(a) if the representation in Figure 6 is reason¬ 

ably correct, and if diamagnetic anisotropy is the dominant influence. 

In fact, as we have indicated, it has been shown by nuclear Overhauser 

effect measurements47 that CH3(a) is more shielded than GH3(b), 

confirming earlier assumptions. An observable positive nuclear 

Overhauser effect, i.e. an increase in the resonance signal of one proton 

Figure 6. The diamagnetic shielding, ( + ), and deshielding, ( —), regions of 

the carbonyl group. 

upon irradiation of another proton or group of protons to which it is 

coupled, requires that (i) the direct (anisotropic) dipole-dipole 

coupling between them be substantially larger than the electron- 

mediated (scalar) coupling, and (ii) the spin-lattice relaxation of the 

observed proton arise primarily from the proximity and motion of the 

proton(s) to be irradiated. These conditions may be expected to be 
2 + C.O.A. 
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fulfilled for A,A-dimethylformamide when the formyl proton is ob¬ 

served as the methyl protons are irradiated, since the scalar coupling 

is weak (Table 2, entry 4) and the formyl proton has no other intra¬ 

molecular neighbours. From the structural viewpoint, the most im¬ 

portant factor is that the dipole-dipole coupling depends upon r~6, r 

being the internuclear distance, or its average when one proton group 

is, as here, a rotating methyl group. This very strong dependence 

enables one to distinguish CH3(a) from GH3(b), since (r(a)/r(b))6 is ~6. 

Upon irradiation of the less shielded methyl protons, Anet and Bourn 47 

found an 18% increase in the formyl peak intensity, whereas upon 

irradiation of the more shielded methyl protons no appreciable effect 

was observed. However, it is by no means assured that analogous 

assignments can be assumed for all JV, JV-dialkylamides, and it will be 

of interest to extend these measurements to other compounds. 

It has been found that the relative shieldings of alkyl groups in 

N, .A-dialkylamides are highly dependent upon the solvent and 

in fact may be reversed in aromatic solvents33. This is illustrated in 

Table 3 for A,Ar-dimethylformamide and N, iV-dimethylacetamide. 

Table 3. The dependence on solvent of iV-methyl chemical shifts in 

% CH3Ca) 

v / amides C—N 

R CH3(b) 

Solvent 

R = H R = Me 

T(a) T<b> T(a) T(b> 

Neat 7-18 
CDC13 7-12 
DMSO 7-11 
Nitrobenzene 7-06 
Anisole 7-48 
Quinoline 7-27 
Benzene 7-58 
Thiophene 7-50 

7-00 7-15 6-97 

7-03 7-10 7-01 
7-01 

7-04 7-01 7-01 

7-75 7-31 7-62 

7- 71 7-11 7-62 

8- 08 7-35 7-83 

7-86 7-30 7-68 

In the latter, the iV-methyl couplings are not resolved, and the assign¬ 

ment was based on the greater breadth of the CH3(a) resonance. This 

behaviour is probably due to a geometrically specific association of the 

aromatic ring of the solvent with the amide. Hatton and Richards 33 

have suggested that the preferred arrangement (9) has the nitrogen, 

with its fractional positive charge, over the centre of the benzene ring 
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and the carbonyl as far away from the centre as possible, the amide and 

benzene planes remaining approximately parallel. This conformation 

places both methyls in the shielding region of the ring48"50, but CH3(b) 
will be more strongly shielded than CH3(a). 

There is evidence34 that in thioamides the relative shieldings of the 

./V-methyl protons are reversed. The origin of this effect is not clear. 

Whatever it may be, one would expect aromatic solvents to enhance 

the separation of peaks, and this in fact is observed34. 

C. Conformations of N-Substituted Amides 

I. Cis-trans conformational preferences of N-alkyl groups 

In Ar-monosubstituted amides, the trans conformation (11) has been 

shown to be strongly preferred over the cis (10) by a variety of methods, 

including dipole-moment measurements and infrared, Raman, and 

ultraviolet spectroscopy (for a detailed bibliography see reference 31). 

By these means, however, it has not been possible, in general, to deter¬ 

mine whether a minor proportion of the cis conformer exists in equili¬ 

brium with the trans. La Planche and Rogers31 have observed the 

n.m.r. spectra of a number of iV-monosubstituted amides (10) and (11) 

OH O R(1) 

\ / \ 
C—N C—N 

/ \ / 
R(2) R(l> ^(2) 

cis trans 

(10) (11) 

in which R(1) was Me, Et, i-Pr and LBu, and R(2) was H, Me, Et and 

i-Pr. The neat compounds were observed at 35°c except for N- 

ethylisobutyramide (R(1) = Et;R(2) = i-Pr), W-isopropylisobutyramide 

(R(1) and R(2) = i-Pr), and jV-£-butylacetamide (R(1) = £-Bu; 

R(2) = Me), which are solids under these conditions and were observed 

in carbon tetrachloride solution. Only when R(2) was H could an N- 

substituent resonance corresponding to the cis isomer (10) be detected; 
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its fraction increased from 0-08 for iV-methylformamide (R(1) = Me; 

cf. Table 2, entry 3) to 0-12 when R(1) = Et or i-Pr, and to 0T8 when 

R(i) = £-Bu. This is to be expected as a result of steric interference 

between the ./V-substituent and the carbonyl oxygen atom. It is 

noteworthy, however, that even the bulky butyl group strongly prefers 

to be cis to the oxygen rather than to the much less sterically-demanding 

hydrogen. This is the more puzzling as the hydrogen-bonded dimer 
(12) would seem to require the cis conformation. 

R<i) R(2) 

N—C 

H 

6 

\ 

\ 

o 

C—N 

R, (2) R(l) 

(12) 

Bourn and coworkers 38 have found that the cis conformation is much 

more favoured in formanilide (R(1) = C6H5; R(2) = H) than in any of 

the iV-alkylformamides just discussed. In 1-5 mol % deuterochloro- 
form solution at 35°c, its fraction is 0-45; it increases to 0-73 at 52-5 

mol %, as would be expected if dimer formation promoted the cis 
conformation (cf. Table 2, entry 7). 

Observations of conformational preferences in unsymmetrically 

substituted iV,A^-dialkylamides can be more rationally explained in 

terms of steric competition. It is found that in formamides51-52 the 

bulkier substituent tends to be cis to the formyl proton, but trans to the 

methyl group in acetamides. Thus, for formamides having one N- 

methyl group, La Planche and Rogers52 find the following fractions of 

the preferred cis conformer (13): R(1) = Et, 0-60; n-Bu, 0-61; cyclo- 

\u 
(13) 

0-66; i-Pr, 0-67; £-Bu, 0-89. For acetamides, the preference 

for 14 was as follows: R(1) = Et, 0-51 (or no preference within experi¬ 

mental error); n-Bu, 0-53 (probably the same comment applies) • 

cyclo-C6Hn, 055; i-Pr, 0-58; f-Bu, indeterminate, only one i-butyl 
proton peak being observed. 
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For amides of the structure 15 it is found53 that the rotamer in 

which R(1) = Me, and R(2) = benzyl, is present to the extent of 0-73 in 

quinoline and carbon tetrachloride at about 40°c. When R(2) = 

cyclohexyl, this rotamer fraction is 0-70 in carbon tetrachloride. The 

o 
\ 

c 
/ 

ch3 

(14) 

Ren 

'ch3 

conformer in which R(1) = i-Pr and R(2) = benzyl is present to the 
extent of 0-78 in quinoline. 

The infrared analysis by Miyazawa54 of the vapour- and condensed- 

phase spectra of JV-methylformamide suggests the presence of a small 

amount of cis isomer along with the tram, while in Ar-methylacetamide 

only tram isomer was observed 55. Though these observations parallel 

the n.m.r. results quoted above, Jones thinks that the vapour of N- 

methylformamide is predominantly cis56. Crystallographic studies 

of acetanilide (16)57, JV-methylacetamide9, and acetylglycine (17)58 

CeH8 

H 

/ 
N 

ch2co2h 

also showed these molecules to have the trans conformation. In 

general, it appears that the tram conformation of an JV-alkylamide is 

the more stable one, except when steric repulsion is overpoweringly 

unfavourable for the trans conformation, and in the case of the small¬ 

ring lactams where the conformation is necessarily cis, but in which it 

also becomes trans if the ring is sufficiently large59. 
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2. Conformational preferences at the a-carbon atom 

As we have indicated, the conformation at the a-carbon atom in 

monosubstituted amides is of particular significance in relation to the 

conformations of poly-(a-amino acid) chains. Knowledge of con¬ 

formational preferences at this carbon atom depends primarily upon 

measurements of the vicinal proton-proton coupling in the fragment 

18> Jnco and a knowledge of the dependence of JNa on this dihedral 

angle. Unfortunately, the nature of this dependence has not yet been 

determined. We shall define the dihedral angle in the way customary 

among organic chemists, as shown in 18. Here the C(a)—H bond is in 

the plane II, defined by N—C(a)—H and groups A and B are found 

above and below this plane. We shall designate this angle cp' to 

distinguish it from the somewhat different definition of this angle now 
adopted by peptide chemists 60, and designated cp. 

In order to make use of even the scanty data available, it is helpful 

first to decide upon the form of the potential-energy function for 

rotation about the N C(a) bond. There is by no means universal 

agreement as to this function, but the most plausible assumption seems 

to be that it is analogous to that of the conformers of propene61 and 

acetaldehyde62 as deduced from microwave studies. In these mole¬ 

cules, the preferred conformer is that in which one of the substituents 

on the tetrahedral carbon atom eclipses the vinyl or carbonyl group, as 

in 19. The analogous conformation of an A-substituted amide (20) 
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with A and B other than H, corresponds to cp' = 180°. When A = B, 

we may suppose that, assuming a three-fold potential barrier, there 

will be in addition to this trans conformer, two equally populated 

mirror-image gauche conformers, corresponding to cp' = ± 60°. 

When A / B, as in a polypeptide chain, these gauche conformers will 

in general be unequally populated. It should be noted that the minima 

usually assumed in polypeptide conformational energy calculations 

differ from these by ± 60°, and that furthermore, cp' for the cc-helix is 

ca. 120°. This is comparatively unimportant, however, as the con¬ 

formational preferences of polypeptide chains are determined pri¬ 

marily by other factors, chiefly side-chain steric interactions. 

Examining in Table 2 the series iV-methylformamide (entry 3b), N- 

ethylformamide (entry 8) and iY-isopropylformamide (entry 9), we 

observe a marked increase in J23, i.e. JNa, as the bulkiness of the alkyl 

group increases. Closely analogous behaviour has been observed by 

Bothner-By and coworkers for a series of alkylethylenes63. The most 

probable explanation seems to be that JNa has a Karplus-like depen¬ 

dence on cp', i.e. is at a maximum when cp' ~ 180°, and presumably a 

minimum near 90° with relatively small values near 60°. However, 

more data are needed to establish this conclusion. 
Hammaker and Gugler64 have suggested that for AyV-diethyl- 

acetamide the conformation 21 is preferred, while for N, A'-diisopropyl- 

amides, the methyl groups are turned away from the N atom as in 22. 

h3c 

°% H 
C-N NH 

h3c x—ch3 
H'/ 3 

H 
(21) 

H 
\ 

CH3 

o c—ch3 
X / 
C-N 

h3cx /Cv'CH3 
H CH3 

(22) 

Conformation 21 appears to be consistent with steric requirements, but 

22 is decidedly unlikely. It has been further suggested 64 that they are 

supported by the chemical shifts of the CH2 and CH protons compared 

to those of the methyl groups, but in view of the uncertain rationale 

of chemical shifts of iV-alkyl protons, this cannot be considered 

strong support. These questions are considered in section III.D.2. 

D. Rotational Barriers 

We have alluded at the beginning of section III to the high barrier 

to rotation about the C—N bond in amides, enabling one to observe 
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separate signals for otherwise equivalent A-substituents. Restricted 

rotation about this bond was first demonstrated by Phillips65, who 

observed two A-methyl peaks in the spectra of A,A-dimethylform- 

amide and A,A-dimethylacetamide. Although the period of rotation 
at room temperature is relatively short on the ordinary time scale of 

chemical reactions, ca. 0* 1 sec, it is long on the n.m.r. time scale. In 

Figure 7 is shown the spectrum of neat A, A-dimethylformamide at 

various temperatures. At 35°c, the spectrum shows two relatively 

narrow peaks, similar to those in Figure 5. As the temperature is 

raised further, these begin to broaden and at 118°, they coalesce to a 

single peak which becomes increasingly narrow as the temperature is 

further increased. It is now well known that this temperature 

dependence is a consequence of the lifetime r of the methyl protons in 

each state becoming shorter as the temperature is increased and the 

molecules surmount the rotational barrier at an increasing rate. 

Peak coalescence occurs when r < -y/2/[27r(vA — vB)], where vA and 

vB are the resonant frequencies of two like A-substituents. It may be 

crudely thought of as an uncertainty broadening, although this does not 

suffice to explain the line narrowing which occurs above the coales¬ 

cence temperature. A full explanation can only be given in terms of 

the modified Bloch equations expressing the behaviour of the macro¬ 

scopic nuclear magnetic moment of the system as a function of the rate 
of exchange of nuclei between the two methyl sites 66“69. 

It is not within the scope of this article to describe in detail the 

application of n.m.r. to the study of chemical rate processes. Reviews 

will be found in references 70-73. From careful measurements of 

the line shape and application of the Bloch equations, rate constants 

may be determined as a function of temperature and from these the 

activation entropy AS* and activation enthalpy AH* (in the Eyring 

formulation) may be obtained from an Arrhenius plot in the usual 
way. 

In its simplest form, the line-shape function66-67 describing the 

spectra of Figure 7 takes account only of broadening arising from the 

kinetic exchange process, but not from spin-spin relaxation, charac¬ 

terized by the relaxation time T2, nor is account taken of scalar 

coupling of the nuclei to each other or to other nuclei—the formyl 

proton in the present case. Neglect of such factors can lead to serious 

errors, particularly in the estimation of activation enthalpies. Their 

effect is to produce overestimates of rates below peak coalescence and 

underestimates above coalescence, thus tipping the Arrhenius plot 

toward lower values of AH*. This no doubt accounts for the reports 
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Figure 7. The n.m.r. spectrum of neat iV,iV-dimethylformamide at various 

temperatures. 
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by different authors of activation energies from less than 8 to over 20 

kcal/mole for the same amide. To avoid such errors, the best and 

most generally applicable procedure appears to be that of the total 

line-shape analysis which takes into account exchange narrowing, T2, 

and coupling74-77. This requires the use of a high-speed digital 

computer to generate the theoretical spectra, which may then be com¬ 

pared visually with the experimental spectra. Alternatively, the 

computer may be programmed to accept the experimental points and 

itself make the comparison; this last is no doubt the least subjective 

procedure and is to be preferred when the appropriate equipment is 
available. 

Beside the analysis of ‘ slow-passage ’ n.m.r. spectra, other methods 

of obtaining kinetic data by n.m.r. are available and have been applied 

to amides. One procedure is to extend the rather limited temperature 

range available for such studies by employing ‘wiggle decay’ measure¬ 

ments of the narrow line widths well above and below coalescence, 

where direct measurements are inaccurate. This is in effect a more 

precise measurement of T2. A more sophisticated method for such 

measurements is that of ‘spin echos’78, which has been applied to 

kinetic problems79-80. Suffice it to say here that in a system in which 

chemical exchange between non-equivalent sites is occurring, each 

such exchange contributes to the dephasing of the precessing nuclear 

moments because it carries a nucleus from an environment character¬ 

ized by one precessional frequency to another environment with a 

different precessional frequency. This results in a shortening of T2. 

If the spin-echo decay is measured as a function of the pulse rate, it is 

possible to measure the r over a wide range of exchange rates by 

application of the appropriate equation for the contribution of ex¬ 

change to the echo decay rate79,80. The spin-echo method requires 

that all the observed nuclei be equivalent in the fast exchange limit, 

and thus would not be applicable to the amides listed in Table 2, 

because the non-exchanging protons interfere with the echo signal. 

It is thus limited to very simple compounds or, in the case of amides, to 

compounds appropriately substituted with non-perturbing nuclei, 

such as carbamoyl chlorides. It has the advantage that it is not 

seriously, if at all, affected by the existence of scalar coupling of the 
nuclei of interest. 

A further method which has been applied to amides, is to isolate one 

of the two conformers by crystallization81-82 or complexation83 at a 

temperature at which equilibration is slow, and then to observe the 

approach to equilibrium by monitoring the intensities of the n.m.r. 
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peaks of the two forms; this is not inherently an n.m.r. method, 

although this is by far the most convenient way of carrying it out. 

I. The C—N bond 

Most of the significant reported data are summarized in Table 4. 

The amides are listed in order of complexity of the group attached to 

the carbonyl, and within each such class, in order of complexity of the 

groups attached to nitrogen. Kinetic data are expressed in terms of 

the Eyring formulation, on the assumption (not necessarily valid) 

that the transmission coefficient is unity, and therefore that AS* is 

given by 2-303i?(log A — log kTjh), A being the frequency factor. 

In some respects, these data are discouraging. The disagreement 

in the reported magnitude of A//1 and in the magnitude and sign of 

AS* for the same compound makes it difficult to draw any conclusions 

concerning the effects even of major structural variations, much less 

those of solvent and concentration. For 7V,iV-dimethylformamide, 

values of AH* vary from 7 to 26-3 kcal/mole and of AS* from — 56 to 

14-3 e.u. Similar discrepancies can be seen for A^JV-dimethylacet- 

amide and many of the other amides. The data for 7V,iV-dimethyl- 

carbamoyl chloride are particularly instructive. As Neuman and 

coworkers77 point out, the reported values of A//* and AS* vary 

widely for this compound, but nearly all the calculated values of AG*, 

determined near the coalescence temperature, are within the range 

16-6 ± 0-2 kcal/mole. Much of the other data shows the same trend. 

We have already indicated that the principal reason for this state of 

affairs is that the rate constants near coalescence can be determined 

fairly accurately, while at other temperatures the errors of the measure¬ 

ments are such as to tip the Arrhenius plot towards lower values of A//* 

and consequently more negative values of AS*. It is notable that the 

most recent and most careful measurements yield the highest values of 

A//* and less negative or even positive values of AS*. Strongly 

negative entropies of activation for internal rotation in amides are 

difficult to understand, as, on the basis of the resonance formulation 

(3 and 4), the transition state should be less polar and less solvated than 

the ground state. However, this assumes that only the ^-electron 

density changes on going through the transition state. 

The effect of solvent on the barrier height has been studied by 

several authors (Table 4). From the above considerations, one would 

expect that polar solvents would preferentially stabilize the ground 

state and thus increase the barrier height. Dipole-dipole association 

might also be expected to stabilize the ground state and thus increase 
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the barrier at higher concentrations in non-polar solvents. Woodbrey 

and Rogers90 have reported that the activation energy for N,N- 
dimethylcarbamoyl chloride increased with concentration in carbon 

tetrachloride, while in the more polar solvent GH2Br2 it passed through 

a maximum (Table 4, entry 18b). They rationalized this result in 

terms of dimer formation and solvation, but the claimed effects were 

probably well within experimental error. It is notable again that the 

activation free energy was 16-4 ± 0-2 kcal/mole and independent of 

solvent and concentration. For JV,iV-dimethylpropionamide, there 

was an indication of a lower activation free energy in carbon tetra¬ 

chloride than in GH2Br2 (Table 4, entry 13b), but the effect was slight. 

Again, Whittaker and Siegel85 have reported apparent effects of solvent 

on the activation energy for isomerization in N, A-drmethylformamide, 

but the behaviour of the methyl-proton chemical shifts with temperature 

complicated the kinetic analysis to such an extent as to give slight 

credence to their conclusion. 

The replacement of one methyl group by a benzyl group in N,N- 
dimethylformamide appears to raise the barrier somewhat as judged by 

line-shape analysis but not by equilibration measurements (Table 4, 

entries 4a, 4b). Larger and more branched A-alkyl groups have no 

marked effect. A mesityl group on the carbonyl, however, does appear 

to increase the barrier measurably (Table 4, entries 16, 17). The 

substitution of sulphur for oxygen unmistakeably increases the barrier, 

the effect being more marked for acetamides (compare entries 6d and 

22) than for carbamoyl chlorides (compare entries in 18b, 25a, 25b) 

and formamides (compare entries in 2 ‘neat’ to 20a and 21a). 

Neuman and Young86 have shown that in the series of N,N- 
dimethylformamides in which the carbonyl oxygen is replaced by S, 

NH, and NH2 , the barrier height increases with 13C—1H coupling 

at the formyl proton. The correlation is not impressive, however, as 

the change in J13c-1n is small. 
The actual isolation of pure crystalline isomers of amides is 

reported by Siddall93, who obtained two isomers of 23 and studied the 

rates of their interconversion in iym-tetrachloroethane solution. The 
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isomerization proceeds with an activation energy of 25 kcal/mole from 

either direction, but is thought to involve N—Ar rotation, rather 
than OC—N rotation. 

The non-equivalence of the two amino protons of acetamide due to 

hindered rotation about the G—N bond has also been demonstrated 

using e.p.r. spectroscopy94. In these experiments, acetamide reacts 

with *OH radicals in a flowing system. Analysis of the e.p.r. spec¬ 

trum of the • CH2CONH 2 radical so produced, shows that the hyper- 

fine coupling constants to the two amino protons are not equal 

(T96 ± 1 G and 2-53 ± 1 g). Similar treatment offormamide leads 

to the radical HCONH. 

Since the systematic errors in the determinations of the activation 

energy for G—N bond rotation all act to make it appear too small, it is 

now felt that the higher values of 18-20 kcal/mole are more nearly 

correct. This can be compared to 65 kcal/mole measured for iso¬ 

merization about the full double bond of dideuteroethylene 95. It is 

interesting to note that a barrier to C—N rotation of 20 kcal/mole is 

very nearly equal to the thermochemically96 (21-22 kcal/mole) and 

theoretically 23,97 (21, 23-6 kcal/mole) determined resonance energies 

of the amide group. As the situation now stands, the errors in the 

activation energy are so large, and the measurement parameters so 

non-uniform, that comparison of barriers in different compounds must 
be looked upon with caution. 

2. The N—C(a) and C'—C bonds 

Siddall and Prohaska98 observed that in amides of structure 24 
(the conformational preferences of which have already been discussed 

O R 

\ / 
C—N 

h3c CH2C6Hs 

(24) 

in section III.C.l), the benzyl protons were non-equivalent, and 

therefore appeared as an AB quartet, when R was o-tolyl, but as a 

singlet when R was phenyl or 2,6-dimethylphenyl. They inter¬ 

preted this result as indicating ‘slow inversion’ at the nitrogen atom, 

but this explanation was justifiably condemned by Shvo and co¬ 

workers99 since, as we have seen in the introduction to section III such 

inversion would be very rapid, if indeed the nitrogen atom is appreci- 

ably pyramidal, which is by no means certain. A much more 
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plausible explanation 99 is that in the conformation 25 rotation of the 

o-tolyl group is sterically restricted. This would make the benzyl 

protons non-equivalent. If two ortho methyls are present, rotation is 

no doubt still slower, but the conformer is symmetrical. If none are 

present, the conformer is also symmetrical, but rotation may also be 

less restricted. As Shvo and coworkers point out, restricted rotation 

around benzene-nitrogen bonds has long been known100. For the 

acetamide illustrated (25) they calculated from the AB quartet 

collapse, a AG* for rotation, near coalescence at 135°c, of 20-0 

kcal/mole. For the cyclic amide (26) a AG* of 17*3 kcal/mole was 

reported. Slow rotation in a number of open-chain amides with 

aromatic substituents on nitrogen has been reported in a number of 

papers by Siddall’s group101-108. The preferred conformations of 

rotating W-aryl rings in these compounds are not known, but may be 

similar to that of biphenyl, i.e. with the amide and phenyl groups 

neither coplanar nor orthogonal (both of which conformations prob¬ 

ably represent energy maxima), but at intermediate angles, with two 

energy minima and two maxima per 180° rotation 99 (see also the case 

of benzamide in section II). 
There is also evidence of substantial barriers to rotation about 

N—C(a) bonds in some A,A7-dialkylamides. Whittaker and Siegel109 

observed an unusual temperature dependence of the chemical shifts 
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of the alkyl protons in N, A-diisopropylacetamide and iV,iV-diiso- 

propylformamide. Siddall and Stewart110 reexamined N,N- di- 

isopropylacetamide and extended their observations to A,JV-diiso- 

propylisobutyramide, N, iV-di-3-amylacetamide and A,vV-di-3-amyliso- 

butyramide. It was observed that at temperatures of ca. —10° to 

- 40°c, one of the two methine proton septets broadened markedly, 

the other remaining unaffected. At still lower temperatures, this 

resonance reappeared as two subsets of peaks for the larger molecules 

(for N, iV-diisopropylacetamide, two multiplets could not be dis¬ 

tinctly seen). In other, more complex molecules, such as 27 both 

methine multiplets underwent these changes but in different tempera¬ 

ture ranges. A rather complicated explanation is needed for such 

results, and a completely satisfactory one is not yet at hand. Each 

compound has its own peculiar behaviour and conformational 

preferences. There seems little reason to doubt, however, that the 

alkyl groups interlock upon rotation, each impeding the rotation of 

the other. Barriers of the order of 10 kcal/mole are thus developed. 

Below the coalescence temperature, one sees the spectra of at least two 

preferred confbrmers, perhaps (for isopropyl groups) somethinsr like 
28 and 29. 6 

There is also evidence for slow rotation about the aryl-carbonyl 

bond in aromatic amides when the substituents at both nitrogen and 

carbonyl are sufficiently bulky 104>105. In the spectrum of 30 doubling 

of the signals of most of the protons indicates the usual cis and trans 
conformers about the OC—N bond. It is further observed that, even 

well above room temperature, the methoxyl groups give four signals, 

indicating slow rotation about the benzene-carbonyl bond, probably 
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with a barrier of about 20 kcal/mole, approximately that for rotation 

about the OG—N bond. Inspection of molecular models suggest 

that these rotations may be synchronized, as the benzene ring attached 

to the carbonyl group clearly cannot rotate in conformer 30, but should 

be able to in conformer 31. 

£. Amide—Iminol Tautomerism 

Yet another geometrical isomerization in amides has been proposed 

by Potapov and coworkers111, who presented optical rotatory dis¬ 

persion evidence that JV-benzoyl-a-phenylethylamine and its deriva¬ 

tives in benzene solution exist as the amide (32), whereas in methanol, 

the predominant form has the iminol structure (33). However, later 

n.m.r. and u.v. work on these materials112,113 claimed that only the 

amide form (32) is present in these solutions, and that the ord solvent 

effects may instead be consequences of cis-trans isomerization. Certain 

C 

/ 

H 

C—N 
/ 

OH 
\ \ 

chch3 
1 / 
Ph Ph 

(32) 

:=n 

(33) 

\ 
CHCH3 

I 
Ph 

of these amides may be obtained in two crystal forms which may prove 

to be the cis and trans isomers. In the isomeric systems 34-35 and 

36-37 the equilibria at 130°c were also found to lie completely towards 

the right, with no traces of 34 or 36 detectable in the equilibrium 

mixtures114. 
The most recent claim for the iminol form of an amide is that of 

Brown and coworkers115 who studied the n.m.r. and i.r. spectra of the 
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I 
CH3 

(34) (35) 

CH3 

(36) (37) 

bis-trimethylacetamide complex of PtCl2, and found die ligand to 
have the iminol form with Pt—NH=C coordination. 

F. Self-association 

We append this section to point out briefly how association effects 

are of consequence in the interpretation of n.m.r. spectra of amides. 

I. Hydrogen bonding 

Many n.m.r. studies of self-association of molecules capable of 

hydrogen bonding have been carried out. These depend upon 

marked deshielding of the protons involved in the hydrogen bond. 

The dominant contribution to this effect appears to be a distortion of 

the electronic structure of the X—H bond by the presence of the 
<5 + <5 - 

electron donor Y, usually depicted as X—H •••Y. Qualitatively, this 

may be understood as arising because the electrostatic field of the 

hydrogen bond tends to draw H towards Y and repel the X—H bond¬ 

ing electrons towards X, resulting in a reduced electron density about 

H. Dilution of associated species in an inert solvent such as carbon 

tetrachloride or cyclohexane results in an upfield shift of the bonding 

proton, and from the shape of the dilution curve, equilibrium con¬ 

stants can be derived provided the equilibria involved are not too 

complex, and provided the chemical shift of the unassociated proton 

can be established. For relatively weakly associating molecules such 

as alcohols and amines, fairly satisfactory results can be obtained as 

dimer or tnmer equilibria strongly predominate. But for strongly 

associated systems such as mono-W-alkylamides and carboxylic acids, 

the monomer chemical shift is difficult to establish, since very high 
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dilutions would be required; the broad signals of NH protons aggra¬ 

vate this problem. In addition, the equilibria are complex with large 

polymeric species tending to predominate. 

There appear to be no studies of this kind on unsubstituted amides, 

such as formamide and acetamide, mainly for the good reason that 

they are not appreciably soluble in inert solvents. La Planche and 

coworkers116 have attempted to deal with the association of iV-methyl-, 

Ar-isopropyl-, and A^-butylacetamide in both inert (carbon tetra¬ 

chloride and cyclohexane) and hydrogen-bonding solvents (dioxane, 

chloroform, diethylketone, and dimethylsulphoxide). They analysed 

their results in terms of a monomer-dimer and a generalized equili¬ 

brium among higher aggregates, and also included association with 

hydrogen-bonding solvents. They observed that association in inert 

solvents was very strong, decreasing appreciably with increasing bulk 

of the Aralkyl substituent. The association was markedly reduced in 

chloroform because the aggregates were broken up by hydrogen 

bonding between chloroform and the amide carbonyl group. Dioxane 

and diethylketone are about as effective as chloroform in this regard, 

but dimethylsulphoxide is much more successful, although some 

association persists even in relatively dilute solutions. 

2. Dipole-dipole association 

In N, A7-dialkylamides, hydrogen-bonded self-association is not 

possible (except, perhaps, that involving the formyl protons in 

formamides, for which there is no conclusive evidence). Neuman and 

coworkers117 have observed small but definite shifts, of the order of 

0-1 p.p.m., of the NCH3 protons of Ar,Ar-dimethylacetamide, N,N- 
dimethylformamide, N, Ar-dimethylthioacetamid e, and ALY-dimethyl- 

thioformamide upon dilution in carbon tetrachloride. It was found 

that the m-methyl peaks moved upheld and the trans-mtihyl peaks 

moved downheld by the same amount. This result was explained in 

terms of dipole-dipole association to form dimers. The conformation 

of the dimer is not clear, since the most obvious head-to-tail, parallel- 

plane model predicts chemical-shift trends just opposite to those 

observed. The association was in all cases weak, the calculated 

equilibrium constants being slightly greater than unity only for N,N- 

dimethylthioformamide. 
Rather different conclusions are indicated by Pines and Rabinovitz76, 

who, on the basis of evidence not yet given in detail, report dipole- 

dipole interactions of the order of 6 kcal/mole for A^V-dimethyl- 

formamide in solution. They suggest that these interactions could 
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markedly influence the measurement of the OC—N rotational 
barrier, in a manner already mentioned (section III.D). 

IV. ELECTRONIC STRUCTURE 

A. The Ground State 

Virtually all of the preliminary quantum chemistry required for a 

discussion of the electronic structure of amides has already been set 

out in detail in Coulson and Stewart’s118 contribution to this series of 

books. Our discussion will differ principally from theirs, in that we 

will consider calculations performed in a Gaussian-Type Orbital 

(gto) basis rather than in a Slater-Type Orbital (sto) basis, and our 

calculations explicitly consider all electrons, a and 77, rather than just it. 

Moreover, since our principal interest in amides has been electronic- 

spectroscopic, we shall place a heavy emphasis on that here. How¬ 

ever, fii st we shall describe the results of ground-state calculations, and 

then go on to the excited states (section IV.B) and the optical proper¬ 
ties of amides (section V). 

I. Gaussian-Type Orbitals 

Since the earliest days of quantum chemistry the electronic states 

of molecules have been discussed and described within the framework 

of some sort of Molecular-Orbital (mo) theory. For very practical 

reasons it was immediately found necessary in actual calculations to 

introduce an arbitrary, although usually very reasonable, partitioning 

of the electrons in a molecule into what might be termed chromophore 

or valence-shell electrons—those that are considered to be involved 

in oidinaiy physical and chemical phenomena, and non-chromophore 

or core electrons—those that remain unaffected in chemical or photo¬ 

chemical processes. In any event, even with the very limited number 

of electrons under consideration, or perhaps more likely because of it, 

in order to get reasonably good agreement with experiment it was 

found necessary to further tamper with the basic theory and make use 

of empirical parameters. Thus we have the Hiickel, extended 

Hiickel, and Pariser-Parr-Pople theories in organic chemistry and 

the Wolfsberg-Helmholz ligand-field theory in inorganic chemistry. 

The obvious trend nowadays, however, as reflected in the recent de¬ 

velopment by Pople’s group of the family of cndo methods119 has 

been towards greater rigour, fewer parameters, and a more complex 
and sophisticated calculation. 



1. Molecular and electronic structure of the amide group 41 

Omitting a lengthy discussion of these semi-empirical theories, their 

importance and usefulness, it is sufficient to say that at the present 

time it is possible to carry this tendency towards greater rigour to its 

logical conclusion, and to perform all-electron, all-integrals, non- 

empirical electronic-structure calculations on moderately large-size 

molecules within the framework of the Roothaan scf-mo method. 

This fact is not very widely known or understood. Such complete 

calculations are performed using a Gaussian-Type Orbital (gto) 

basis set. 

Analytic forms for the Gaussian orbitals are given in equations (2), 

with representative examples of s-, p-, and d-type orbitals. They are 

really quite similar to Slater orbitals except for the r2 dependence in 

the exponential part. 

gto = Nxlymzne~ar2 

l + m + n < 2 

j - e~air2 (2) 
p ~ xe~ad2 

d ~ xye “ “fcr2 

The exponential factors au cq, etc., are determined from atomic 

calculations. One disadvantage of using gto’s is that it is not im¬ 

mediately obvious in all cases how the wave function can be related to 

the more common Atomic-Orbital (ao) functions of well-defined 

principle quantum number. Thus the lowest x-type function on an 

atom can most likely be considered safely as G, but the next higher 

j-type orbital may be a linear combination of G, 2s, and 3s ao’s; one 

can only say that it is the next higher j-type function, but cannot 

analyse it further into a combination of sto’s. 

Individual Gaussian Orbitals are known to be poorer representa¬ 

tions of ao’s than are single sto’s. This situation is remedied by using 

fixed linear combinations of gto’s (called a contracted basis) as the 

basis functions. The proper linear combinations needed to form the 

gtf’s are easily obtained either by directly fitting the Hartree-Fock 

ao’s with gto’s or by doing an analytic atomic scf calculation in a 

gto basis. It turns out that on the average, only 2-3 gto’s per sto 

are required for quantitatively comparable results. This is demon¬ 

strated in Table 5, where the total energies and dipole moments com¬ 

puted for carbon monoxide in various bases are compared. If each 

ao of the basis is represented by one sto, then the basis is referred 

to as Single Zeta, whereas a Double-Zeta basis employs two sto’s 

per ao. It is seen from this table that the gto basis used for our 
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calculations122-123 gives results intermediate between those of Best- 

Atom Double-Zeta and Best-Molecule Double-Zeta sto calculations. 

Since the sto Double-Zeta basis is composed of four j-type and two 

P-type functions and the corresponding Gaussian basis uses ten r-type 

and five p-type functions, the ratio of only 2-3 gto’s per sto for 

quantitatively comparable results is demonstrated. It has recently 

been shown that for molecules such as formamide, the Double-Zeta 

gto basis gives essentially the s-p limit wave function, and that only the 

addition of d- and/Type orbitals to the basis are needed to reach the 
Hartree-Fock limit124. 

Table 5. Calculations on the ground state of carbon monoxide0. 

Basis 
Total energy 

(a.u.) 
Dipole moment 

(D) 

Best-Atom Single-Zeta6,c 

Best-Molecule Single-Zeta6’® 

Best-Atom Double-Zeta6’® 

Gaussian-Type Orbitalsd 

Best-Molecule Double-Zeta6-® 

Hartree-Fock Limit6,e 

Experimental® 

112-3261 

112-3927 

112-6755 

112-6762 

112-7015 

112- 7860 

113- 377 

0-593 (C-0 + ) 

0-389 (C~0 + ) 

0-603 (C + O-) 

0-416 (C + O") 

0-393 (C + O-) 

0-274 (C + O") 

0-112 (C-0 + ) 

h C°mputed at the equilibrium internuclear distance of 2-132 a u 
Slater-Type Orbitals basis. 

c H- Basch, unpublished calculations. 

* W. h" Hue?S E 4? 624k( In965)m ^ °f Whittenl2° and Huzinaga-b 

Of course, the use of a large GTO-basis set (compared to sto’s) means 
that one has that-many-times-more to the fourth power number of 
integrals to compute. But, multicentre integrals over gto’s are 
evaluated using simple analytic formulas which are easily coded in 
simple fortran language without recourse to complex numerical 
integration techniques, numerous difficultly convergent expansions, or 
sophisticated programming structure. Thus the speed with which 
gto integrals can be computed more than compensates for the handi¬ 
cap of the larger basis and the resultant need to compute the greater 
number of integrals. We dwell upon the discussion of the use of gto 

functions in molecular calculations because their use is not widely 
appreciated, as is that of sto’s, and because the best and most reliable 
calculations on the electronic structure of the amide group have been 
carried out using such GTO-basis sets. 
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There are, of course, a great many earlier calculations in the 

literature on the electronic structure of the amide group, all of them in 

a Single-Zeta sto basis, or worse. While our Double-Zeta gto 

calculations are still incomplete in that they do not include d- orjf-type 

functions or allow for any of the correlations of electronic motions 

which carry one beyond Hartree-Fock, they do avoid many of the 

other objections one can raise to the earlier calculations. Consequently, 

we shall devote most of our attention to the results of the gto cal¬ 

culations, which, in fact, encompass and elaborate on the approxima¬ 

tions and results of the earlier sto calculations. 

2. Theoretical results 

Assuming the non-planar geometry of Costain and Dowling6 

(Figure 8), and the essentially Double-Zeta basis of reference 122, 

Roothaan’s scf-mo procedure leads to the molecular-orbital scheme 

of Figure 9, for the ground state of formamide. The corresponding 

H(i) H(3) 

Figure 8. Numbering of the atoms and coordinate system used for formamide 

gto calculations. The coordinate system shown on the right is centred at the 

midpoint of the C—N bond, and defines the X, Y, and Z directions for the 

atomic p orbitals on all centres. H(i) and H(2> have a negative Y coordinate, 

N,C,0 and H(3) are in the Y = 0 plane; fx is the dipole moment. 

molecular-orbital wave functions have been analysed to yield the 

orbital populations and charge densities given in Tables 6 and 7. 

We have temporarily presumed a planar structure for assigning sym¬ 

metry species to the various orbitals; those labelled a' are ‘o’ and 

those labelled a" are 1tt\ Robb and Csizmadia125 have presented 

three-dimensional diagrams which illustrate the patterns of nodes and 

antinodes in each of the occupied and unoccupied mo s of formamide. 
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The highest filled orbital in formamide is computed to be 2a", a n 

mo consisting of almost equal amounts of 2p tt ao’s on oxygen and 

nitrogen, with a node through the intervening carbon atom. Because 

there is very little overlap between the tt orbitals on oxygen and 

nitrogen, 2a" is appropriately described as non-bonding126, even 

_ 13a' +0-326 
- 12a' +0-268 
----- 11a' +0-236 

- 3a" +0-171 

±i- 2a" -0-420 
Id_ 10a' -0-440 

Id- la" -0-583 
Id- 9a' -0-612 

Id_ 8a' -0-675 

Id- 7a' -0-756 
Id-- 6a' -0-858 

Id_ 5a' -1-220 
Id_ 4a1 -t-429 

--Id- 3a' -11-385 

-id- 2 a' -15-588 

--*-id.- la' -20-538 

Figure 9. Orbital symmetries, energies (a.u.) and occupancies computed for 
the ground state of formamide in the non-planar geometry6. The level spacings 

are not drawn to scale. 

though of tt type. The lower occupied n orbital la" is strongly 

bonding, having all ao’s in phase, with maximum density on the 

nitrogen atom. It is the pair of electrons in this tt orbital which are 

responsible for the rotational barrier about the C—N bond of amides. 

The highest filled a orbital 10a' is largely oxygen-centred and cor¬ 

responds to the conventional ‘non-bonding oxygen lone pair’ of 

ketonic substances. The fact that neither the 10a' or 2a" mo’s contain 

any appreciable electron density on adjacent atoms explains their near 
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degeneracy, even though the former appears localized and the latter 

delocalized. One sees, however, from the population analysis that 

10a' does have a non-zero density on H(3), and somewhat smaller 

densities on the G and N atoms as well. Thus it is seen that in the 

ground state, the conventional sigma lone pair is in part delocalized 

Table 6. Orbital population analysis of the formamide ground state. 

8a' 9a' 10a' la" 2a" 3a"“ 

Ha, 0-0187 0-0791 0-0158 0 0 0 

h<2) 0-2111 0-0573 0*0147 0 0 0 

H<3) 0-1683 0-1331 0-2238 0 0 0 

C8 0-0916 0-0190 0-0151 0 0 0 

N, 0-0007 0-0000 0-0056 0 0 0 

o8 0-0876 0-2390 0-0000 0 0 0 

Cx 0-1068 0-3661 0-0229 0 0 0 

N* 0-2942 0-1329 0-0009 0 0 0 

o* 0-3296 0-4867 0-4859 0 0 0 

Cy 0 0 0 0-6607 0-0344 1-4475 

0 0 0 0-7621 1-0439 0-1340 

oy 0 0 0 0-5772 0-9217 0-4185 

C, 0-4106 0-0391 0-0277 0 0 0 

N3 0-2678 0-0094 0-1101 0 0 0 

O, 0-0145 0-4369 1-0773 0 0 0 

“ This orbital is not occupied in the ground state of formamide. 

Table 7. Charge densities in the 

ground state of formamide. 

Atom Net charge 7r-Electron density 

H1 + 0-357 0 

H2 + 0-368 0 

H3 + 0-152 0 

C + 0-258 0-695 

N -0-758 1-806 

O -0-377 1-499 

over the adjacent framework. As will be seen in section IV.B this is 

not necessarily true in the excited states of formamide. 
Application of a Mulliken population analysis to the occupied tt 

orbitals of formamide shows that the nitrogen atom has only T8 tt 
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electrons, the other 0-2 being in the C=0 group which itself is 

strongly imbalanced towards oxygen. The paucity of 77-electron 

density on nitrogen is just that expected from a consideration of the 

valence-bond structures 3 and 4. Various experiments and calcula¬ 

tions place the relative weights of 3 and 4 in the ground-state wave 

o 

—c 
\ 

N— 

(3) (4) 

function of amides at from 2:1 to 4:1. It can also readily be seen 

from Table 7, that such 77-electron-only considerations can be grossly 

misleading, for although the nitrogen atom is 77-electron poor (net 

77 charge of +0-19), it seems to be overall electron rich (net charge of 

— 0-76). In fact, the populations show a back-donation effect, with 

charge leaving nitrogen via the 77 system, and more than compensating 

this, a flow of charge to nitrogen from the protons via the a system. 

A similar effect is reported for all-electron calculations on formalde¬ 

hyde 127. Because the carbon atom loses 0-3 electron to oxygen via the 

77 system and has an overall charge of + 0-3, it is seen to be essentially 

electroneutral in its o system. The same conclusion applies to the 

oxygen of formamide. The total net charge on the NH2 and CHO 

fragments of formamide are calculated to be -0-033 and +0-033, 
respectively. 

The 77-electron deficiency at carbon suggests that the ground state of 

formamide must include the structure 38 as an ingredient at least as 

O 

H-C/ 
\ 

nh2 

(38) 

important as structure 4 (even more important according to the mo 

calculations), and that valence-bond structures which we dare not even 

pictorialize, but which transfer charge from the protons to nitrogen, 

are also necessary to give correctly the overall charge distribution. 

The dipole moment of formamide can be calculated from the electron 

distribution in the Costain-Dowling geometry to be 4-39 d with an 

angle 6 = 42-6° (Figure 8). Kurland and Wilson22 report a dipole 

moment of 3-7 ± 0-06 d at an angle of 39-6° for gaseous formamide in 
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its ground state. Surprisingly, a value of 4-2 d has also been cal¬ 

culated for the dipole moment of the amide group, considering the 77- 

electrons only128. We see, however, from the strong electronic 

polarization of the cr system of formamide, that comparison of the 

measured moment with the moment calculated in the 7r-electron 

approximation is meaningless. The apparent agreement arises from 

the fact that though the a system has suffered a large reorganiza¬ 

tion of charge on forming the molecule from its atoms, the centres of 

gravity of the positive and negative charges in the a system are acci¬ 

dentally very nearly coincident, thus having very little effect on the 

dipole moment. 

Realizing that the 10a' and 2a" mo’s were quite nearly degenerate in 

formamide, Hunt and Simpson126 long ago raised the question as to 

which orbital was involved in the lowest ionization potential (10-2 ev) 

of this molecule. In mo calculations of the scf type, the ionization 

potentials are usually taken as the negatives of the calculated orbital 

energies (Koopmans’ theorem). Using this approach, we calculate 

that ionizations from the non-bonding cr (10a') and 77 (2a") orbitals of 

formamide require 11-99 and 11-42 ev, respectively. This approxi¬ 

mation, however, presumes a certain three-fold vertical nature to the 

process: (i) the nuclear geometry does not change on ionization, (ii) 

the occupied molecular orbitals of the system do not reorganize on 

ionization, and (Hi) the correlation energy error does not change on 

ionization. The approximation (i) would appear to be a valid one, 

whereas (ii) and (Hi) can be shown to be poor approximations. 

The effect of electronic reorganization, (ii), can be evaluated by 

calculating the ionization potentials as the differences between the 

computed total energy of the neutral molecule and the recomputed 

total energies of the positive ions of interest. When applied to forma¬ 

mide, this technique gives the ionization potential from the a orbital 

10a' as 8-80 ev, and that from 2a" tt as 9-7 ev122, just the reverse order 

predicted using Koopmans’ theorem. Even though this technique 

does account for 1-5-3-0 ev of reorganization energy, the error in¬ 

curred in approximation (in) still leaves the theoretical question of the 

ground-state symmetry of the formamide positive ion unanswered. 

The correlation error (Hi) can be treated simply in the following 

way. Using a Mulliken population analysis, we first reduce the mo 

occupations of the neutral molecule and the positive ions of interest, 

to ao populations. Then using Nesbet’s tables of ao correlation 

energies129, we can add atomic contributions to get the final molecular 

quantities. When performed in this way, the reorganization and 
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correlation corrections give an ionization potential of 11 -06 ev from 

the 10a' a orbital, and 12-9 ev from the 2a" 77 orbital. Other work, 

quoted in section V.A, also supports the n orbital ionization potential 

as lower than that from 7r, in amides. A discussion of the higher 

ionization potentials of formamide is deferred to section V.G. 

It has recently been shown130 that the total energy of formamide as 

calculated in the Double-Zeta basis can also be used to calculate the 

heat of the reaction: CO + NH3 —> HCONH2, for this is simply equal 

to the difference of the total energy of formamide and the sum of those 

of carbon monoxide and ammonia. After correction for zero-point 

energies, the calculated value of 9-4 kcal/mole compares nicely with the 
observed value of 12-6 kcal/mole. 

Other quantities amenable to calculation with the ground-state 

wave function are the components of the electric-field gradient tensor 

at the quadrupolar nitrogen nucleus, and the molecular quadrupole 

moment. The first of these has been measured in formamide by 

Kurland and Wilson 22, and in the principal axis system has the values, 

?aa — + T90, qbb = +1*70, and qc0 — — 3-60Mc/sec, which compare 
favourably with the calculated values131*, of ?aa = +1-99, qbb = 

+ 1 *67, and qcc = — 3-66 Mc/sec. The quadrupole moment of forma¬ 

mide has not been measured as yet, but in the principal axis system, it 

has computed components of Qaa = 4-419, Qep = -2-232, and Qyv = 
-2-186, all in units of 10“26 e.s.u. cm2. 

B. Excited States 

In order to interpret optical absorption spectra and various 

excited-state properties, one needs a method of accurately calculating 

excited-state (open-shell) wave functions. However, the calculation 

of open-shell states in the Hartree-Fock scf approximation is a 

difficult problem which has not yet been solved in a general way. 

Ideally, electronic excited-state properties should be calculated from 

the appropriate scf solution for the electronic state in question. For 

example, excitation energies would be computed by subtracting the 

total scf energies of the excited and ground states. This procedure, 

however, even if fully implemented, would not be totally satisfactory 

since it neglects the change in correlation energy due to the different 

* Calculated assuming a 14N nuclear quadrupole moment of 1-470 x 10“26 

cm2, which is an experimental lower limit to this quantity. Presuming the 

upper limit of 1-604 x 10-26 cm2, leads to equally good agreement between 

calculated and experimental quadrupole coupling constants. 
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number of electron pairs in the closed-shell ground state and the 

open-shell excited state. 

Short of directly calculating upper-state wave functions, the most 

common method of constructing excited states uses the virtual mo’s 

(11a', 3a", etc.) which are obtained as a by-product of the solution of 

the ground-state scf equations. In this procedure, excited-state 

configurations are constructed by promoting electrons from the higher 

occupied mo’s to the lower unoccupied (virtual) mo’s which are 

assumed to be good representations of the excited-state terminating 

mo’s; the excitation energies are then calculated using well-known 

formulas132. In addition to ignoring changes in correlation energy', 

the virtual-orbital approach also ignores any electronic rearrangement 

which may occur among the unexcited electrons when the optical 

electron changes orbit. 
If there were some reason for believing that the virtual-orbital mo’s 

obtained from the ground-state calculation corresponded to those that 

one would get by doing the excited-state calculation directly, then the 

virtual-orbital method would be a useful procedure for simply ob¬ 

taining excited-state wave functions, subject still to correlation de¬ 

ficiencies. In fact, our calculations on formamide excited states show 

that for certain situations the virtual-orbital approximation is accept¬ 

able and in others, totally unacceptable. An extreme example of 

how misleading the virtual-orbital mo’s can be in describing excited 

states is furnished by the Rydberg orbital calculations on formamide. 

In the usual type of electronic excitation, termed valence-shell 

excitation, an electron is excited from an mo composed of a certain set 

of ao’s (say, 2s and 2pa) with fixed phases, to another composed usually 

of the same ao’s, but having different phases. In a Rydberg excitation 

the same electron is promoted to an orbital composed, instead, of ao’s 

having a principal quantum number higher than any of those occupied 

in the ground-state configuration (say, 3s or 4p). Moreover, since 

terminating orbitals can be constructed with an ever-increasing 

principal quantum number, one usually talks in terms of families of 

Rydberg states, called series, all of which have the same azimuthal 

quantum number, but different principal quantum numbers. 

For a complete and proper interpretation of the electronic absorp¬ 

tion spectrum of amides, one needs to calculate both valence-shell and 

Rydberg excited states. This is accomplished by putting both valence 

shell {Is, 2s, 2p) and Rydberg (3s, 3p) ao functions into the basis. 

We have done this, and an orbital population analysis of the resulting 

mo’s is shown in Table 8, in which the populations of the highest 

3+c.o.a. 
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occupied and lowest unoccupied mo’s in formamide are presented for 

two different calculations; a strictly valence-shell basis (badz) and a 

valence shell + Rydberg 3p (badz + 3p) basis. In the ground state, 

the cr*(l la') and 77-*(3a") mo’s are both unoccupied. First it should be 

noted that the orbital populations in the ft(lOa') and 77-(2a") mo’s are 

almost identical for the two bases; as expected, the Rydberg-basis 

functions do not contribute to the ground-state wave function. 

However, the population analysis of the a* (11a') and 77* (3a") virtual 

orbitals shows that in the badz + 3p basis both of the mo’s are com¬ 

puted to be almost 100% Rydberg. Thus, in a basis containing both 

valence-shell and Rydberg orbitals, the first ft —> 77* and 77 —> 77* 

excitations in formamide are predicted to be of the Rydberg type, 

contrary to the experimental evidence supplied by the spectra of 

formamide in condensed phases (section V. A). 

In the same table are shown the results of scf calculations performed 

directly on the upper-state triplets corresponding to the singlet states 

of interest. The triplet-state scf wave functions are readily obtain¬ 

able, and if we make the presumption that triplet and singlet con¬ 

figurations differ only in the spin parts of their wave functions, then 

the space wave functions of the triplet (Table 8) will be the same as that 

of the singlet. The table clearly shows that when the terminating 

mo is directly involved in the scf procedure, a clear-cut separation is 

obtained between valence-shell and Rydberg excited states. Thus, 

when calculated in this way, the 3 a" mo in both ft —77* and 77 —> 77* 

excitations are valence shell, in both badz and badz + 3p basis set 

calculations, as observed experimentally. Note also that the com¬ 

position of the 3a" mo is significantly different in the ground, n -> 77*, 

and 77 —> 77* states. Similar reorganization effects are observed for the 

ft orbital, 10a'. In the ground state, this orbital is 78% on oxygen, 

with the remaining 22% distributed among the a orbitals of the other 

atoms. However, in the n —> 77* excited state, the electron remaining 

in the n orbital is now 94% on oxygen. Apparently the positive hole 

formed on oxygen in the n —> 77* upper state pulls the remaining n 

electron back onto oxygen. The reorganization is even more dramatic 

for the 2a" orbital in the 2a" —> 3a" transition. 

To sort out these somewhat confusing computational results the 

following procedure was used in the amide calculations. The triplet- 

state calculations were used to determine the nature of the excited 

state in question (Rydberg or valence shell) and the virtual-orbital 

excited state in the corresponding appropriate basis used to calculate 

properties. It should be noted that under the assumption that the 
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space part of the wave functions is the same for corresponding singlets 

and triplets, then the energy of the singlet (Es) is related to that of the 

triplet (Et) by equation (3), where K is the familiar exchange integral 

Es = E^ -p 2A (3) 

over the two singly occupied mo's. This has been called the indirect 

scf method and has been applied to formamide calculations. 

Another quantity of concern to us is the oscillator strength connect¬ 

ing the ground state to each of the excited states. There are two 

alternative equations, (4) and (5), for computing the oscillator strength 

of a transition of energy AE (atomic units). It the T's were exact, 

f(r) = f<Y0 \r\¥£* x (4) 

m - t ^oMT^/Ais (5) 

Table 9. Virtual-orbital excited states of formamide. 

£r(ev) T3(ev) /(V) /(*-) 

n(10a') ->7r*(3a') 6-36 6-89 0-011 0-006 
77* (3a') 6-06 10-50 0-233 0-760 

n'(9a') -> IT* (3a') 10-65 11-19 <10~5 6 x 10~s 
7r(2a') o*(lla') 10-35 10-93 0-001 0-001 
n(10a') —s - cr*(lla') 13-12 13-63 0-089 0-209 

77* (3a') 9-58 13-98 0-095 0-281 

Table 10. Singlet Rydberg excited states of formamide. 

Virtual-orbital Indirect scf 
energy (ev) f(r) /(V) energy (ev) /(V) 

n -> 3j 9-76 0-009 0-003 5-83 0-033 
10-21 0-014 0-004 
10-21 0-024 0-024 
9-76 0-055 0-036 6-39 0-063 

10-08 0-030 0-026 
11-43 0-008 0-010 :o 

t (5 8-89 0-002 0-002 6-53 0-033 
9-27 0-009 0-011 
9-76 0-009 0-001 

7T-> 3/»ff 9-12 0-002 0-002 7-26 0-0003 
9-23 0-032 0-022 

10-42 0-004 0-004 
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then the oscillator strengths calculated using dipole length matrix 

elements (equation 4) and dipole velocity matrix elements (equation 5) 

would be equal. However, since the T’s are inexact, we report both 

f (r) and f (V) for the various transitions of formamide, but prefer the 
latter. 

The calculated optical spectrum of formamide is assembled in 

Tables 9 and 10, and will be discussed along with the observed spec¬ 

trum in section V.A. 

Excited-state dipole moments can also be calculated with the wave 

functions derived using the indirect scf technique. Such calculations 

show that the dipole-moment directions in the n —> tt* and tt —> tt* 

upper states are very nearly coincident with that of the ground state, 

but that the moments are depressed by about 2.5 and 1.5 D, 

respectively 22. 

V. OPTICAL PROPERTIES 

A. Absorption Spectra 

It has been shown122,123 that the electronic spectra of amide- 

containing molecules is very characteristic in the region 40,000- 

80,000 cm-1 (2500-1250 a, 5-10 ev), the spectrum of formamide 

showing an obvious resemblance to those of, say, 39 and 40 as in 

z
 i 

<
/u

 0s | / \ 
h2cf H ch3 

(39) (40) 

Figure 10. In the region beyond 70,000 cm-1, the resemblance may 

be only superficial, however, since it is in this region that the various 

alkyl groups have their first absorptions. Labelling the amide bands 

sequentially as W, Rx, V1} R2, and Q_, we feel that the first four bands 

retain their spectroscopic individuality in all simple amides, and that 

Q_ is similarly present but may be overlapped with alkyl-group 

absorption. 
Of the five bands of the amide group, the W band is least contro¬ 

versial, with all investigators agreeing to a singlet-singlet n->TT* 

(10a' -> 3a") assignment. The presence of this band in amides was 

only barely hinted at for a long time, until Litman and Schellman133 

pointed out that by going from the usual hydroxylic solvents to 
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non-polar hydrocarbons, the W band is red shifted, whereas the adjacent 

absorption is blue shifted, thus uncovering the W-band profile. The 

n —> 77* frequency in simple amides and lactams is near 45,000 cm-1, 

and as is appropriate for such excitations, their molar extinction co- 

Figure 10. The electronic spectra of various amides in the gas phase. [Re¬ 

produced, by permission, from ref. 123.] 

efficients when corrected for overlapping absorption are less than 100 

(the extinction coefficient for the n —> tt* band of formamide is 64). 

It is our experience that the n —> tt* bands of amides in acetonitrile 

solvent are almost always smooth and featureless, the only structure of 
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which we are aware being a few 1200-1500 cm-1 intervals in the 
n->7T* band of -V3iV'-dimethyloxamide (41). 

Two interesting exceptions to these simple generalizations should be 
recognized. First, in the oxamides, the 77* orbital is delocalized over 
both amide groups, thus shifting the n —> 77* excitation to 36,000 cm-1. 

On NHCH3 

V 

\ihch3 
(41) 

Similar shifts to lower frequencies may be expected whenever a 77- 

electron system is placed a to the amide group. Second, as can be 
seen from Figure 10, the n^-rr* excitation is not evident in the absorp¬ 
tion spectra of tertiary amides134. However, it is readily confirmed 
by circular dichroism spectra that the band is merely covered in these 
compounds by the stronger absorption to the blue (cf. section V.B). 

Overall, the gto calculations would appear to be doing a more than 
adequate job on the n -> 77* excitation, for the predicted excitation 
energy of 6-42 ev is in agreement with the 5-65 ev observed, and the 
n—>7T* oscillator strength is observed to be about 0-002-0-004122 in 
various amides, while 0-007 is calculated. The gto calculations also 
predict that the n-> 77* transition has associated with it a magnetic 
transition moment, unmeasured as yet, but calculated to be 0-7736 
Bohr magnetons. 

In addition to the frequency, the molar extinction coefficient and 
the possible change in spin multiplicity of an electronic transition, the 
electric dipole polarization direction is another measurable quantity 
which characterizes the excitation. The polarization direction of an 
electronic transition is that direction of the E vector of incident polar¬ 
ized light in a molecule-fixed coordinate system for which the light is 
absorbed maximally at the absorption frequency of interest. Since 
the absorption intensity varies as the square of the cosine of the angle 
between the polarization direction and the direction of the incident 
E vector, an out-of-plane polarized transition (in a planar molecule) 
will have no absorption intensity for in-plane polarized light, and vice 
versa. Peterson and Simpson135 attempted to measure this direc¬ 
tion of maximum absorption using single crystals of myristamide and 
light polarized along one or the other of the principal directions of the 
crystal. While they did not see a specific n-> 77* maximum in their 
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experiments (Figure 11), they found a ratio of absorption intensity for 

the two principal directions at about 45,000 cm-1 which suggested 

to them that the polarization direction was largely in-plane for the 

n —>■ 7r* band of this amide. Since simple group theoretical analysis 

shows that the n—>Tr* band of amides should be out-of-plane po¬ 

larized, they concluded that the problem was being complicated by 

the interaction of nuclear vibrations with the electronic motions. 

Figure 11. Absorption spectrum of the myristamide crystal with light 
polarized along the crystallographic a and b directions. [Reproduced, by 

permission, from ref. 135.] 

The Ri band is a relative newcomer to the overall picture of amide 

spectra, having first been reported in 1966-1967122-136'137. It is 

very unlike almost all other transitions studied by spectroscopists, for 

though it is quite evident in gas-phase spectra, it does not appear at all 

in any dense or condensed phase. The suggestion has been made that 

this peculiar behaviour arises whenever the optical electron is excited 

into a Rydberg orbital, i.e. one in which the optical electron orbit is 

very large compared with those remaining in the core. Such Rydberg 

orbitals can be visualized as linear combinations of ao’s having 

principal quantum numbers 3 and higher, as well as azimuthal 

quantum numbers, 0(j), l(/>), 2 (d), etc. Thus, for example, the first 
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Figure 12. The electronic spectrum of ethylene as a gas at low pressure (-), 

with 150 atm of N2 gas added (-), and as a polycrystalline film at 24°k 

(-). [Reproduced, by permission, from ref. 138.] 

Rydberg excitation in ethylene138 involves the excitation of an elec¬ 

tron from the 2p 77-bonding orbital into an mo composed of 3s ao’s on 

the carbon atoms. This excitation is readily observed in the gas- 

phase spectrum of ethylene, Figure 12, as the prominent feature 

marked R(3j) poised on the edge of the valence-shell (non-Rydberg) 

■J7 -—y 77^ excitation. However, on adding 150 atm of N2 gas or by 

forming a polycrystalline film at 24°k, R(3y) is seen to disappear 

3* 
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whereas the valence-shell absorption remains relatively unaltered. 

The similar phenomenon involving amides is shown in Figure 13. 

The gas-phase spectrum of formamide, Figure 13, does not show an 

n —> 77* absorption since the compound does not have sufficient vapour 

pressure to show such a weak band122. The extinction coefficient, 

however, shows that the band at 45,000 cm-1 in the condensed phase 

is the n —> tt* band. The next condensed-phase band in formamide 

Figure 13. The electronic spectra of formamide and iV, jV-dimethylacetamide 

in the gas phase ( ) and in condensed phases (-). [Reproduced, by 

permission, from ref. 123.] 

comes just where Rx is observed to be in the vapour. Thus Wx and R2 

would appear to be missing from the condensed-phase spectra. 

However, in dimethylacetamide, where condensed-phase intensities 

were measured accurately, it was found that the band remaining in the 

45,000—60,000 cm 1 region has an extinction coefficient compatible 

only with its being Vx. In this way it was concluded that both R-t 

and R2 are absent in condensed-phase amide spectra, with Vx being 

more or less red shifted into the Rx region. Room-temperature 

experiments with a large number of other amides as solutes in tri¬ 

methyl phosphate or hexafluoroacetone hemihydrate also showed only 

one band in the 50,000-60,000 cm-1 region, where three are clearly 

indicated in the gas phase. Thus is it concluded that Rx and R2 are 
Rydberg bands. 
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Peterson and Simpson135 found that the R2 band of formamide 

could be fitted as the first term of a Rydberg series, all terms of which 

are given by equation (6), where En is the excitation energy measured 

En = I.P. 
109,720 

(rc-8)2 
(6) 

downward from the ionization potential I.P. (82,566 cm-1), n is an 

integer running upwards from 3, and 8 is the quantum defect, equal to 

0-639 for this series of formamide. Application of equation (6) to Rx 

of formamide suggests that if it also has n = 3 and the same ionization 

potential, then it must have S = 1-03. Now it has been found ex¬ 

perimentally139 that the value of 8 in such Rydberg series is often 

characteristic of the symmetry type of the Rydberg orbital. Thus 

excitations to s, p, or d Rydberg orbitals have quantum defects of 

approximately TO, 0-6, or 0-1, respectively. Thus is it clear that Rx 

is the first member of an j Rydberg series and R2 the first member of a 

p series. Using these arguments in reverse, the ionization potential of 

any amide can be estimated by adding 109,720/(3—l)2 or 109,720/ 

(3-0-6)2 to its observed Rx or R2 gas-phase absorption frequencies. 

Kaya and Nagakura136 have also observed the Rx bands of several 

amides in the gas phase, but chose to assign them as valence-shell 

excitations in hydrogen-bonded dimers. This argument, however, 

would fail to explain the clear presence of the Rx bands in tertiary 

amides such as dimethylacetamide and l-methyl-2-pyrrolidone (40), 
Figures 10 and 13, which cannot form hydrogen bonds (see however, 

the possibility of dipole-dipole coupling, section III.F.2). 
Inasmuch as Rydberg excitations are quite sharp normally, with 

more or less clearly defined vibrational structure, it is rather surprising 

to note that the Rx Rydberg band in the dozen or so amides in which it 

has been observed is always completely structureless. The usual ex¬ 

planation for structureless absorption is that the upper state is not 

bound with respect to certain motions of the nuclei. If this is the case 

for the Rx bands of amides, then one could expect irradiation of 

amides in the Rx band to lead to extensive photochemistry. More¬ 

over, the photochemistry would be very different in condensed phases 

where there is no Rx absorption. A second possibility, however, 

is that the Rx state is relaxed so quickly to the manifold of states 

below it that the component levels are broadened due to their very 

short lifetime. 
The assignment of the Rx and R2 bands as Rydbergs is supported as 

well by the indirect scf calculations. Consideration of gto bases 
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containing both 3^ and 3p Rydberg ao’s on the G, N, and O atoms, 

leads to the prediction that the lowest energy Rydberg excitation 

(5-83 ev) is n —> 3y, and that of the Rydberg excitations terminating 

at 3pa, the lowest one (6-39 ev) is again n-^Zp (Table 10). These 

results predict automatically that the lowest ionization potential of 

formamide involves the n orbital 10a' and not the 2a" v orbital. 

The Vx band (53,000 — 59,000 cm-1) is the most prominent of 

those in the amides140, and corresponds to the singlet-singlet excitation 

tt —*■ 77* (2a" —> 3a") in the mo scheme. A second roughly equiva¬ 

lent and very useful approach to the assignment of the Vi band con¬ 

siders the amide molecule as composed of an amino part —NR2 and a 

keto part ,C=0 in the ground state, while the upper state has the 

charge-transfer configuration -nr2+ C=0 97*14i,i42> Because 

the energy of such a charge transfer will depend directly on the ioniza¬ 

tion potential of the —NR2 group, the frequencies of the Vx bands of 

a number of amides can be readily correlated with the ionization 

potentials of their amino parts (Figure 14)142. Our gto calculations 

lend but little support to these simple ideas about charge distribution 

in the Vx excited state. Thus the population analyses show that the 

3a" 7r* orbital in the tt, tt* configuration is almost 90% within the 

carbonyl group, as presumed in the charge-transfer model, but that in 

Table 11. 7r-Electron densities computed from the ground and tt —n* 

excited states of formamide. 

(2a")2(3a")° (2a")1 (3a")1 

c 0-034 0-761 
N 1-044 0-313 
O 0-922 0-926 

the ground state, the originating 2a" tt orbital is not at all localized 

on the nitrogen atom, but rather is equally distributed between 

nitrogen and oxygen. Moreover, the 2a" orbital reorganizes ap¬ 

preciably in the V2 excited state, so that the 7r-electron density changes 
on excitation as shown in Table 11. 

Thus it is calculated that the net effect of the tt —> tt* transition on 

2a and 3a only, is the transfer of 0-7 electron from N to G, the net 77- 
electron density on O remaining fixed. 
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A peculiar intensity effect has been found for the Vx band of amides. 

The molar extinction coefficient of the Vx band of formamide is 

15,000, which is almost twice that of the other alkylated amides 

(approximately 8,000)14°. When translated into oscillator strength, 

the V! band of formamide amounts to 0-37, which is still appreciably 

103x Ionization potential of amine (cm"1) 

Figure 14. Correlation of the ionization potential of NHR(1)RC2> and the N —> V x 

excitation energy in CH3CONR(i)R(2), where (1) R(i> = R(2) — H; (2) R(ij = H, 

R(2) = Me; (3) R(1) = H, R(2) = Et; (4) R(1) = H, R(2) = n-Bu; (5) R(1) = 

R(2) = Me; (6) R(1) = R«» = Et; (7) Rai = R(2) = n-Pr. [Reproduced, by 

permission, from ref. 142.] 

larger than those of the alkylated amides (0-23-0-27).. A similar 

effect is also found for the Vi bands of formic acid relative to other 

carboxylic acids. 
The polarization of the amide Vx band has been deduced by Peter¬ 

son and Simpson135 from the spectrum of myristamide single crystals 

in polarized light. Their data are shown in Figure 11. Using the 

absorption ratios evident in this figure and the known orientation of 

the amide groups in the crystal, it was concluded that the Vi excitation 

is in-plane polarized with d — 17-9°. This is very nearly the direction 
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one would predict if the excitation involved the transfer of an electron 

from the —NH2 group to the centre of the ^>C=0 group. 

Even with our limited experience, it has become quite clear that the 
ab initio calculation of the tt —> tt* excitation energy in whatever 
planar system, is going to be too high by about 2 ev, even after indirect 
sgf or limited configuration interaction. Formamide has proved to be 
no exception, with the calculated excitation energy coming at 10'41 
ev, more than 3 ev higher than observed. In accord with this energy 
discrepancy, the calculated oscillator strength (0-236) also differs 
appreciably from the observed value of 0-37. Peterson and Simpson’s 

polarization direction of 9 = 17-9 ± 10° is reproduced about 
as well as one could expect (9 = 30-8°) considering that the tt --> tt* 
properties are not too well calculated, and that the experimental 
number is for myristamide crystal, not formamide gas. 

It is a feature of electronic spectroscopy that the deeper one goes 
into the vacuum ultraviolet, the more excitations are possible and the 
more difficult it becomes to sort them out. In amides, this confusion 
begins at the Qband. The condensed-phase spectra show a band at 
the Q, position, but it is many times more intense than the gas-phase 
Q-band, and whatever its origin, its presence obscures the result of the 
condensed-phase Rydberg/valence-shell test. The Qband of forma¬ 
mide had earlier been assigned as a second valence-shell v —> -n* 
excitation97-135,143, but this is only one of a large number of possi¬ 
bilities for this excitation, which include n a* and v —> CT* assign¬ 
ments. 

The indirect scf calculations, while indirect for the singlet excited 
states, are directly applicable to the triplet states of formamide. To 
our knowledge, no report of the experimental determination of the 
triplet energies in simple amides has appeared in the literature, and for 
this reason it may be pertinent to remark that the gto calculations 
place the n -> tt* and tt-> tt* triplet states at 3-87 and 4-40 ev 
respectively. 

B. Circular Dichroism Spectra 

The virtually complete lack of circular dichroism (cd) spectra of 
optically active monomeric amides is puzzling in view of the frantic 
effort expended on the cd spectra of polypeptides. Only in the last 
few years have the first dribbles of cd data for amides appeared in the 
literature. The problem stems in part from the fact that one has to 
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penetrate to about 45,000 cm-1 (220 mp region) to reach the first 

band of amides, but this has been feasible with commercial instruments 
for many years. 

Litman and Schellman133 studied the optical rotatory dispersion 

(ord) spectrum of the optically active lactam 42 and observed a 

(42) (43) 

Cotton effect in dioxane solution at 43,000 cm-1. This was the first 

observation of the Cotton effect at the n -tt* band of a simple 

amide,* though it had been seen earlier in the CD spectra of helical 

polypeptides144. A more complete cd spectrum of a similar amide 

(43) is reported by Urry145, (Figure 15). In water solution, amide 43 

55 50 45 40 

103 x Frequency (cm1) 

Figure 15. The absorption and cd spectra in water of y-valerolactam (-), 

and the cd spectrum in cyclohexane, (-). [Reproduced, by permission, 

from ref. 145.] 

* Actually the NH2 group itself has an absorption at about 43,000 cm-1, 

which however is a Rydberg excitation and, as solution spectra show, does not 

appear in condensed phases. 
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shows a negative n—>7T* band at 47,700 cm-1 and a positive tt -> tt* 

band at 52,700 cm-1. In cyclohexane solution, the 47,700 cm'1 

band is split into two, at 45,800 cm-1 and 49,500"cm1, which is most 

probably due to an association phenomenon. As can be seen from this 

figure, the ti-^-tt* band is completely obscured in absorption, but is 
quite evident in the cd spectrum. 

D-Lupanine perchlorate (44) is another amide in which the n —> tt* 

band is completely covered by the stronger tt —» tt* band in absorp¬ 

tion, but is most conspicuous in the cd spectrum (Figure 16). 

id3 x Frequency (cm 1) 

Figure 16. The absorption (-) and cd (-) spectra of D-lupanine per¬ 

chlorate in water. 

The absorption and cd spectra of the lactam of aminolauronic acid 

(45) in acetonitrile solution (Figure 17) show n -» tt* and tt - > tt* 

bands clearly at 45,200 cm"1 and 51,500 cm"1, respectively123. The 

vapour-phase absorption and cd of this lactam have also been re¬ 

corded, and interestingly, they both show the presence of Rydberg 
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absorption between the n -> tt* and v —> tt* bands, which of course 

does not appear in the solution spectra. 

It is still too early in the CD game to get very much fundamental in¬ 

formation from spectra such as those in Figures 15-17, for it still has 

not even been settled as to whether the n —»■ tt* rotation of amides 

follows a quadrant or an octant rule. However, one can say first, that 

Figure 17. The absorption (-) and CD (-) spectra of amide (45) in 

acetonitrile solution. [Reproduced, by permission, from ref. 123.] 

since the rotatory strengths of the tt* and tt —> tt* bands of amides 

are not in the same ratio as their oscillator strengths, n->ir* bands 

which are effectively invisible in ordinary absorption spectra may be 

readily observed in the CD spectra, and second, that Rydberg excita¬ 

tions are wiped out in condensed-phase cd spectra, just as in condensed- 

phase absorption spectra. 

C. Photoelectron Spectra 

Another type of experiment which is potentially of great value in 

understanding the electronic structures of small molecules is photo- 

electron spectroscopy. In this type of experiment, a monochromatic 

photon beam of energy 21*23 ev impinges on the gaseous molecule of 

interest, resulting in photoionization. The electrons so produced 

then travel with kinetic energies equal to 21-23 ev diminished by the 

ionization potentials of the molecular orbitals from which they came. 

Kinetic-energy analysis of the photoejected electron spray then yields 

all the ionization potentials of the molecule up to 21 ev. 



C
o

u
n

ts
 /

s
e
c

 

66 M. B. Robin, F. A. Bovey, and Harold Basch 

Figure 18. Photoelectron spectra of the various methylated formamides 

the gas phase. 
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By Koopmans’ theorem, the quantized energy7 decrements of the 

photoelectrons are simply the negatives of the computed orbital 

energies of Figure 9. However, our experience has been that the 

Koopmans’ theorem values are uniformly too high by 8%, so that the 

purely empirical adjustment of the results of Double-Zeta calculations 

by this amount leads to good agreement with experiment. The photo¬ 

electron spectra of various formamides131 are shown in Figure 18, 

along with the theoretical energy levels for formamide. 

Figure 19. Detail of the first two overlapping bands in the photoelectron 

spectrum of formamide (cf. Figure 18). 

According to the predictions, the first two photoelectron peaks cor¬ 

respond to ionization processes originating in the n (10a') and -n (2a") 

orbitals. Under higher resolution, (Figure 19), the 10-11 ev region 

in formamide definitely does appear as two bands, one with a vibra¬ 

tional spacing of 1600 cm-1 (C—O stretch in the 2 A' positive ion), 

and one with a spacing of 640 cm-1 in the 2A" positive ion. The 

identical, interleaved vibrational pattern is found as well in the 3p 
Rydberg bands of the optical spectrum of formamide (Figure 10). 

The next four ionization processes in formamide are identified as 

indicated by the remaining four arrows in Figure 18. 
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Like the cd measurements, it is not yet clear just how important 

photoelectron spectroscopy will prove to be in the study of the elec¬ 

tronic structure of amides. Up to the moment, it has confirmed in a 

striking way the very near degeneracy of the highest occupied n and tt 

orbitals of simple amides and in general supports the orbital energies 

calculated for the ground state. Additionally, the photoelectron 

spectra of iV-methylforrriamide and iV,iY-dimethylformamide 

strongly suggest that in these compounds the n and tt levels are 
reversed, with tt slightly above n. 
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I. INTRODUCTION 

In this chapter we shall be concerned with the synthesis of compounds 

containing the amide function, including simple amides, diacyl- and 

triacylamines, lactams, and imides. Some limitation of the area 

surveyed has been necessary in order to keep the size of the review 

within reasonable bounds. Accordingly, discussion of methods of 

preparation of carbamates and ureas has been precluded except in 

those cases where such compounds are intermediates in the formation 

of amides; nor in general do we consider the preparation of amides by 

reactions involving modification of molecules which already contain 

the carbamyl group. However, the principle that only those trans¬ 

formations involving introduction of a new amide function will be 

reviewed has been relaxed in section VI, where, because of their 

particular significance in lactam synthesis, some aspects of the alkyla¬ 
tion of amides are discussed. 

Also, for reasons of space it has not been possible to devote to 

methods for the preparation of lactams such close scrutiny as has been 

accorded acyclic amides. However, this deficiency is partly rectified 

by the availability of reviews of the chemistry of a- and /3-lactams1-2, 

the former very recent, whilst discussions of synthetic routes to higher 

lactams are to be found in most texts on heterocyclic chemistry. 

Each section and subsection includes, where possible, some con¬ 

sideration of mechanistic aspects, as well as a survey of the scope and 

limitations of the particular reaction under examination. In the 

belief that those readers who consult this chapter will include some 

who are confronted with practical problems in amide synthesis, I have 

endeavoured to select from the vast range available a number of 

specific recent examples of preparations of amides which proceed in 

high yield and which illustrate well the best experimental procedures. 

Further information on practical methods is available in texts; those 
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by Hickinbottom 3, Wagner and Zook4, and Fieser and Fieser5 are 

especially useful. Excellent discussions of the general chemistry of 

amides, including synthesis, are to be found in the new edition of 
Sidgwick6 and in Smith’s recent monograph7. 

II. ACYLATION OF AMINES AND AMIDES 

A. General Considerations 

This section is concerned with formation of amides, imides and 

lactams via acylation at nitrogen in ammonia, amines or amides. 

Apart from a few special cases (e.g. acylation with ketenes) the reactions 

are of the general form of equation (1) and thus represent examples of 

RJCOX + R2R3NH -> R1CONR2R3 + HX (1) 

nucleophilic substitution at the carbonyl carbon atom. For such 

processes three distinct mechanisms (2-4) may be formulated (where 

Y~ represents the nucleophile). 

RCOX ~ RCO+ + X" ■■ Y~ > RCOY (2) 

o- 

RCOX + Y- R—C—X RCOY + X- (3) 
fc2 | ki 

Y 

RCOX + Y- 

O 
I; 

r—C--Y 

k 

RCOY + X- (4) 

Mechanism (2) is most likely to be observed in solvents of high 

polarity when X forms a very stable anion (i.e. when HX is a strong 

acid) and when Y - is weakly nucleophilic. In view of the relatively 

high nucleophilicity of nitrogen in most amines and amides mechanism 

(2) is improbable for the majority of acylation reactions of such com¬ 

pounds. However, in some special cases (e.g. acylation with acyl 

tetrafluoroborates)8 acylium-ion intermediates are involved. 

The addition-elimination mechanism (3) is generally considered to 

apply to most acylation reactions of amines and amides9-12 although 

substantial evidence for its existence has been amassed only in the 

case of aminolysis of esters (section II.D). When applied to amine 
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acylation, mechanism (3) must include a step involving loss of a proton 

from nitrogen and then is most simply represented as equation (5). 

o- o- 

F^COX + R2R3NH - R—C—X R1—C—X  -^ R1CONR2R3 + X" 
I I 

+ N—H N 
/ \ / \ 

R2 R3 R2 R3 
(5) 

Although this formulation provides a useful generalization of pre¬ 

dictive value for estimating the probable effects of changes in reactant 

structure and experimental conditions it undoubtedly presents an 

over-simplified view. In particular the nature and position in the 

reaction sequence of proton-transfer steps and the factors affecting 

them, such as catalysis by acids and bases, are imperfectly understood 

and present complex problems requiring further investigation. In 

general, careful consideration of such subtleties of mechanism lies 
outside the scope of the present discussion. 

Mechanism (4) involves synchronous bond breaking and bond mak¬ 

ing. It covers a wide range of mechanistic behaviour depending on 

the relative importance of the two processes, and mechanisms (2) and 

(3) are seen as limiting forms of (4) in which one or the other of bond 

formation and bond fission becomes solely rate determining. Mechan¬ 

ism (4) has been generally regarded as improbable11-13 but its occur¬ 

rence in some amine acylation reactions is by no means inconceivable 

and cannot be precluded on the basis of the scanty mechanistic in¬ 
formation available at present. 

Returning to mechanism (3) we see that the overall rate of the for¬ 

ward reaction will depend on the structures of the reactants11-14. 

Thus, increase in the electron-attracting power of R in RCOX will 

stabilize the intermediate complex hence increasing kx which is the 

most significant factor in the rate expression, and enhancing the overall 

rate of acylation. Conversely, electron-donating groups R, particu¬ 

larly those which stabilize RCOX by resonance interaction with the 

carbonyl groups, will decrease the rate of the forward reaction. 

Similar generalizations can be made concerning the nature of X. 

In broad terms increase in the electron-withdrawing character of X 

will increase kx and k3 and decrease kx thus enhancing the rate of 

acylation, whilst electron release by X, particularly through conjuga¬ 

tion with the carbonyl group will diminish the rate. Such considera¬ 

tions are in accord with the observed approximate order of reactivity 

\ 
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of the main classes of acylating agents and its parallelism with the 
order of acidity of HX. 

RCOR < RCONR2 < RCOaR < (RC0)20 < RCOHal < RCOBF* 

Within each class of acylating agent more subtle relationships be¬ 

tween structure and reactivity can be detected. They are discussed 

in the appropriate sections of this chapter. However, the profound 

effect of conjugative release in X is worthy of special note since it 

accounts for the particular effecti veness of reagents of the general type 

RCO—A—B=D such as nitrophenyl esters, adducts of acids with 
carbodiimide, and acyl azides. 

For reactions proceeding by mechanism (3) (or mechanism 4) the 

rate of the forward reaction should depend on the nucleophilicity 

of Y~. With amines and amides a reasonable parallelism is observed 

between nucleophilic power, as approximately represented by base 

strength, and ease of acylation (e.g. alkylamines > arylamines > 

amides). An important practical consequence of this relationship, 

nicely illustrated for example by the Haller-Bauer reaction (section 

II.F) or by alkoxide-catalysed aminolysis of esters (section II.D), is 

that the conjugate bases, RNH- or RCONH-, of amines and amides, 

being more powerful nucleophiles undergo acylation by reagents 

which are either inert towards, or react very slowly with, the parent 

compounds. 

Finally, it is noteworthy that intramolecular acylation of nitrogen 

in suitably constituted derivatives of amino acids (i.e. those leading to 

5- or 6-membered rings) occurs more readily than analogous inter- 

molecular reactions, presumably because of the more favourable en¬ 

tropy term in the rate expression. Consequently it is frequently 

possible to prepare pyrrolidones, piperidones and related compounds 

under experimental conditions much milder than those generally em¬ 

ployed for amide formation. 

B. Acyl Halides 

Ammonia, and most primary and secondary amines are readily 

acylated by treatment with acyl halides (equation 6). The reaction 

RiCOHal + R2R3NH-> R1CONR2R3 + HHal (6) 

often proceeds with vigour; presumably this is why it has so infre¬ 

quently been chosen for mechanistic investigation. Nevertheless, the 

rather scanty information available15-18 accords with prediction 

(section II.A) in that acetyl chloride is more reactive than its higher 
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homologues (ascribed both to the increased +/ effect and to the 

greater steric interactions of higher alkyl groups), that the reactivity 

of acyl halides is enhanced by electron-attracting substituents, and 

that crotonyl and benzoyl chlorides, in which there is conjugative 

stabilization of the carbonyl group, are less reactive than saturated 

acyl chlorides. Some typical reactivity series are: 

CH3COCI > CH3CH2COCI > CH3CH2CH2COCI > (CH3)2CHCOCI 

CICH2COCI > PhCH2COCI > CH3COCI 

The order of ease of displacement of the various halogens is I > Br > 

Cl > F. Apparently, as in nucleophilic displacement of halogen 

from saturated carbon, the effect of C—Hal bond strength outweighs 

that of electronegativity12. Finally it should be noted that although 

most discussions of mechanism have assumed direct attack of amine on 

RCOHal, there is a possibility, at least under some experimental 

conditions19, of prior participation of oxygen-containing solvents in 

the mechanism through formation of oxo-oxonium salts (equation 7). 

FPCOHal + R2—O— R3 — " RJCO—OR2R3Ha|- (7) 

For preparative purposes acyl chlorides and bromides are usually 

employed rather than the less readily available fluorides and iodides, 

but formyl fluoride is used for formylation20-21, and in other special 

cases (e.g. preparation of acetoacetamides22) acyl fluorides offer 

advantages. Acyl tetrafluoroborates, hexafluoroantimonates, and 

similar oxocarbonium salts are highly efficient A-acylating 

agents 8,21,23. Methods recently developed for the preparation of 

acyl chlorides24 and bromides25 under very mild conditions will un¬ 

doubtedly extend the application of these reagents in amide synthesis. 

Acyl halides react with ammonia and with amines under a wide 

range of experimental conditions26 and the choice of the best proce¬ 

dure depends on the nature and availability of the starting materials. 

Acylation of ammonia and the lower alkylamines is often conducted 

by adding the halide to a cold, stirred, aqueous solution of the 

base27"29, a method which has the advantages of technical simplicity 

and efficiency, although yields usually diminish as the homologous 

series is ascended. The lower yields encountered when amides are 

prepared from long-chain acyl halides probably arise from the diffi¬ 

culty of ensuring intimate contact between the hydrophobic acyl 

halide and the water-soluble amine, and also because the insoluble 

product tends to form a protective film around unreacted halide. 

These difficulties can be avoided by shaking a solution of the acyl 
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halide in a suitable inert solvent with the aqueous amine. Ether is 

often employed, and the product amide is then obtained by evapora¬ 

tion of the organic layer30,31. Tetrahydrofuran has been used in the 

preparation of adamantane-1-carboxamide32. Frequently, when a 

solvent immiscible with water is employed, the product, being in¬ 

soluble in either phase, precipitates at the interface. Examples of 

this procedure, which often affords excellent yields include the 

preparation of aromatic amides33 (e.g. 1) and steroid amides30,34 
(e.g. 2). 

Aqueous ammonia is not a suitable reagent for the preparation of 

primary carboxamides which, because of low molecular weight or the 

presence of hydrophilic functions, have high water solubility. In 

such cases it is usual to pass gaseous ammonia into, or over*, a solution 

of the acyl halide in a suitable organic solvent. Philbrook35 claims 

that the reaction in benzene gives consistently higher yields of fatty 

acid amides than other methods. Similarly, treatment of 3-methoxy- 

2-methylacryloyl chloride in ethylene chloride with gaseous ammonia 

affords the amide 3 in excellent yield whereas aqueous ammonia gives 

a very poor yield36. 

CH3 /CONH2 
ch3 N—/ ii x 0 ch3och=cconh2 

S' CONEta 'snhcococh3 

(3) W (5) 

The reactions of lower acyl halides with ammonia are frequently 

inconveniently vigorous. A milder method consists of treating the 

acyl chloride with ammonium acetate in acetone37. The reaction, 

* Considerable experimental difficulties can arise by blocking of the inlet 

tube with ammonium chloride when ammonia is passed into solutions of acyl 

halides in organic solvents. Passing ammonia over the surface of a stirred solution 

is a better procedure. 
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which is believed to involve free ammonia formed by dissociation of 
the ammonium salt, proceeds in good yield and has been applied to a 
wide range of representative compounds. Ammonium carbonate in 
water has similarly been used for mild ammonolysis of highly reactive 
halides38. 

Organic solvents which offer the convenience of a homogeneous 
reaction mixture have been very widely used in the acylation of 
alkyl- and arylamines. Almost the whole range of common organic 
liquids, including methanol and ethanol, has been employed; the 
precise choice for any particular reaction obviously depends on the 
physical properties of the reactants. Representative examples of the 
use of various solvents include the preparation of cyclohexane-N, N- 
dimethylcarboxamide in benzene39, JV-butyloleamide in petroleum28, 
A, A-diethyl-4-methylthiazol-5-carboxamide (4) 40 and 1-adamantane- 
carboxanilide in ether41, A-chloroacetylamino acids in ethyl acetate42, 
2-pyruvylaminobenzamide (5) in chloroform43, and Ar-octyltrichloro- 
acetamide in ethylene dichloride44. 

In this procedure the use of an excess of amine is necessary since 
part of it is consumed in reaction with hydrogen halide liberated during 
the acylation. The resultant amine salts usually precipitate and are 
removed by filtration or dissolution in water. The maximum possible 
yield of amide from amine is thus 50%. When a higher conversion 
is desirable inorganic or tertiary amine bases are added to the reaction 
mixture. In the widely used Schotten-Baumann method the bases 
most frequently employed are aqueous sodium hydroxide and potas¬ 
sium hydroxide. The procedure is technically simple; typically the 
acid halide is slowly added to a vigorously stirred suspension or solu¬ 
tion of the amine in aqueous caustic. The method has been very 
widely used for the preparation of aromatic amides and anilides, and 
is particularly suitable for acylation of amino acids and peptides45,46. 
Amine salts may be used directly in the Schotten-Baumann method, a 
device which offers advantages when the free bases are highly volatile 47; 
15N-labelled amides may thus be conveniently prepared with minimal 
loss of ammonia from acyl halides and ammonium nitrate or other 
ammonium salts48. Aqueous sodium carbonate and sodium bi¬ 
carbonate are also suitable inorganic bases for the Schotten-Baumann 
method49, as is magnesium oxide in dioxan-water50. 

When aqueous bases are employed hydrolysis of the acyl halide to 
the acid competes, albeit inefficiently, with amide formation, and for 
this reason an excess of the acylating agent is generally used. This dis¬ 
advantage may be overcome by using an inorganic base in an organic 
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solvent, e.g. calcium oxide51 or sodium carbonate52 in benzene, or 

sodium carbonate in acetone53. 

Organic bases may also be used to consume hydrogen halide 

liberated during the acylation reaction. Pyridine, dimethylaniline, 

triethylamine, and tertiary alkylamines in general are suitable re¬ 

agents and they may be used either in an organic solvent or neat. 

Examples illustrative of such methods include benzoylation of o- 
nitroaniline in dimethylaniline solution54, and acylation of aziridine 

in ether-triethylamine55. 
Both inorganic bases and tertiary amines appear to exert a catalytic 

effect on acylation reactions, particularly when the substrate is a 

weakly basic amine such as diphenylamine or nitroaniline. In some 

reactions the catalytic effect of tertiary amines, like that of inorganic 

bases, may be ascribed to their role as proton acceptors (equation 5), 

but in others, particularly acylation of weakly nucleophilic substrates, 

it may be reasonably attributed to formation of acylammonium 

salts of high acylating power (equation 8). Under carefully con¬ 

trolled conditions acylammonium compounds can be isolated. 

B.1COHal + RJN R1CONR§Hal- (8) 

Known examples include acetyl-, />nitrobenzoyl-, and furoylpyridin- 

ium chlorides56, benzoyltrimethyl- and benzoyltriethylammonium 

hexachloroantimonates67, acyl trialkylammonium chlorides58, and 

dimethylacryloyltrimethylammonium chloride (6)59. They are 

readily hydrolysed by moisture, and on heating ketenes are usually 

produced (equation 9). 

Me Me 

XxC=CHCONMe3 Cl" --> + Me3NH + CI~ (9) 

Me"7 MeX 

(6) (7) 

However, in certain cases, notably aryl-substituted tertiary amines, 

reaction with acyl halides leads to amides via fragmentation 

(equation 10) 60. 

ArNCH2NR2 + PhCOCI -> ArNCOPh + CICH2NR2 
I I OU) 

Me Me 

The formation of amides by acylation of amines or ammonia with 

acyl halides is applicable to a wide range of structural types.. Some 

typical examples illustrative of the scope of the reaction, experimental 

conditions and yields, are given in equations (11-19). 

4+c.o.a. 



i-PrO —(^^)-NH2+CICH2COCI 
Acetone, Na2C03 

i-PrO NHCOCH2CI (11) 

(86%)54 

CI(CH2)4COCI + EtNH2 
HaO, cold 

> CI(CH2)4CONHEt 

(71 %)61 

(12) 

(14) 

Ph- 

;nh + cico no. 
Et3N, ether 

(15) 

(79%)2 

Ph- 
:nco no. 

(89%)6 

C 
NH4OAc, acetone 

O 'COCI o^xconh2 

(90%)37 

o 

(16) 

(17) 

+ CHoNH, 
(18) 

coci -^?--ether> CONH, 
(19) 

(91 %)85 
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Generally the course of the reaction is unaffected by the presence 

of other potentially reactive functions in either the acid chloride or 

amine. Unsaturated amines and acyl halides react normally, and the 

unstable polyacetylenic amides found in nature can be prepared 

without difficulty66. The acylation of aziridines proceeds 

readily55,64,67 and is of considerable interest because the products 

may be transformed into aldehydes55 or JV-acyl-/?-haloalkylamines 

(equation 201 67. 

RCOCI + HN RCONf 

RCHO 

RCONHCH2CH2X 

(20) 

The ease of reaction of amines with the —COHal function is illus¬ 

trated by the successful application of the reaction to acyl halides con¬ 

taining other groups sensitive to aminolysis, e.g. alkyl halide53,61, 

benzyl halide68, and ester30,62,69. Similarly the high nucleophilic 

power of the amino function allows selective JV-acylation of amino 

alcohols63 and amino phenols70. 

Polyfunctional amines and acyl halides usually react in the expected 

manner. Examples include the preparation of adipamide71, methyl- 

succinamide72, biphenyl-3,3',5,5'-tetracarboxamide73, and the diaryl- 

terephthalamide 874 from the appropriate acyl halides (equation 21). 

OH HO 

(8) 

Reactions of diacyl halides with diamines are of great technical im¬ 

portance for the preparation of polymers. 
Unlike their higher homologues acyl halides derived from 1,2- 

dicarboxylic acids often undergo side-reactions when treated with 

amines. Thus ammonolysis of phthaloyl chloride or of phenyl- 

succinoyl chloride affords the cyano acids (equation 22) 75. For this 

reason, and because of the difficulty of preparing the required acyl 
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halides, 1,2-dicarboxamides are generally prepared from esters, or 

imides. Chlorides derived from half acid esters of 1,2-dicarboxylic 

acids must also be used with caution since rearrangements can occur 

during their preparation 76. 

PhCHCOCI PhCHCN 
I -> I (22) 
ch2coci ch2co2h 

In accord with prediction (section II.A) the relative reactivity of 

amines towards acylation is approximately dependent on their basic 

strengths. Thus, kinetic investigations18’77 reveal a marked lowering- 

in the rates of benzoylation of substituted anilines as the electro¬ 

negativity of the substituent is increased. The order of reactivity of 
substituted anilines, RC6H4NH2, is 

R = p-CH3 > m-CH3 > H > p-CI > m-CI > m-N02 > p-N02 

However, the preparation of amides even from very weakly basic 

amines rarely presents difficulty provided forcing conditions, such as 

heating of the reactants in dimethylaniline solvent, are employed. 

Acylation is also sensitive to steric hindrance. Thus direct reaction of 

2,2-dimethylbutanoyl chloride with the highly hindered amine 9 

appears to be impossible. However acylation is successfully accom¬ 

plished by prior addition of butyllithium to the amine78; presumably 

the reactive intermediate is the amide ion 10. 

Reactions of imines with acyl halides (equation 24) have not been 

extensively studied. It appears that the products are generally acyl- 
a-haloalkylamines 79_81. 
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+ PhCOCI (24) 

The reaction probably involves addition of halide to an acyl- 

iminium ion (equation 25). 

RCOHal + N=C -> RCO—N=CHa|- -> RCON—CHal (25) 
I + I I 

The well-known formation of Reissert’s compounds82 by acylation 

of pyridine and related molecules may be similarly rationalized. 

However, O-alkyllactims (e.g. 11) when treated with acylating agents 

undergo dealkylation affording iV-acyllactams (equation 26)83. 

When acylation of an amine is conducted with an excess of acyl 

halide, di- or triacylamines are sometimes formed (equation 27) 84. 

A new method for proceeding directly to .sym-triacylamines involves 

treatment of lithium nitride with acyl halides80. Presumably the 

reaction is initiated by attack on the acylating agent of Li2N“ or a 

similar nucleophilic species. 
Amides and lactams are acylated by treatment with acyl halides 

and related reagents. A mild method86 for the preparation of tri¬ 

acylamines involves consecutive addition of pyridine and mono- 

acylamine to a solution of acyl chloride in chloroform below 0 . 

iV-Acylpyrrolidones87 and -azetidinones88 are readily formed by con¬ 

ventional methods. Another useful procedure87,89 for the formation 

of diacylamines consists of addition of acyl halide to the ion formed by 

reaction of a suitable base with the monoacyl compound (equation 

28) 89. Finally, it is noteworthy that acylation of N, A-dialkylform- 

COR 

PhNHCOCHg + EtMgBr -^ PhNCOCHs —PhNCOCH3 (28) 
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amides with acyl halides affords dialkylamides in good yield (equation 

Me2NCHO + PhCOCl -> PhCONMe2 + CO + HCI (29) 

29)90, but treatment of higher dialkylamides with trichloroacetyl 

chloride effects C-acylation (equation 30)91. 

CCI3COCI + PhCH2CONEt2 -> PhCHCONEt2 (30) 

(ZOCCIg 

C. Anhydrides 

Carboxylic acid anhydrides, although generally less reactive than 

acyl halides, are useful reagents for acylation of amines and amides 

(equation 31). 

R1C02C0R2 4- R3R4NH -> R1CONR3R4 + R2COaH (31) 

The mechanism of the reaction is usually discussed in terms of 

nucleophilic addition to a carbonyl group affording a tetrahedral 

intermediate 12 although Satchell92 has obtained evidence for a 

synchronous displacement process proceeding through the transition 

state 13. Both hypotheses lead to the same generalizations concerning 

-O 

R1—C—OCOR2 

+ NHR3R4 
(12) 

the effects of the structure of the reactants on the rate of reaction. 

Increase in the electron-attracting power of R in the anhydride 

(RCO)aO will increase the reaction rate by enhancing the electro¬ 

philic character of the carbonyl carbon atom and by stabilizing the 

leaving group, RC02 . Hence anhydrides containing strongly 

electronegative substituents, e.g. trifluoroacetic anhydride, are highly 

effective acylating agents. Conversely, increase in the electron- 

attracting power of the groups R3 and R4 in the amine, by lowering 

its nucleophilicity, will decrease the rate of acylation. For example 

/>-methoxyaniline reacts some fifty times more rapidly than m- 
chloroaniline with benzoic anhydride in dioxan-water92. Very 

weakly basic amines, such as the nitroanilines and diarylamines react 

very slowly with most anhydrides and special conditions are needed 

for the efficient preparation of their acyl derivatives. Acylation with 

anhydrides appears to be catalysed by acid15; in the absence of an 

excess of added acid the process is usually autocatalytic93. 

O ,4. OCOR2 

Kjhr3r4 

(13) 
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Unsymmetrical carboxylic anhydrides offer two possible sites for 

attack by amines leading to formation of two different acylated 

products (equation 32). The course of such reactions is controlled by 

o o 
0J II 
RC—O—CR2 + R2NH or 

R^ONRl + R2C02H 

R2CONR| + R*COaH 

(32) 

the steric and electronic effects of R1 and R2. Steric effects are readily 

predicted; attack by the amine will occur preferentially at that 

carbonyl group adjacent to the less bulky substituent. Electronic 

effects are more complex. If R2 is more electron attracting than R1 

we should expect (?) that the initial rate of addition of R|NH will be 

greater at the carbonyl group adjacent to R2, and (??) that R2COa 

will be a more effective leaving group than R1C02 . Thus it is clear 

that the eventual outcome of the reaction will depend upon which is 

the more important, the effect of substituents on carbonyl electro- 

philicity or on leaving-group stability. In terms of the synchronous 

displacement mechanism (equation 4) if bond formation in the transi¬ 

tion state 13 is more important than bond breaking, then aminolysis 

will occur at the carbonyl group adjacent to R2. 

For the addition-elimination mechanism (equation 3) proceeding 

through a tetrahedral intermediate (12) the overall rate constant is 

k = k1l(k2lk3 + 1). If A'i is more sensitive to change in the electron- 

attracting power of substituents than is the function (k2/k3 + 1) then 

reaction will occur adjacent to the more powerfully electron-attracting 

group. Both approaches indicate that the course of these reactions 

is likely to be affected by the nature of the amine and the reaction 

conditions. In many cases the interplay of electronic and steric 

effects leads to the formation of both possible products. However, 

attack of amines on carbonic carboxylic (14) and carbamic carboxylic 

(15) anhydrides usually proceeds selectively at the acyl carbonyl 

o o 

r4_oJ OR2 

(14) 

o o 

r4-oJ NR| 

(15) 

groups, R1CO—, because the electrophilicity of the alternative posi¬ 

tions is lowered by mesomeric release from the adjacent O or N 

atoms. Finally, in discussing mechanism we should note that mixed 

anhydrides of carboxylic acids with such other acids as sulphuric, 

sulphonic and phosphoric acids (i.e. 16, 17, 18) in accord with the 
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concepts adumbrated above undergo selective attack at the carbonyl 

group and are effective reagents for JV-acylation. 

O O O 

RC—OSO3- rJ—0S02R2 R1^—OPO(OR2)3 

(16) (17) (18) 

For preparative work the anhydrides most widely used for acylation 

of amines and amides are the easily obtainable symmetrical com¬ 

pounds, i.e. the lower aliphatic carboxylic anhydrides, benzoic an¬ 

hydrides, and cyclic anhydrides. Recently developed methods94 for 

the simple preparation of carboxylic acid anhydrides widen the scope 

of the reaction. 

A wide variety of experimental procedures is available for acylation 

of amines by anhydrides (equation 31). Frequently, as in the acetyla¬ 

tion of benzylamine95 or imidazole96 the two reagents are mixed 

without solvent and heated if necessary. Inert solvents such as ether, 

acetone, toluene and petroleum are often employed; acetic acid is a 

particularly useful solvent for acetylation with acetic anhydride. 

Pyridine and tertiary amine bases catalyse acylation by anhydrides 

and often provide convenient solvents. It seems clear that in many 

cases, as for example in the acylation of weakly nucleophilic amines, 

the effective acylating agent is the acylammonium ion (equation 33)97. 

R1C02C0R2 + R1N -■ - RiCONRI R2C02 (33) 

A useful method developed by Chattaway98 for the acetylation of 

aromatic amino acids and amino phenols involves addition of acetic 

anhydride to a solution or suspension of the amine in ice-cold aqueous 

caustic soda. As in the Schotten-Baumann method hydrolysis of 
the acylating agent is usually unimportant. 

For acylation of weakly basic amines, e.g o-nitro-Ar-methylaniline ", 

sulphuric acid is an effective catalyst. It functions, presumably, by 

protonation of the anhydride thus facilitating attack by the amine. 

Under suitable experimental conditions selective partial acylation 

of diamines, amino alcohols and amino phenols can be accomplished. 

Typical examples illustrative of methods employed are given in 
equations (34-37). 

Acetylenic amines react normally with acetic anhydride yielding 

the expected acetylenic acetylamines. The products, however, are 

sensitive to acid and are rapidly converted to the keto amides unless 

care is taken to keep the reaction mixture alkaline (equation 38)103. 
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+ (CH3C0)20 
Acetone 

r.t. 
(34) 

+ (PhCO)aO 

+ (PrC0)20 

H2 

+ (CH3CO)20 

(I00%)63 

NHCOCHg 
Pyridine ly "Yj 

OH 

(85%)102 

(36) 

(37) 

Me 

CH=C—C—NHMe 
I 

Me 

Me 

2- =C—C—NHMe ■■■ Ac2°-> CH=C—C—NMe CH 
I I 

Me COCH3 

O Me 

3—C—C—NMe 

Me COCH3 

(38) 

As expected on mechanistic grounds trifluoroacetic anhydride is 

a vigorous acylating agent, and readily forms trifluoroacetyl deriva¬ 

tives of aromatic and aliphatic amines104. It can be used in a variety 

of organic solvents including ether, chloroform, carbon tetrachloride 

and trifluoroacetic acid. It reacts readily with a-amino acids105 and 

is employed for protecting amino groups in the synthesis ol pep¬ 

tides106,107 and other complex molecules108. 
Acetylation of oc-amino acids with acetic anhydride also proceeds 

4* 
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readily under mild conditions and affords excellent yields of a- 
acetamido acids (e.g. preparation of acetylglycine109), but when the 

same reactants are heated in the presence of pyridine the Dakin-West 

reaction occurs leading to the formation of cc-acylamino ketones (e.g. 

preparation of acetamidoacetone (equation 39)110). The Dakin- 

West reaction proceeds through cyclization and further acetylation of 

ch2co2h 
I 

NH2 
+ AcaO 

HoO 

r.t. 

reflux in pyridine 

ch2co2h 
I 

NHAc 

(89-92%) 

CH2COCH3 

NHAc 

(70-78%) 

(39) 

the initially formed acetamido acid46,111 and it can be applied to a 

variety of a-acylamino compounds (equation 40). 

ch3 ch3 ch3 ch3 

CH2=CC0NHCHC02H Ac2°’ pyr!d'ne.> CH2=CCONHCHCOCH3 (40) 

(19) (20) 

The formation of amides by acylation of amines prepared in situ 
by reduction of suitable precursors is a well-known reaction. Aro¬ 

matic nitro compounds, for example, readily afford acetanilides when 

treated with reducing agents in acetic anhydride. Under suitable 

conditions selective acetylation can be achieved. Thus o-hydroxy- 

acetanilide is obtained from o-nitrophenol in acetic acid-acetic an¬ 

hydride by reduction with stannous chloride or by hydrogenation112. 

Similarly, reductive acetylation with zinc and acetic anhydride 

in acetic acid, of the oximino compound 21, affords a convenient 

synthesis of acetamidomalonic ester (22)113. Acetylamines are 

C02Et 
/ 

HON=C 
\ 

C02Et 

(21) 

Zn/AcaO 

’ AcOH -> AcNHCH 

(22) 

COaEt 

C02Et 
(41) 

obtained in excellent yield by catalytic hydrogenation of nitriles in 
acetic anhydride (equation 42)114. 

NC(CH2)4CN + H2 -^gQN;;cAc-^> AcNH(CH2)6NHAc (42) 

(100%) 

Acyclic unsymmetrical anhydrides of simple carboxylic acids offer 
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two different points of attack for nucleophilic reagents. With 

amines mixtures of both possible amides are frequently obtained, and 

the course of such reactions is often altered dramatically by small 

changes in experimental conditions. Thus aniline when treated with 

acetic chloroacetic anhydride in benzene yields mainly the chloro- 

acetyl derivative, but in aqueous acetone the same reaction affords a 

mixture of which acetanilide is the major component. Similar results 

were obtained with other mixed carboxylic anhydrides leading Emery 

and Gold115 to suggest that in non-polar media reaction occurs pre¬ 

dominantly, although not always exclusively, at the carbonyl group 

adjacent to the more powerfully electron-attracting substituent. As 

expected on theoretical grounds the course of the reaction also depends 

on the strength of the nucleophile. Aniline when treated with tri- 

fluoroacetic acetic anhydride affords both the acetyl and trifluoro- 

acetyl derivatives, whereas the weakly basic acetanilide undergoes 

solely trifluoroacetylation116. Surprisingly, treatment of glucosamine 

with acetic butyric anhydride in methanol affords only the iV-butyryl 

derivative 63. 

Acetic formic anhydride, which is readily prepared by warming 

acetic anhydride with formic acid, reacts with amines selectively at the 

formyl carbonyl group and thus provides an excellent method for the 

preparation of formamides117. Amino acids are smoothly formylated 

with acetic formic anhydride118, and the reagent has found consider¬ 

able use for protecting amino groups in synthesis of peptides106,107 

and other natural products, e.g. the prostoglandins119. Mixed an¬ 

hydrides of lower fatty acids with a-amino acids react with amines 

preferentially in the amino acid moiety120. The reaction is most selec¬ 

tive when a mixed anhydride of an a-amino acid with a sterically 

hindered acid, e.g. isovaleric or diphenylacetic, is used, and the 

reaction finds application in the preparation of peptides107,121. 

Mixed anhydrides of carboxylic acids with carbonic acids and car- 

bamic acids (14, 15) undergo aminolysis selectively at the acyl car¬ 

bonyl group. Reactions of the latter are discussed in section V.B.2. 

The former find extensive use in peptide synthesis107,121,122 and have 

also been used for the preparation of other amides. Thus bicyclo- 

[2,2,2]octane-l-carboxylic acid (23) reacts with ethyl chloroformate 

in chloroform containing triethylamine affording in situ the mixed 

anhydride, which when treated with ammonia gives the amide 24 in 

82% yield (equation 43)123. Other examples include the preparation 

of amides of penicillin 69, amino sugar nucleosides124, ricinoleic acid125, 

and other hydroxy acids and fatty acids126. 
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-COoH + CICOoEt o- 
(23) COOCOoEt nh3 

(3- 
(24) 

CONH2 + C02 + EtOH (43) 

Mixed anhydrides of carboxylic acids with inorganic acids can be 
used for the preparation of amides. For example, addition of sulphur 

trioxide in the form of its crystalline dimethylformamide complex to 

an alkali metal salt of an acid gives an acyl sulphate which readily 
undergoes aminolysis at the acyl group (equation 44)127. 

R1C02 + S03 -> F^COaSOa RiCONRI + HSO* (44) 

Carboxylic sulphonic anhydrides may be prepared by reaction of 

sulphonic anhydrides with carboxylic acids128, by treatment of silver 

carboxylates with arenesulphonyl chlorides129, or, most conveniently, 

by mixing an arenesulphonyl chloride with a carboxylic acid in 

pyridine130. They react readily with amines giving high yields of 

amides 1“9,130. Thus addition of aniline to a solution of benzoic acid 

and benzenesulphonyl chloride in pyridine affords benzanilide in 

94% y^d (equation 45)130. Cyclic sulphonic carboxylic anhydrides 

PhC02H + PhS02CI -> PhC02S02Ph —NHg> PhCONHPh + PhS03H (45) 

react similarly (equation 46), and o-sulphobenzoic anhydride (25) has 

been recommended as a reagent for the estimation of amino groups131. 

(25) 

Acyl phosphates and their esters react readily with amines yielding 

amides (equations 47 and 48)132. The reaction has found synthetic 

application mainly in the preparation of peptides107*121. It is prob¬ 

able that the convenient formation of amides by interaction of carboxy¬ 

lic acids and amines in polyphosphoric acid133 proceeds through a 
similar type of intermediate. 

R1COzPO§- + R2NH2 -> RiCONHR2 + HOPO§- 

R1C02P0(0R3)2 + R2NH2  -> RaCONHRz + HOPO(OR3)2 

(47) 

(48) 

Cyclic carboxylic anhydrides react readily with ammonia or amines 

affording half acid amides. Thus phthalic anhydride, on shaking 
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with aqueous methylamine, affords iV-methylphthalamic acid in 80% 

yield (equation 49)134. Other examples, illustrative of the methods 

used and the scope of the reaction include the preparation of phthalani- 

lic acid by treatment of phthalic anhydride with aniline in chloro¬ 

form135, JV-2-pyridylsuccinamic acid from succinic anhydride and 

2-aminopyridine in benzene136, and the monoanilide of a,a,a',a'- 
tetramethyladipic acid from the anhydride and aniline in benzene137. 

Phthalamic acids derived from a-amino acids are readily prepared in 

high yield by addition of an aqueous solution of the amino acid and 

triethylamine to phthalic anhydride in tetrahydrofuran138. The 

formation of phthalamic acids by treatment with phthalic an¬ 

hydride in benzene has been recommended for the characterization 

of amines139. m-Aminophenol when heated with succinic anhydride 

is acylated preferentially at the amino group 14°. In all such reactions 

careful control of conditions is necessary to avoid cyclization of the 

amic acid to the imide (equation 50). 

Unsaturated cyclic anhydrides react normally. Thus maleic 

anhydride is readily converted in high yield to maleanilic acid by 

treatment with aniline in ether141, whilst maleamic acid is prepared 

by passing ammonia over a solution of the anhydride in xylene or 

dioxan142. 
Like their acyclic analogues, cyclic anhydrides containing sub¬ 

stituents of strong electron-attracting or -donating character when 

treated with amines in non-polar media undergo reaction selectively 

at the more electron-deficient carbonyl group. Thus 3-nitrophthalic 

anhydride in carbon tetrachloride or benzene reacts readily with 

amines to yield exclusively 3-nitro-2-phthalamic acids (equation 

51)143. The reaction is useful for the identification of amines and for 

co2h 
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their separation since only the products from primary amines undergo 

cyclization on heating to yield neutral iV-substituted 3-nitrophthali- 

mides. Similarly, quinolinic anhydride when treated with ammonia 

in methyl ethyl ketone affords 2-carbamylnicotinic acid (equation 
52)144. 

3-Methoxyphthalic anhydride affords a further example of the in¬ 

fluence of polar substituents since it reacts with aniline preferentially 
at the 1-position (equation 53)145. 

OMe OMe 

(53) 

The directive effects of alkyl substituents on aminolyses of cyclic 

anhydrides are more ambiguous. Treatment of methylsuccinic 

anhydride with methylaniline affords /j-carboxy-iV-methylbutyranilide 
in good yield (equation 54)146. A similar specificity of attack of 

Me—CH —CO 
\ 

O + PhNHMe 

Me—CHCOsH 

» 

CH2—CO CH2CONMePh 

(54) 

various amines at the ^-carbonyl group in alkyl- and aryl-substituted 

succinic anhydrides and in itaconic anhydride has been noted147, 

but methylmaleic anhydride undergoes aminolysis at the ce-position 

(equation 55)148, presumably because of conjugative stabilization of 

Me—C—CO 

O + R1R2NH 

HC—CO 

Me—C—CONR1R2 

HCCOoH 

(55) 

the ^-carbonyl group. However, Foucaud149 found by the use of 

chromatographic techniques that many substituted succinic anhydrides 

give mixtures of both possible products when treated with ammonia 

in ether. He interprets his results on the basis of the steric and in¬ 
ductive effects of the substituents. 

. Finally, it is interesting to note that isatoic anhydride (26) and 

similar cyclic carboxylic carbamic anhydrides do not always react, as 
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expected on theoretical grounds, at the carbonyl group remote from 

the nitrogen atom150. However, it has become apparent from a 

(56) 

recent kinetic study that only the normal amide products (27) arise by 

direct attack of the amine at a carbonyl group; ureides (28) are formed 

via an initial rearrangement of the anhydride to an isocyanate1B1. 

Tertiary amines react reversibly with carboxylic anhydrides yielding 

acylammonium salts, but in most cases no further reaction ensues and 

the amine is recovered after addition of water to the mixture. How¬ 

ever, benzylic tertiary amines undergo fragmentation with the forma¬ 

tion of benzyl esters and acyl derivatives of secondary amines152. 

Similarly, treatment of hexahydroindolopyrrocoline (29) with cold 

acetic anhydride affords the cleavage product 30 in high yield153. 

(57) 

The reaction has proved useful in alkaloid synthesis154. 

Imines react with anhydrides yielding cc-acyloxyamides (equation 

58). The reaction is thought to involve initial iV-acylation followed 

PhCH=NPh + Ac20 -> PhCH—NPh 
I I (58) 

OAc Ac 

(31) (32) 

successively, or accompanied simultaneously, by an internal C- 

acyloxylation155. 
Acylation of amides with carboxylic anhydrides is frequently used 

as a route to diacylamines (equation 59) 156. The reaction, however, 

R1CONHR2 + (R3C0)20 -> R^ONCOR3 + R3COaH (59) 
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is not always as straightforward as might be expected, for nitriles are 

often produced from primary carboxamides and under vigorous con¬ 

ditions may be the only products157-158. It has been suggested that 

nitrile formation involves the intermediacy of isoimidinium salts 

(equation 60)157. Diacylamines may also be prepared by direct 

RXC—OCOR2 -^ R1C=N + R2C02H + H+ (60) 

+Hih2 

acylation of amines under vigorous conditions. Thus, aromatic 

amines when boiled with an excess of acetic anhydride for ^ to 1 hr 

afford diacetyl derivatives in good yield (equation 61)159. Treatment 

ArNH2 + 2Ac20 -> ArNAc2 + 2HOAc (61) 

of dimethylformamide with carboxylic anhydrides gives dimethyl- 
amides (equation 62)90. 

Me2NCHO + (RC0)20 -> RCONMe2 + RC02H + CO (62) 

O. Esters 

Although aminolysis of esters is probably less frequently used for 

the preparation of amides than acylation of amines with acyl halides 

or anhydrides the reaction has been the subject of intensive investiga¬ 

tion. Recent papers, most of which contain summaries of earlier 

work, describe studies of the aminolysis of substituted aryl acetates in 

aqueous solution160-162 and in dioxane163, the methoxyaminolysis of 

phenyl acetates164, and the aminolysis of benzoylcholine and related 
compounds165. 

Qualitatively the reaction appears to be a nucleophilic substitution 

at a carbonyl carbon atom proceeding through a tetrahedral inter¬ 

mediate (equation 63), but there are many subtleties of mechanism 

nl «5 
R1—C—OR2 

r2nh 

o- 
I 

R1—C—OR2 

♦ I 
NHR2 

OH 
I 

R1—C—OR2 

- g. - R1—C-COR2 

NR| 

O 

NR! 

(63) 

Ri—C—NRi + R2OH 
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concerned with the effects of catalysts, media, and reactant structure 

on proton-transfer steps which lie beyond our present discussions. 

Suffice it to say that aminolysis of esters may be subject in certain 

circumstances to acid catalysis, base catalysis or both. In the former, 

incipient protonation of the carbonyl oxygen in the transition state 33 

is thought to favour attack by the nucleophile, whilst in the latter the 

nucleophilicity of the amine is enhanced by incipient amide ion forma¬ 

tion (transition state 34). 

p.H.A8' 

R—C—OR 

8+flHR2 

(33) 

O8’ 

li 
R—C—OR 

Kjr2 

H""Bs+ 

(34) 

However, even the simplest mechanistic concepts allow one to make 

predictions concerning the gross effects of reactant structure on reac¬ 

tion rate; namely that (i) electron-attracting substituents R1 in the 

acyl function will enhance reactivity by decreasing electron density at 

the carbonyl carbon atom, (ii) electron-attracting substituents R2 

in the alkoxy group will enhance the stability and hence the ease of 

displacement of R20“, and (Hi) the rate of reaction will depend on the 

nucleophilicity of the amine. In general these predictions are con¬ 

firmed by experiment (see below). Also kinetic investigations reveal 

the sensitivity of aminolysis to steric factors; in particular some cyclic 

amines such as azetidine in which steric hindrance is minimized by 

constraint of the CNC bond angleshow unexpectedly high reactivity160. 

Reaction conditions employed for the acylation of ammonia and of 

amines with esters vary widely according to the nature of the sub¬ 

strates. Ammonia is quite an effective nucleophile and reacts with 

many esters, particularly those containing electron-attracting substit¬ 

uents, in aqueous media. Representative examples of the preparation 

of primary carboxamides by treatment of esters with concentra¬ 

ted ammonia solution include cyanoacetamide from ethyl cyano- 

acetate166, fumaramide from diethyl fumarate167, nicotinamide from 

ethyl nicotinate168, malondiamide from diethyl malonate169, and the 

monoamide of malonic acid from the potassium salt of the mono¬ 

methyl ester170. Successful preparations of mono- and dichloro- 

acetamide by ammonolysis of the appropriate ethyl esters at 0° give 

evidence both of the activating effect of the halo substituents and of the 

selectivity of attack at the carbonyl function171. 
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Ammonia in alcoholic solution is a useful reagent for ammono- 

lysis of esters which are too insoluble or insufficiently reactive to 

undergo attack in water172. Liquid ammonia has also been em¬ 

ployed. Sometimes, as in the preparation of 4-methoxynicotinamide 

1-oxide173 the reaction proceeds efficiently at the boiling point of the 

reagent, but in others, such as preparation of mandelamide174 or 

lactamide175 it is necessary to conduct the reaction in a pressure vessel 
at room temperature. 

Yet another procedure for the preparation of primary carboxamides 

from esters is the reaction with ammonium salts. Thus, in the syn¬ 

thesis of compounds in the tetracycline series the amide 36 was pre¬ 

pared by fusing the ester 35 with ammonium formate under 
nitrogen176. 

Cl 

Acylation of amines with esters has been conducted under a wide 

variety of conditions. Lower fatty esters react with simple amines at 

room temperature, albeit rather slowly. For example, JV-methyl- 

heptamide is obtained by allowing heptanoic ester to stand with 

aqueous methylamine for several days29. However, more vigorous 

conditions are necessary for the acylation of anilines and higher alkyl- 

amines. Representative examples of methods used include the prepar¬ 

ation of benzoylacetanilide from ethyl benzoylacetate and aniline in a 

continuous reactor at 135°177, of the monoamide of ethylene diamine 

and piperidylacetic acid from the amine and ethyl ester in refluxing 

ethanol178, and of a series of ethanolamides by heating ethanolamine 

with ethyl esters of the homologous fatty acids at 160°179. Salicyl-o- 

toluidide180 is prepared by heating phenyl salicylate with o-toluidine 
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at 183-202° in 1,2,4-trichlorobenzene solvent or in a-methylnaphtha- 
lene at 230°. 

Strongly basic, highly nucleophilic, amines readily undertake 

aminolysis of esters181. Cyclohexylamine reacts exothermically with 

ethyl formate at 0° yielding Ar-cyclohexylformamide181, and benzyl- 

amine in tetrahydrofuran has been recommended for the cleavage of 

active esters182. For example treatment of carbobenzoxyglycine 4- 

phenylazophenyl ester with benzylamine in tetrahydrofuran affords 

the benzylamide of carbobenzoxyglycine182. Alkoxides have been 

used to promote aminolysis of esters. Thus addition of small amounts 

of sodium methoxide to the reaction mixture greatly enhances the rate 

of ammonolysis of methyl phenylacetate with methanolic ammonia183, 

and makes possible the easy preparation of the diethanolamide of 

lauric acid184. Some aminolyses which are inconveniently slow even 

in the presence of catalytic amounts of alkoxide proceed readily when 

one molar equivalent of the base is added. The method is particularly 

useful for the preparation of secondary amides and anilides. It is 

conducted by heating the ester, amine, and sodium methoxide in 

benzene under reflux185. The mechanism is believed to involve 

generation of the highly nucleophilic amide ion, RANH- (equation 

64), attack of RANH- on the ester proceeding through the usual 

R1NH2 + MeO" R1NH“ + MeOH (64) 

tetrahedral intermediate (equation 65), and stabilization of the pro- 

O- O 

R2C02Me 4- RJNH- v R2—i—OMe  -^ R2—C—NHR1 + MeO" (65) 

IxIHR1 

duct amide by formation of an acylamide ion RCONR1 (equation 66) 

O O 

R2(!nHR1 + MeO- ~_1 RCNR1 + MeOH (66) 

which survives until working-up of the reaction mixture. 

Other procedures which take advantage of the high nucleophilicity 

of amide ions include the formation of amides under very mild con¬ 

ditions by treating esters in ethereal solution with a lithium aluminium 

amide complex (prepared by passing dry ammonia into ethereal 

lithium aluminium hydride)186, and the preparation of anilides from 

hindered esters and sodium anilide in toluene187. 

The Bodroux reaction188, in which amides are formed by reaction 

of an ester with the magnesium amide obtained by interaction of an 
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amine with a Grignard reagent is mechanistically related. The yields 

of amides from simple esters are often poor189, but the reaction pro¬ 

ceeds with much greater efficiency when the substrate contains an 

ester group adjacent to some function which is able to coordinate 
with magnesium190. 

Esters having the general formula RCOOA=B in which nucleo¬ 

philic attack on the carbonyl group is aided by conjugation, readily 

undergo aminolysis and are of great utility for the preparation of 

amides, and particularly for peptide synthesis. A wide selection of 

such ‘activated intermediates’ is now available and a full account 

of their formation and reactions is beyond the scope of this review. 

Examples illustrative of the types of compound used and their applica¬ 

tion to the preparation of amides are given in equations (67-72). 

nitrophenyl esters191 

p-NQ2C6H4QCHO + NH2(CH2)3CHC02H -Tetrah^rofuran > HCONH(CH2)3CHC02H 

NH2 INJH2 (67) 

vinyl esters193 (52%) 

/_ ch3 

_/NH + CH2=COCOCH3-> (/ V-COCHa 

(90%) 

NHR 

PhCH2C02H + RN=C=NR -v PhCH2CO—O—C—NR 

(R = cyclohexyl) 

(68) 

acid-carbodiimide adducts193 

(69) 

ocid-alkynylamine adducts194 

PhC02H + CH=CNEt2 

pyridyl esters195 

PhCH2CONH-^^N 

(88%) 
NEt2 

PhCO—O—C =CH2 PhNHs!- PhCONHPh 

(70) 

p-NOaC6H4NH2 + (Q Jetrahgrofura^ p.N02C6H4NHAc (71) 

N OAc (82%) 

x-cyanovinyl esters196 
CN 

x!_ HOCH2CH2NH2 + CHgCOOC—CH2 -HOCH2CH2NHCOCH3 (72) 
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Other compounds of similar type whose use has been restricted 

mainly to peptide synthesis107,121 include azlactones197, acetylenic 

esters198, and adducts of carboxylic acids with cyanamide199, keten- 

imines200, ethoxyacetylene201 and isoxazolium salts202. 

Finally in this group of highly active acylating agents we should 

include the hydroxylamine esters. 1-Benzoyloxypiperidine, for exam¬ 

ple, readily undergoes aminolysis under mild conditions (equation 

73) 203. The high reactivity of this reagent is thought to be due to the 

n-BuNH2 -f PhC02N \ n-BuNHCOPh 

’ (91%) 

(73) 

inductive effect of the nitrogen which facilitates nucleophilic attack 

at the carbonyl group and aids expulsion of the leaving group. In 

accord with this view, acids which protonate the nitrogen catalyse 

acylations. Other reagents of similar type, but in which the inductive 

effect of the nitrogen is reinforced by adjacent carbonyl groups are 

esters of A'-hydroxyphthalimide (37) and iV-hydroxysuccinimide 

(38)204. Both have proved exceedingly useful in peptide 

synthesis107,121. 

(37) (38) 

Aminolysis of acyclic esters proceeds by nucleophilic displacement 

at the carbonyl group, i.e. by acyl-oxygen fission. The same is 

usually true of their cyclic analogues, the lactones, but in propio- 

lactone, presumably because of the effect of ring stain, alkyl-oxygen 

fission is sometimes observed205,206. Thus, reaction of propiolactone 
with ammonia in water affords the expected /3-hydroxypropionamide, 

but aniline gives iV-phenyl-j8-aminopropionic acid (equation 74) 

nh3/h2o , 

h2c-c=o 
I I — 

h2c—o 

PhNH2 

HOCH2CH2CONH2 

(90%) 

PhNHCH2CH2C02H 

(93%) 

(74) 

In many cases aminolysis of propiolactone proceeds simultaneously 
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by both routes giving a mixture of products. Also, the course of the 

reaction is sensitive to the experimental conditions; use of acetonitrile 

solvent enhances the yield of /3-alanine derivatives. 

By comparison, diketene, which is a cyclic analogue of an enol 

ester, and in which acyl-oxygen fission is aided by mesomeric re¬ 

lease, reacts readily and preferentially at the carbonyl group forming 

amides of /3-keto acids 207. The reaction provides an extremely con¬ 

venient and efficient procedure for the preparation of acetoacetamides. 

In a typical experiment acetoacetanilide is produced in 75% yield by 

addition of ketene dimer to a solution of aniline in benzene followed 
by heating under reflux (equation 75) 208. 

ch2—c=o o o 

CH2=C-O + PhNH2 -> CH3CCH2CNHPh (75) 

Amines usually react with y- and S-lactones under mild conditions 

by acyl-oxygen fission affording y- and S-hydroxy amides. Thus, 

y-phenylbutyrolactone reacts cleanly with primary and secondary 

amines to form the appropriate A-substituted derivatives of y- 

hydroxy-y-phenylbutyramide (equation 76)209. Phenylvalerolactone 

PhCH-CH2 

O CH2 + R1R2NH 
\ / 

CO 

PhCHCH2CH2CONR1R2 
I 

OH 

(76) 

behaves similarly"10. The reaction proceeds most readily with 

strongly basic amines, e.g. benzylamine and cyclohexylamine, and 

has been used to characterize y- and S-lactones30. Under more 

vigorous conditions, treatment of lactones with amines produces amino 

acids and amino amides, possibly via intermediate lactams. 

Like ketene dimer, y- and S-lactones containing unsaturation a to 

the oxygen atom readily undergo aminolysis with the formation of keto 

amides. For example, the steroid lactone 39 when treated at room 

temperature with ammonia in benzene is rapidly converted into the 

amide (equation 77)211. The 17-acetoxy group is unaffected. 
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Lactones derived from a,/3-unsaturated acids show more complex 

behaviour on aminolysis (equation 78). Three reaction pathways 

are conceivable: (i) alkyl-oxygen fission, (ii) acyl-oxygen fission, 

(Hi) Michael addition. In practice either or both of the routes (ii) 

+ rnh2 

(0 

(Hi) 

rnhch2ch=chco2h 

hoch2ch=chconhr 

RNH 

(78) 

and (Hi) are followed, and the nature of the products isolated depends 

on experimental conditions and reactant structure209,212. 

Intramolecular aminolysis of ester groups in suitably constituted 

amino esters affords a convenient and widely used method of lactam 

synthesis. The reaction occurs most readily when it leads to the 

formation of 5- or 6-membered lactam rings. Thus heating of ethyl 

5-amino-2,2-diethylpentanoate gives 3,3-diethylpiperidone (equation 

79) 213. Interestingly, this amino ester was prepared by treatment of 

^ £t 

H2NCH2CH2CH2CEt2C02Et (79) 

the appropriate bromo ester with ammonia. Apparently steric 

hindrance of the ester carbonyl group greatly retards ester ammono- 

lysis which normally proceeds more readily than nucleophilic dis¬ 

placement of halogen. Eschenmoser's214 classical work on the 

synthesis of corrins contains some interesting examples of lactam 

formation via intramolecular aminolysis including the formation of 

the bicyclic lactams 41 and 42 by appropriate treatment of the 

aziridine 40. 
Amino esters required as intermediates in lactam synthesis frequent¬ 

ly are prepared in situ and converted directly to the final products 

without isolation. Some of the methods used are treatment of bromo 

esters with ammonia or amines210, reduction of nitro esters (equation 

81) 215 or reduction of nitrile esters (equation 82) 216. The route via 

nitro esters has proved specially useful for the synthesis of steroidal 

lactams217. 
Seven-membered lactam rings are readily formed by intramolecular 

aminolysis216,218, but interference from intermolecular amide forma¬ 

tion becomes increasingly serious as the homologous series is ascended, 
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and the higher lactams are best prepared by the Beckmann or Schmidt 
reactions (section IV). 

Intramolecular aminolysis leading to j8-lactams from /3-amino 

esters does not proceed efficiently under normal conditions, but can be 

accomplished by use of the Bodroux reaction. Thus the parent com¬ 

pound, azetidinone, was first prepared, albeit in low yield, by treat¬ 

ment of ethyl /3-aminopropionate with ethereal ethylmagnesium 

bromide, which reagent has also been used for preparation of sub¬ 

stituted compounds219. Apparently direct attack of the Grignard 

reagent on the ester function competes with magnesium amide forma¬ 

tion, since use of the sterically hindered reagent prepared from bromo- 

mesitylene dramatically improves the yield220. Structural and 

synthetic studies on penicillin and related compounds provide many 
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examples of azetidinone formation by cyclization of ,8-amino acid 
derivatives. A recent elegant example from Woodward’s synthesis of 
cephalosporin G is the formation of 46 from the amino ester 45 by 
treatment with triisobutylaluminium221. 

Me Me 

nco2r 

H- -H 

NH2 COaMe 

(45) 

Me Me 

s-^nco2r 

H- 

HN- 

-H 

(46) 
O 

(83) 

Acylation of amides with esters has occasionally been employed as 
a method of amide and imide preparation. Intermolecularly, the 
reaction occurs readily only if active esters are used. For example 
amides react with isopropenyl esters affording diacylamines222. 
Strong bases powerfully catalyse the reaction of amides with esters, but 
the final products are then not diacylamines but amides formed by 
transamidation; thus methyl esters when treated with formamide or 
Ar-methylformamide give good yields of the appropriate acylamines 
(equation 84) 223. The reaction is believed to involve intermediate 

RCOaMe + MeNHCHO -> RCONHMe + MeOCHO (84) 

formation of the strongly nucleophilic formamide ion, HCONCH3. 
In a similar reaction alkyl acrylates are converted to acrylamides by 
heating with fatty acid amides and lithium hydroxide224. Intra¬ 
molecular acylation of amides occurs more readily and has been used 
for example for the preparation of diphenylsuccinimide225 and of 
4,6-dihydroxyimidazo-4,5,c-pyridines (equation 85) 226. 

However, most investigations of intramolecular acylation of amides 
have been concerned with details of mechanism rather than synthetic 

application227. 

£. Carboxylic Acids 

The standard procedure for the preparation of acetamide involves 
strong heating of ammonium acetate228; it provides a simple example 
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of a general method (86) for the synthesis of amides. The mechanism 

RiNHa + R2C02H -> R1NHCOR2 + HaO (86) 

of the reaction has not yet been completely clarified, but it un¬ 

doubtedly involves the free amine and acid in equilibrium with the 

salt. Since the reaction is formally the reverse of amide hydrolysis 

it is reasonable to assume that it follows the normal route (87), 

oo-o 

R1NH2 + R-ioH „ R2—C—OH ± R2CNHR1 + OH" + H+ (87) 

+nh2r1 

proceeding through a tetrahedral intermediate with displacement of 

OH-. There is evidence in support of this mechanism for reactions 

of amines with monocarboxylic acids in aqueous solution229, but with 

dicarboxylic acids the reaction appears to proceed by initial formation 
of anhydrides230. 

A good general procedure involves heating a mixture of acid and 

amine at about 200° 231. Examples of its use include the preparation 

of benzanilide 232, substituted iV-/T(phenylethyl)phenylacetamides231, 

and A-phenyloleiamide233. An interesting adaption of the method 

involves formation of piperazinediones by heating of cc-amino acids 

(equation 88) 234’235. Variations of the procedure include the use of 

NH—CO, 

'CO—NH 
(88) 

silica gel, which apparently acts as a catalyst236, and of high-boiling 

hydrocarbon solvents which allow azeotropic removal of water from 

the reaction mixture237. Examples of the latter technique include 

the preparation of A-methylformanilide237 and of A-o-tolylforma- 

mide 238 from the appropriate amines and formic acid in toluene, and 

of A,A-dibutyllactamide from lactic acid and dibutylamine in 

xylene239. An acidic ion exchange resin has been found to be an 

excellent catalyst for the preparation of 47 and related compounds 
in xylene (equation 89)240. 

+ p-no2c6h4ch2ch2co2h 

NHC0CH2CH2C8H4N02-p (89) 

(47) 
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Intramolecular amide formation takes place readily in suitably 

constituted amino acids and is a commonly used reaction for the 

preparation of piperidones and pyrrolidones (equation 90). Fre- 

(CHa)n—C02H 

ch2—nh2 

» 
(CH2)b-CO 

(n = 2,3) 

CH2-NH 

(90) 

quently, the amino acid required for cyclization is prepared in situ. 

Suitable methods include the reduction of imino acids and nitro 

acids241-242, reductive amination of keto acids243, and aminolysis of 

lactones244. Amines, when treated with y- and S-keto acids give un¬ 

saturated lactams, presumably via cyclization of an intermediate 

imino acid. The reaction has found considerable application in the 

preparation of aza steroids 245, e.g. 4-aza-5-cholesten-3-one (equation 
91)246. 

Amides react with carboxylic acids but usually diacylamines are 

formed only when the reaction takes place intramolecularly so that 

the products are cyclic imides. The mechanism of the reaction has 

been recently discussed247. Glutarimide is conveniently made by 

heating the monoamide of glutaric acid248 but for preparative pur¬ 

poses the required amido acids are usually prepared in situ by reaction 

of amines with 1,2- or 1,3-dicarboxylic acids or their anhydrides. 

Thus succinimide249 is prepared by heating ammonium succinate, 

and phthalimide250 by heating phthalic anhydride with ammonium 

carbonate, a-Amino acids react with phthalic anhydride in toluene 

yielding phthaloyl derivatives251. Alternatively, the phthalamic 

acids obtained from the same reactants in dioxan can be cyclized by 

addition of triethylamine and further heating of the reaction mix¬ 

ture138. The reaction provides a useful method of protecting the 

amino group for peptide synthesis. 

Treatment of simple amides with acids usually results in a trans¬ 

acylation reaction (92). When one acid is much lower boiling than 

RJNHCOR2 + R3C02H R^HCOR3 + R2C02H (92) 
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the other it is possible to use the reaction for preparative 

purposes252-254. For example iV-methylbenzanilide is produced in 

good yield by heating a mixture of benzoic acid and JV-methylacet- 

anilide and removing the acetic acid as it is formed by distillation253. 

Formamide is employed for the preparation of primary amides from 
acids 254. 

However, the most useful amides for this type of reaction are urea 

and related compounds255-257. Thus, heptanoic acid when heated 

with urea at 140-180° gives heptamide in good yield (equation 93)256. 

The reaction, which is of wide application, is believed to involve the 

intermediacy of carboxylic carbamic anhydrides257, and is thus 

closely related to methods of amide formation involving acylation of 

isocyanates and of carbamyl halides (section V). Thiourea and 

RCOOH + NH2—CONH2 -» RCO—O—CONH2 -> RCONH2 + C02 

(93) 

J7/m-diphenylthiourea behave similarly258, as does sulphamide259 
and monoester amides of sulphurous acid260. 

Phosphoramide, and its iY-alkyl and iV-aryl derivatives are excellent 

reagents for the direct conversion of acids into their amides261-262. 

For example, N, A^-dimethylamides may be prepared from a wide 

range of acids by heating them with hexamethylphosphoramide262. 

Other phosphoramides for use in this type of reaction are readily 

prepared in situ from amines and suitable phosphoryl halides261. 

Thus heating of a carboxylic acid with an amine and phosphoryl 

chloride in benzene affords the appropriate amide in excellent yield 263. 

Amides of diphenylphosphinic acid are yet another class of reagent 

capable of bringing about direct amidation of acids264. Finally, in 

this group of ‘ activated amine ’ derivatives incorporating phosphorus 

mention must be made of phosphazo compounds which are readily 

prepared in situ from an amine and phosphorus trichloride, and which 

yield the appropriate amide when treated with a carboxylic acid 

(equation 94) 26j. The method has been mainly used for peptide 

R1NH2 + PCI3 -^ R1N=P—NHR1 R2CONHR1 + (PHOa)* (94) 

synthesis 266, but can be applied generally to the preparation of amides 

from amines and carboxylic acids by warming them in benzene with 
phosphorus trichloride 267. 

Acids can also be converted directly to amides in good yield by 

treatment with tris-dialkylaminoboranes268. The reaction, which is 

exothermic and rapid, is conducted by mixing the two reagents in 
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benzene. The mechanism is thought to involve intermediate forma¬ 

tion of an acyloxyborane derivative (equation 95). Possibly the 

NR| 

FdCOa +yB-lNR!H 
I 

NR! 

R1—c-^aA 
NR! 

*) Xnr| 

HNR! 

RiCONR| + R|NH + BONR| (95) 

reductive acylation of Schiff bases with a carboxylic acid and tri- 

methylamine borane269 is mechanistically related. 

Some other methods for the conversion of carboxylic acids into 

amides involve the intermediate formation in the reaction mixture of 

mixed anhydrides with carbonic acids, carbamic acids and inorganic 

acids, or of active esters, and are discussed in sections II.G, II.D, V.A, 
and V.B. 

F. Aldehydes and Ketones 

Ammonia, and amines, readily undertake nucleophilic addition 

to the carbonyl groups in aldehydes and ketones affording, initially, 

tetrahedral zwitterionic intermediates 48 of the same general type as 

those involved in reactions of amines with carboxylic acid derivatives. 

However, because of the low stability of most carbanions, there is 

usually little tendency for addition to be followed by G—R bond 

scission, and the intermediate is stabilized by proton transfer yielding 

the carbinolamine, and eventually (in the case of primary amines) 

the Schiff base (equation 96). 

R1—C—R2 

r 
NH2R3 

o- 

R1—C—R2 

OH 

R1—C—R2 

+NH2R3 NHR3 

(48) 

(96) 

Formation of amides by acylation of amines with aldehydes or 

ketones becomes practicable when one of the alkyl groups attached 

to the carbonyl carbon contains substituents which, by stabilizing the 

related carbanion, allow it to function as a leaving group. Thus 

trihalomethyl ketones and aldehydes, when treated with amine 

undergo addition-elimination according to the general mechanism 
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previously discussed, with formation of amides and haloform 
(equation 97). 

iP 
R1—C—CX3 

P 
R2NH2 

TM 
■■ R1—C-^CX3 

+NH2R2 

o 

R1—C—NHR2 + X3C- + H+ (97) 

T 
x3ch 

This reaction, which is mechanistically closely related to the final 

step in the haloform reaction, is of considerable value for the prepara¬ 

tion of formamides under mild conditions. The method involves 

slow addition of one molecular equivalent of chloral to a cold solu¬ 

tion of the amine in chloroform; it is applicable to both primary 

and secondary amines and the yields are usually excellent270. It has 

recently been employed for the preparation of iY-methyl-iV- (/3- 

chloroethyl)formamide and related compounds (equation 98)271. 

Me Me 

CICH2CH2NH + CCI3CHO -> CICH2CH2NCHO + CHCI3 (98) 

Ketones containing the trichloromethyl group also function as 

acylating agents. For example, amines when treated with hexa- 

chloroacetone in hexane are smoothly and efficiently converted into 

their trichloroacetyl derivatives (equation 99) 272. The reaction has 

R1R2NH + CCI3COCCI3 --> RiRaNCOCCI3 + CHCI3 (99) 

been applied to a wide range of aromatic and aliphatic amines and 
usually gives yields in the range 80-90%. 

Unsymmetrical trihalornethyl ketones are less frequently used as 

acylating agents but are sometimes valuable in special circumstances. 

Thus in the synthesis of chloroamphenicol the amino group in the 

amino alcohol 49 was selectively acylated by treatment with penta- 
chloroacetone in dioxan (equation 100)273. 

OH NH2 oh NHCOCHCla 

p-no2c6h4ch—chch2oh -l3COCHCIa > p-no2c6h4ch-chch2oh 
(49) (100) 

Another method of somewhat more general application for the 

formation of amides from ketones is the Haller-Bauer reaction274, 

which involves heating a non-enolizable ketone with sodium amide in 
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benzene, toluene or similar aprotic solvent. The mechanism of the 

reaction probably involves addition of amide ion, NH^r, to the car¬ 

bonyl centre, followed by elimination of a carbanion (equation 101). 

O 

NHj + R—C—R 

(50) 

o- o 

R—C—R  -" R—C—NH2 + R- 

NH2 (52) 

(51) O 

*rjl NH" + RH (101) 

(53) 

Undoubtedly the success of the method is due to (i) the high nucleo- 

philicity of NH2 which forces the equilibrium 50 ^ 51 far to the 

right, (ii) the absence from the reaction mixture of any acid sufficiently 

strong to stabilize the intermediate 51 by protonation of oxygen and 

(Hi) stabilization of the product amide as its ion 53. The reaction has 

considerable merit as a means of preparing the amides of tertiary 

carboxylic acids, compounds which are rarely easily accessible by 

other routes. The customary starting materials are alkyl phenyl 

ketones which are rapidly prepared by alkylation of acetophenone and 

similar compounds. The preparation of 2,2,4-trimethylpentanamide 

provides a typical example of the reaction sequence generally em¬ 

ployed (equations 102 and 103) 275. 

Me 

M'*CHCOCI aIci, > M^CHCOPh M.^‘NcHH!,er> Me2CHCH2CCOPh 

Me 
(102) 

Me Me 

Me2CHCH2CCOPh tN*NHa > Me2CHCH2CCONH2 + PhH (103) 
z ^ | toluene | 

Me Me 

Usually as in this example, cleavage of the ketone proceeds in that 

direction which affords the alkanecarboxamide rather than that lead¬ 

ing to the aromatic amide. However, alkyl phenyl ketones containing 

large, highly branched alkyl groups give low yields of alkanamide 

and benzamide is also obtained. 
The reaction is applicable to a wide range of alkyl aryl ketones. An 

interesting example is that of /-l-benzoyl-l-methyl-2,2-diphenyl- 

cyclopropane, which undergoes cleavage by expulsion of the cyclo- 
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propyl group and which proceeds with retention of optical activity 

(equation 104)276. 

NaNH2 PhCONH2 + 

Ph 

[®]D = — 32-5° [a]D= +127-6° 

(104) 

On the basis of these results it was suggested that the Haller-Bauer 

reaction could not involve the intermediacy of free carbanions and 

that cleavage and proton transfer must occur synchronously (equation 

105)276. However, the force of the argument was considerably 

0-\ Me 

Ph—C 
V 
rc N 

H^H 

-Ph 

Ph 

O 

Ph—C—NH- + (105) 

weakened by the subsequent demonstration that cyclopropyl car¬ 

banions can maintain configurational stability277. 

Fission of diaryl ketones occurs under Haller-Bauer conditions. 

The reaction has little value for amide synthesis but gives further in¬ 

formation concerning the reaction mechanism. As expected, cleav¬ 

age occurs in that direction which affords the more stable aryl anion. 

Thus, /?-methoxybenzophenone yields mainly the amide of anisic 
acid (equation 106) 278. 

p-MeOC6H4COPh ~aNHa > p-MeOC6H4CONH2 + PhCONH2 (106) 
(72%) (28%) 

o-Chlorobenzophenone reacts with sodium amide with exceptional 

facility yielding benzamide and aniline (equation 107) 279. The 

formation of the latter product is considered to arise through the inter¬ 

mediacy of benzyne and thus provides additional evidence for the in¬ 
volvement of aryl anions in the reaction mechanism. 

The Haller-Bauer procedure can also be used for the preparation of 

amides from non-enolizable aliphatic and alicyclic ketones, but the 
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synthetic potential of the reaction appears to be rather limited. A full 

account of the mechanism, scope and limitations of the Haller-Bauer 

reaction and related synthetic processes is available264. 

G. Acyl Azides 

Acyl azides undergo nucleophilic attack by amines yielding amides 

(equation 108). The reaction almost certainly follows the general 

mechanism previously adumbrated (section II.A). Since the azide 

O o-o 

R1—C—N3 + R1NH --> R1—C—NHRI-> R1—C—NR! + HN3 (108) 

Na 

group offers little steric hindrance towards attack at the adjacent 

carbonyl carbon, and since the azide ion, being a relatively weak base, 

is a good leaving group, we should expect the reaction to proceed 

readily, and this appears to be the case. Both towards hydrolysis 

and aminolysis acyl azides seem to show reactivity comparable with 

that of related carboxylic anhydrides. 

Two routes are commonly employed for the preparation of acyl 

azides. The first, involving reaction of sodium azide with acyl halide 

in aqueous acetone280, or in water with pyridine catalyst281 (equation 

109), is convenient but offers little advantage for the preparation of 

amides which can normally be obtained more directly by aminolysis 

of the halide. The second method consists of treating an acyl 

RCOCI + Ns -» RCON3 + Cl- (109) 

hydrazide with nitrous acid generated from sodium nitrite or nitrite 

ester in a suitable solvent282, or preferably, since undesirable side- 

reactions are thereby diminished, from nitrosyl chloride or £-butyl 

nitrite with hydrogen chloride in ether or tetrahydrofuran283. Be¬ 

cause of the ease with which they undergo hydrolysis, azides prepared 

in aqueous medium are usually extracted into an organic solvent 

before further reaction; ether284 or ethyl acetate are suitable. 

Hydrazine, being a highly active nucleophile reacts more readily 

than amines with esters and amides282-285, and the route represented 

in equation (110), although circuitous at first sight, often offers a 

R'CO.R2 

nh2nh2 RRZONHNHj, 
HNO, 

R1CONa 
R|NH 

R1CONRl (110) 

RiCONHR2 

5 + c.o.a. 
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means of preparing amides in good yield under mild conditions when 

direct aminolysis of the starting material is impracticable. 

The preparation of lysergamide from ergotamine and other ergot 

alkaloids provides a good example of the use of the azide route to 

amides. The hydrazide obtained by treating the alkaloid with 

hydrazine286, is treated successively at 0° with aqueous nitrous acid 

and bicarbonate, and the resultant azide is extracted with ether and 

saturated with gaseous ammonia287. Other amides may be simi¬ 

larly prepared286-287. Recent examples include the preparation of 

macrocyclic diamides288, and of acyl derivatives of amino acids289. 

The azide method for forming amide linkages finds its most im¬ 

portant application in peptide synthesis107 where it offers the special 

advantage of proceeding without racemization290. Its uses have in¬ 

cluded the preparation of penicillamine dipeptides291, and of JV-acyl 
dipeptides from melphalan292. 

Benzoyl azide reacts with imines yielding, after hydrolysis of the 

initial product, iV-acylbenzamides (equation 111). The reaction, 

however, is not a simple acylation. It proceeds with evolution of 

nitrogen and affords initially an imino-amide293. Undoubtedly, a 
preliminary dipolar addition is involved. 

O NR 

PhCONg + Me2CHCH=N—R '—» PhC—NH— CCHMe2 

H2o 

(111) 
O O 

PhC—NH—CCHMea 

The most serious disability to the azide method of amide prepara¬ 

tion is the concurrent occurrence of the Curtius rearrangement (112) 

leading, under the usual reaction conditions, to the formation of 

ureas282. On mechanistic grounds we should expect this side-reac- 

RCON3 -^ RN=C=0 -> RNHCONHR (112) 

tion to be most serious when the attacking amine is weakly nucleo¬ 

philic or highly sterically hindered, when the group R through the 

operation of electronic or steric factors diminishes the reactivity of the 

adjacent carbonyl function, and when R has a high migratory apti¬ 

tude. Occasionally it becomes so important that it takes precedence 

over aminolysis even under the mildest possible conditions294. 

Curtius rearrangement occurs so readily in azides of aromatic acids 
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that their reaction with most amines to give ureas has been recom¬ 

mended for purposes of characterization295. However, benzyl- 

amine, presumably because of its high nucleophilicity, smoothly 

undertakes aminolysis of aroyl azides; the relative reactivities of a 

series of azides is compatible with the effects of substituents on the 
electron density at the carbonyl function296. 

Another important side-reaction—formation of primary amides— 

occurs when azides are prepared by treatment of hydrazides with 

nitrous acid. It is believed to involve elimination of nitrous oxide 
from a nitroso hydrazide (equation 113) 283.297. 

RCONHNH2 -H-N°2> (RCONHNH—N==0  -± RCONH—N=N—OH) -^ 
RC0NH2+N20 (113) 

H. Ketenes 

Amines react readily with ketene and substituted ketenes yielding 

their A-acyl derivatives (equation 114)298. Although formally an 

R1R2C=C=0 + R3NH2 ——> R]R2CHCONHR3 (114) 

addition process the reaction is believed to be mechanistically related 

to other Ar-acylation reactions in that it involves initial nucleophilic 

attack of the amine on the carbonyl group (equation 115). The 

\=C=Q) 

rnh2 

xc=c—o- 

+nh2r 

\ 
/ 
C"—c=o 

+nh2r 

XCH—C=0 
/ I 

NHR 

(54) (115) 

observation that the rate of acylation is qualitatively related to the 

basicity of the amine accords with this mechanism, which has recently 

found further support in detailed kinetic studies15,299. As expected 

the prototropic rearrangement of the intermediate 54 is very fast, but 

the initial addition step is much slower and is catalysed by an excess 

of amine which is considered to behave as a general base. 

The ketene most widely used in preparative work is ketene itself 

which acetylates amines rapidly and in high yield. In a typical 

experiment acetanilide was obtained quantitatively by passing ketene 

vapour into aniline dissolved in ether300. The reaction can be con¬ 

ducted also in aqueous or alcoholic solution and affords exclusively 

Ar-acylated products from, amino phenols or amino alcohols301. 

Cysteine, however, affords the A,A-diacetyl derivative302. Acyl- 
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ketenes have been employed for the preparation of amides of /3- 
ketocarboxylic acids 303. 

Because of its high reactivity ketene is of great utility for the acetyla¬ 

tion of amides and imides. Typical examples include the formation 

of A^-acetylbenzamide by passing ketene into a suspension of benzamide 

in benzene containing a catalytic amount of sulphuric acid304, and 

the preparation of iV-acetylsuccinimide from succinimide in carbon 
tetrachloride305. 

Ketenes react with imines by an addition process affording /3- 

lactams. For example, addition of ketene to the imine 55, obtained 

by treating aldehydes with sulphuryl isocyanate halide, affords 56 
which is readily hydrolysed to an azetidinone (equation 116) 306. 

RCHO 
+ 
NCO 

I 
so2x 

> ch2 = c = o 

so2x 

rch-ch2 H2q 

N-C=0 
I 

so2x 

RCH—CH2 
I I 

NH—C=0 

(55) (56) 

(116) 

Other examples of the formation of /3-lactams are summarized in 
Lacey’s review298. 

An important method for the preparation of amides which probably 

involves the intermediacy of ketenes is the Arndt-Eistert reaction in 

which an acid is converted via its chloride to a diazo ketone, which, on 

treatment with silver ion catalyst and ammonia or an amine, affords 
the homologous amide (equation 117). 

R1COCI CH2N2 > RxCOCHN2 
Ag + 

•> R1CH= 
„ _ R2NH2 
„=o-> R1CH2CONHR2 

(117) 

The scope and limitations of the reaction and the experimental 

methods employed have been reviewed307. Possibly the only more 

recent development of note is the use of the reaction for the prepara¬ 
tion of polypeptides 308. 

/. Miscellaneous Acylating Agents 

I. Amides and imides 

When an amine or its salt is heated with a primary amide, exchange 
(118) occurs. 

RxNH2 + R2CONH2 > R2CONHR1 + NH3 (118) 
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The reaction is of wide applicability309 and is particularly useful 

for the preparation of Ar-formyl compounds which are obtained in 

high yield by heating an amine hydrochloride with formamide at 

60-70° for several minutes. An improved procedure for formylation 

involves treating an amine with N, iV-dimethylformamide and sodium 

methoxide310. The reaction has recently been employed for the 

preparation of formamido tetrazoles311. 

Aminolysis of cyclic imides occurs particularly readily and the 

reaction has been extensively employed for the preparation of mixed 

diamides of 1,2-diearboxylic acids. Succinimide, for example, when 

shaken with aqueous methylamine gives TV-methylsuccinamide 

(equation 119)312. The reaction is reversible: heating of such di¬ 

amides neat or in acid or base affords imides.313. Dichloromaleimicle 

(119) 

and related compounds show particularly high reactivity towards 

amines because of the electronic effects of the halo substituents314. 

A-Carboethoxyphthalimide is also highly reactive and is useful for the 

phthaloylation of amino acids315. 

As expected on mechanistic grounds, A-acylimidazoles (57) 316 and 

Ar-acylpyrazoles (58) 317 are particularly effective acylating agents and 

both have found extensive application in peptide synthesis107,121. 

RCO—N’ 

(57) 

RCO—N 
\ 

(58) 

The acylimidazoles are conveniently made by a transamidation reac¬ 

tion of carbonyl-l,T-diimidazole with carboxylic acids (equation 

120)316,318. Acetylation of pyrrole with A-acetylimidazole affords 

+ rco2h N—COR + C02 + (120) 

AT-acetylpyrrole which is difficult to prepare by conventional 

methods319. 
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2. Thioacids and thiolesters 

Thioacids, thiolesters, and thiolcarboxylic anhydrides each react 

with amines yielding acyl derivatives (equations 121-123). In 

R1COSH + R2NH2 -5- RiCONHR2 + H2S (121) 

R^OSR3 + R2NH2 -> R1CONHR2 + R3SH (122) 

R1COSCOR1 + R2NH2 -> RiCONHR2 + RlCOSH (123) 

general such acylations occur more readily than those with the oxygen 

analogues: however, thioacid derivatives usually offer little advantage 

over other reagents for the preparation of amides except in the field of 

peptide synthesis121. Acylation reactions of thioacids and their 

derivatives are of considerable theoretical and biochemical interest 

because of their possible relevance to the mode of action of acetyl 

coenzyme A, and have been the subject of extensive mechanistic in¬ 
vestigation92,320. 

3. Carbon monoxide 

Primary and secondary amines are converted to their formyl deriva¬ 

tives by treatment with carbon monoxide in the presence of sodium 

methoxide, cobalt octacarbonyl or various other metallic salts 

(equation 124) 321-324. Tertiary alkylamines when similarly treated 

R1R2NH + CO --> R1R2NCHO (124) 

suffer loss of one of the substituents giving dialkylformamides (equa¬ 

tion 125), but aniline derivatives undergo a carbonyl insertion 

reaction (equation 126)321. Suitably constituted alkenylamines 

Bu3N + CO -> Bu2NCHO (125) 

PhNEt2 + CO -> PhNCOEt (126) 

L 
react with carbon monoxide at both the amino and olefinic functions to 

yield lactams (equation 127)323, whilst acrylamides undergo a similar 
reaction giving cyclic imides (equation 128) 324. 

CH2=CHCH2NH2 + CO 

CH2=CHCONHR + CO -Co2(CO)8 
o 

NH ° 
(128) 
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4. Hydrazides 

Amines are acylated when treated with an acylhydrazine in the 

presence of a suitable oxidizing agent such as iodine or iV-bromo- 

succinimide. The reaction, which is useful in peptide synthesis, 

probably involves intermediate formation of an acyldiazonium salt 
(equation 129)325. 

|o R2NH9 
R1CONHNH2 -IVCON^ -R1CONHR2 + N2 + H+ (129) 

III. PREPARATION OF AMIDES FROM NITRILES 

A. Hydration 

Hydrolysis of nitriles to carboxylic acids involves intermediate 

formation of amides (equation 130). The relative rates of the two 

RCN RCONH2 RC02H + NH3 (130) 

steps vary according to the structure of the substrate and the experi¬ 

mental conditions. Hydration of nitriles can be of value for the 

preparation of amides only when it is much faster than subsequent 

hydrolysis of the initial product. 

The hydration reaction is subject both to acid and base catalysis. 

The mechanism for the base-catalysed reaction involves initial addi¬ 

tion of hydroxide ion to the C=N group (equation 131), whilst the 

acid-catalysed reaction proceeds through the protonated nitrile 

(equation 132). 

N- O 

RC=N + OH- -> RC^ RC—NH2 + OH“ (131) 
\ 

OH 

+ + H2O 
RO=N + H30+ -> [RC—NH «-> RC=NH] -> 

NH O 

RC^ R—C—NH2 + HaO+ (132) 
\+ 

oh2 

The most widely used procedure for the hydration of nitriles in¬ 

volves treating the substrate with mineral acid. Strong sulphuric 

acid is a particularly useful reagent for the preparation of aromatic 

amides and amides of highly sterically hindered aliphatic acids. 

Examples of its use include the preparation of tributylacetamide326 in 
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80% sulphuric acid at 100°, and of diisopropylacetamide327 in 96% 

acid at 140-150°. 

The success of these syntheses illustrates the extreme resistance to 

acid-catalysed hydrolysis characteristic of hindered amides, and indi¬ 

cates that hydration of the nitrile group is less susceptible to steric 

factors than is the subsequent hydrolysis of the amide. However, in 

straight-chain compounds hydrolysis of the amide often competes 

effectively with the hydration step, and the reaction is suitable as a 

preparative method only under very carefully controlled experimental 
conditions. 

Sulphuric acid catalysed hydration of nitriles sometimes proceeds 

with remarkable specificity. Thus hydration of the nitrile 59 in 97%0 

sulphuric acid proceeds without disruption of the ester groups 

(equation 133) 238, whilst the imide and lactone functions in 60 survive 

similar treatment (equation 134). Hydration of 61 in 96% sulphuric 

COzEt 

Et02C. X CONH2 

EtOoC’ 

(133) 

acid proceeds without simultaneous hydrolysis of the ester, but in 75% 

acid, hydrolysis of both amide and ester functions occurs followed by 
decarboxylation to yield 62 (equation 135) 33°. 

(135) 

Other examples illustrative of the scope of this method for the 

hydration of nitriles include the preparation of the appropriate 

amides from 3-cyano-4-ethylcoumarin331, 3,3-dinitropropionitrile332, 

a-dimethylaminophenylacetonitrile333, Ar-benzyl-Ar-phenylglycinoni- 
trile334 and A^A^-dimethylaminoacetonitrile335. 
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oc-Keto nitriles can be hydrated in strong acid to yield a-keto amides 

(equation 136). Cyanohydrins often undergo simultaneous loss of the 

RCOCN -> RCOCONH2 (136) 

alcoholic hydroxyl giving a,/3-unsa.turated amides. Thus, treatment 

of acetone cyanohydrin with strong sulphuric acid affords a convenient 

preparation of methylacrylamide (equation 137) 336. 

ch3 ch3 

CH3—C—CN —-S-°4-> CH2=C—CONH2 (137) 

OH 

Hydrochloric acid is a suitable reagent for hydration of nitriles. 

Phenylacetamide is formed in excellent yield by stirring benzyl cyanide 

with the concentrated acid at 40-50° and the same procedure is 

applicable to a wide range of substituted arylacetonitriles337. The 

unsaturated cyanohydrin 63 is converted to the hydroxy amide 64 by 

treatment with a mixture of aqueous hydrochloric and sulphuric 

acids (equation 138)338, and />-chlorobenzyl cyanide (65) when mixed 

with concentrated nitric and sulphuric acids undergoes concomitant 

hydration and nitration (equation 139) 339. 

OH 
I 

PhCH=CHCHCONH2 (138) 

(64) 

OH 

PhCH=CHCHCN 

(63) 

Cl ch2cn 

(65) 

(139) 

Polyphosphoric acid has been recommended for the preparation of 

amides from nitriles. Benzonitrile when heated at 110° for 1 hour with 

polyphosphoric acid affords benzamide in 96% yield, and other aryl 

and benzyl cyanides are hydrated under similar conditions340. 

However the reaction is not successful when applied to cyanomesity- 

lene, presumably because of steric hindrance. Other transformations 

illustrative of the utility of polyphosphoric acid are the formation of 

a-hydroxybutyramide from acetone cyanohydrin, ethyl malonamate 

from ethyl cyanoacetate340, and /3-ket.o amides from /3-keto nitriles341. 

Another useful reagent for accomplishing hydration of nitriles is 

boron trifluoride. Excellent yields of amide are obtained by passing 
5* 
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boron trifluoride into a solution of the nitrile in acetic acid containing 

a small amount of water342. When an anhydrous boron trifluoride- 

acetic acid complex is used, some nitriles give amides, but from others 

mixtures of amide and acid are obtained342. Hydration of /3-keto 

nitriles to /3-keto amides can be accomplished with boron trifluoride in 

aqueous acetic acid341. 

The method of choice for the preparation of iV-acetyl-a-phenylace- 

toacetamide consists of treating benzyl cyanide with boron trifluoride 

in acetic anhydride (equation 140) 343. Phenylacetamide is probably 

COCH3 

PhCH2CN -> PhCH2CONH2 -> PhCHCONHCOCH3 (140) 

an intermediate in the reaction. Boron trifluoride in acetic anhydride 

converts /3-keto nitriles into iV-acetyl-/3-kctoamides344. 

Base-catalysed hydration of nitriles has been less frequently used 

for the preparation of amides; in many compounds the reaction pro¬ 

ceeds to the acid by further hydrolysis of the amide. Examples of its 

successful use include the conversion of 7,12-dicyanobenz[A;]fluoran¬ 

thene, which is inert to acids, into the appropriate diamide by heating 

with potassium hydroxide in ethoxyethanol345, and formation of 

2,3,6,7-tetramethylnaphthalene-l,4-dicarboxamide by similar treat¬ 
ment of the dinitrile346. 

A convenient and reliable method for the preparation of amides 

involves treatment of nitriles with alkaline hydrogen peroxide. For 

example, o-toluamide is formed in 90°/o yield when o-tolunitrile is 

warmed in ethanol with sodium hydroxide and 30°/0 aqueous hydro¬ 

gen peroxide347, and veratramide may be similarly prepared from 

veratronitrile348. Other examples illustrative of the method include 

the preparation of benzocyclobutane-1 -carboxamide349 and 3- 

nitrobiphenyl-4-carboxamide 35°. Unlike acid- and base-catalysed 

hydration reactions this procedure is applicable to the preparation of 
simple aliphatic amides351. 

Although the reaction was first described in 1885 its mechanism 

was not closely scrutinized until 1953 when Wiberg showed that the 

reaction rate exhibits first-order dependence on the concentrations of 

nitrile, H2Oa and OH , that benzonitrile oxide is not an intermediate, 

and that the oxygen evolved is derived from hydrogen peroxide352. 

A mechanism consistent with these observations involves initial 

nucleophilic addition of hydroperoxide ion to the 0=N group 

followed by hydride transfer from a second molecule of peroxide 

(equation 141). When an olefin is added to the reaction mixture it 



R—C=N" 
I 

OOH 
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R—C=N 

^-OOH 

R—C =f NH 

0-^-0 H 

? 
> R—c—NH2 + 02 + H20 (141) 

interacts with the intermediate peroxyimine yielding an epoxide in 

good yield (equation 142)353. 

HO—OC=NH b +RCONH2 (142) 

When a,/3-unsaturated nitriles are treated with hydrogen peroxide, 

intramolecular epoxidation of the olefinic linkage occurs affording 

epoxy amides, e.g. acrylonitrile gives glycidamide (equation 143)354. 

CH2=CH—CN 

+h2o2 

CH2=fCH 

HO.^XC=^NH 

V 
-* ch2-ch-cnh2 

o o 
(143) 

In work towards the synthesis of lysergic acid the nitrile 66 was 

similarly converted into the epoxy amide 67 in quantitative yield 

(equation 144)355. 

An interesting example of intramolecular attack of the hydroperoxy 

group on a cyano function was uncovered by Barton in his synthesis 

of /3-amyrin when he found that a compound containing the system 68 

is converted into the epoxy amide 69 in high yield by treatment with 

alkaline hydrogen peroxide (equation 145)356. 
Hydration of nitriles may be accomplished in the absence of added 

acid or base but it is normally necessary to heat the reaction mixture 

strongly in an autoclave 367. However, the use of ion exchange resins 

sometimes allows formation of amides under relatively mild conditions 
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(145) 

from nitriles which undergo complete hydrolysis to acids when treated 

with conventional acidic or basic catalysts. Thus nicotinamide is ob¬ 

tained in excellent yield by boiling nicotinonitrile in water with the 

resin IRA-400 (OH) 358. Similar methods have been used for the 

preparation of alkyl and alkenyl derivatives of nicotinamide359 and 
for the partial hydrolysis of dinitriles to cyano amides360. 

An indirect procedure for the hydration of nitriles (the Pinner 

reaction) involves treating a nitrile with an alcoholic solution of 

hydrogen chloride, removing the solvent by evaporation and heating 

the residual imido ester salt (equation 146)361. The method has been 

NH2C|- o 

R1C=N + R2OH + HCI -R1*!—OR2 -> Ri_C_NH2 + R2Q 

(146) 

recommended as a convenient synthesis for a-hydroxy362 and «- 
amino amides363. 

Efficient methods for the hydration of nitriles to amides under 

essentially neutral conditions have recently been developed. In one 

of them a mixture of the nitrile in water is boiled with a zinc-nickel 

catalyst364. Aromatic amides are obtained in good yield, but the 

reaction with aliphatic nitriles proceeds less efficiently. A very mild 

procedure involves shaking of a solution of the nitrile in dichloro- 

methane. with manganese dioxide at room temperature365. The 

method is applicable to alkyl and aryl cyanides, to acetone cyano¬ 

hydrin, and to «,/3-unsaturated nitriles (equation 147). The mechan¬ 

isms of these reactions have not yet been elucidated. Perhaps it is 

Br Br 
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relevant that hydration of 2-cyano-l,10-phenanthroline to the amide 

is powerfully catalysed by Cu2~, Ni2+ and other metal ions366. 

B. AJkylative Hydration—The Ritter Reaction 

Although the interaction of olefins with hydrogen cyanide in the 

presence of a strong acid HC1-A1CL, to yield formamides was first 

described in 1930367 the synthetic potential of this general type of 

transformation was not realized until 1943 when Ritter368 showed that 

treatment of alkenes with nitriles and concentrated sulphuric acid 

affords A-substituted amides in good yield. In a typical example of 

the method A-2-butylacetamide was prepared in 85% yield by passing 

isobutene into an acetic acid solution of acetonitrile and sulphuric 

acid, and pouring the mixture into water (equation 148). Ritter 

CHg CHa 

CHg—C + CHSCN ' CHg—C—NHCOCHa (148) 

CH2 ch3 

also showed in his early work that tertiary alcohols could be used in 

place of olefins369, that the method was applicable to dinitriles370, 

and that the reaction with hydrogen cyanide, which yields initially 

readily hydrolysed formyl compounds, prosides a convenient route to 

tertiary' alkylamines369. 
Mechanistically, the reaction is closely related to acid-catalysed 

hydration of nitriles, in that it is initiated by attack of an electrophilic 

species—in this case a carbonium ion formed by protonation of an 

olefin or dehydration of an alcohol—on the weakly basic cyanide 

nitrogen atom yielding a nitrilium salt which readily undergoes 

hydration on addition of water (equation 149). Nitrilium salts 

RlOH R1 + /n=hC—R2-* [R1—NsC—R2 «-> 

R1— N=C— R2] RxNHCOR2 + H+ (149) 

cannot be isolated from the reaction mixture under normal Ritter 

conditions but the mechanism has been supported by a recent kinetic 

study of the reaction of isobutylene with acrylonitrile371 and by in¬ 

vestigations of the chemistry of nitrihum salts prepared in other 

ways372,373. 
The Ritter reaction is applicable to a very wide range of substrates . 

* See sections IV.A and IV.B for a discussion of the intervention of the Ritter 

mechanism in Beckmann and Schmidt rearrangements. 
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Alcohols and olefins which afford tertiary carbonium ions on treatment 

with strong acid react particularly readily giving high yields of amides, 

and other compounds capable of giving stabilized carbonium ions 

(e.g. benzyl alcohol) 374 are also suitable substrates. The reaction is 

applicable to unsaturated nitriles375, to halohydrins and halo 

alkenes376, to long-chain nitriles368, to nitrilo esters368, to cyclo- 

alkanols377 and to compounds containing other reactive functions. 

Examples (150-156) illustrate the scope of the method. The reaction 

works well with heterocyclic alcohols382, and has recently been used 

PhCH2OH + CHa=CHCN --aS°* > PhCH2NHCOCH=CH 
r.t. 

(59-62%)374 

Me 

PhCH2COH + HCN ±!?so^/HOAc > phCHXNHCHO 

Me 

2CC 
35-45° 

Me 

(65-70%)378> 379 

Me Et Me Et 

PhCN + MeC=CC02Et PhCONHC-CHC02Et 

Me 

(72%)339 

OH OH 

MeCHCN + t-BuOH --2S°^oH°Ac> MeCHCONHBu-t 

(40%)373 

(150) 

(151) 

(152) 

(153) 

OH + NCCH=CHCN 

Me 
I 

h2so4 
45° a NHCOCH=CHCONH 

(87%)' ,370 

Me 

CICH2COH + NCCH2CQ2Et CICH2CNHCOCH2C02Et 

Me 

-O 
(154) 

(155) 

Me 

(65%) ,376 

cf3 

Ph2CQH + MeCN 
h2so4 
60-70° 

cf3 

Ph2CNHCOMe 

(88%): ,381 

(156) 
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to prepare polyamides by condensation of dinitriles with a diester in 

sulphuric acid (equation 157)383. However, a-amino nitriles when 

treated with i-butanol in sulphuric acid undergo replacement of the 

amino group; the products obtained in fair yield are a-hydroxy 

amides (equation 158) 384. The products obtained from the Ritter 

R1CHCN + t-BuOH Ha^?*-> R1CHCONHBu-t (158) 

NR| OH 

reaction with halohydrins and with allyl halides are useful compounds 

for the preparation of oxazoline derivatives376,385. This and other 

applications of the Ritter reaction to heterocyclic synthesis have 

recently been reviewed386. 

Alcohols and olefins which afford secondary carbonium ions on 

treatment with acid, undertake the Ritter reaction less readily than 

tertiary compounds. For example cyclohexene when treated under 

normal Ritter conditions with acrylonitrile and sulphuric acid gives 

only cyclohexyl acetate but the required amide was formed in good 

yield when neat sulphuric acid was used (equation 159)371. The 

j^j] +CH2=CHCN 

^^nhcoch=ch2 (159) 

reactions of propylene with various nitriles have been studied. The 

yield of amide from different nitriles increases in the order MeCN < 

PhCN < CH2=CHCN thus reflecting the effect of mesomeric re¬ 

lease from the substituent on the basicity of the nitrogen atom. For¬ 

mation of the acrylamide by treatment of af-6-octadecenoic acid with 

acrylonitrile in sulphuric acid is another example of the application 

of the Ritter reaction to 1,2-disubstituted olefins387. Improved 
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methods for the reaction with 1-alkenes have recently been de¬ 
scribed388. 

The Ritter reaction can be applied to primary alcohols only under 

very severe conditions389. Thus, iV-methylacetamide is formed by 

heating hydrogen chloride, methanol and acetonitrile in an autoclave 

at 280-315°. Monoalkylamides are preferably made by hydration 
of nitrilium salts (see below). 

Although alcohols and olefins are the most frequently used starting 

materials for alkylative hydration of nitriles other compounds capable 

of generating carbonium ions have also been employed. For example, 

branched paraffins, which are able to form carbonium ions by hydride 

transfer are converted into amides when treated with a nitrile in the 

presence of a hydride acceptor. Thus, 1-formylaminoadamantane is 
obtained in good yield when ^-butanol and hydrogen cyanide are 

added to an emulsion of adamantane, hexane and sulphuric acid 
(equation 160) 39°. 

Tertiary carboxylic acids undergo the Ritter reaction when treated 

with a nitrile and concentrated sulphuric acid (equation 161). The 

reaction involves decarboxylation generating a carbonium ion, which 

then interacts with the nitrile in the usual way. Yields are usually 
good391. 

R3CCO2H + H + 
-H2O, -co 
-> RJC + 

(1) R2CN 

(2) H2O 
-> R3CNHCOR2 (161) 

Alkyl halides have been used for the preparation of amides by 

the Ritter reaction. TBromoadamantane gives acyl derivatives of 

1 -aminoadamantane when treated with nitriles in concentrated sul¬ 

phuric acid392, and in a reaction which is mechanistically related, 

diphenylmethyl bromide in benzene reacts with nitriles in the pres¬ 
ence of silver sulphate (equations 162) 393. 

Ph2CHBr + Ag+ -> Ph2CH + AgBr 

Ph2CH Ph2CHNHCOR 

(162a) 

(162b) 

Reactions of halides with nitriles in the presence of Lewis acids were 

earlier investigated by Cannon and his coworkers who studied the 
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effect of aluminium chloride on ethereal solutions of nitriles and cyclo¬ 

hexyl and cyclopentyl halides. They concluded that the method was 

less useful than the normal Ritter reaction394. Other methods for 

generating the required intermediate carbonium ions include de¬ 

composition of arenediazonium salts395 and anodic oxidation of 
hydrocarbons 396. 

Sometimes the carbonium ion initially generated under Ritter 

conditions undergoes rearrangement either by alkyl or hydride shifts, 

before it interacts with the nitrile397. The phenomenon assumes 

practical importance in the preparation of derivatives of 9-amino- 

decalin from the readily available decahydroyS-naphthol (equation 
163) 398. 

This transformation is obviously closely related mechanistically 

to the formation of decalin-9-carboxylic acid by treatment of 2- 

decalol with formic acid in sulphuric acid399. However, preferential 

formation of the kinetically favoured tram- or the thermodynamically 

favoured m-carboxylic product, which can be achieved by appropriate 

regulation of the experimental conditions, appears not to have been 

accomplished in the case of amide formation. 

A reaction which is mechanistically closely related to the Ritter 

reaction involves the synthesis of A-(2-chloroalkyl) amides by passing 

chlorine into a mixture of olefin and nitrile and pouring the resultant 

solution into water400. Bromoalkylamides are similarly made. The 

reaction proceeds via the halonium ion (equation 164). 

R1CH=CH2 ———> 

X 

R1CH 
(I) R2CN 

(i)H20 

richch2x 
I 

NHCOR2 (164) 

This method has recently been improved by Hassner and his co¬ 

workers who reasoned that competition of halide ion with nitrile for 

reaction with the intermediate halonium ion decreases the yield of 

product401. Accordingly, they conducted their reactions in the 
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presence of silver perchlorate to remove halide ion and then obtained 

enhanced yields of /3-haloalkylamides (equation 165). As expected 

on the basis of a reaction mechanism involving an intermediate 

cyclic bromonium ion the reaction affords trans products. Iodine 

monofluoride has been recommended for the preparation of N-(2- 

iodoalkyl) amides by a similar route, but even iodine alone is effec¬ 
tive 402. 

In the usual procedure for the Ritter reaction the intermediate 

nitrilium salts are not isolated. Such salts can however be prepared in 

pure form if so desired, and then hydrated to amides in a subsequent 

step. Methods for the preparation of nitrilium salts include treat¬ 

ment of nitriles with trialkyloxonium salts373, with diazonium salts373, 

and with alkyl halides in the presence of Lewis acids373,399. 

When suitably constituted alkenyl cyanides are treated with acid an 

intramolecular reaction occurs leading to the formation of lactams. 

Recent examples include preparation of the lactam 71 by heating 

3-cyano-4-stilbazole (70) with polyphosphoric acid403 and the forma¬ 

tion of the lactam 73 from m-m-5-cyano-3-methylsorbic acid (72)404. 

or —or 
o 

(70) 

C. Other Reactions 

(71) 

Hs 
Me 

NH 
CH2C02H 

(73) 

Me 

O 

(166) 

(167) 

I. Acylation 

Nitriles, when strongly heated with carboxylic acids or their an¬ 

hydrides, yield amides and imides. The reaction is believed to in¬ 
volve a complex system of equilibria (168) 167,405. 
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WCOJri + R2CN R1CONHCOR2 

R2CONH2 + (R1CO)aO 

(168) 

2. Aminolysis 

Some nitriles react with aqueous ammonia or amines to yield 

amides, presumably via intermediate formation of amidines (equation 

169). The reaction has been used for the preparation of nicotinamide 

NH 

R!CN + R2R3NH ~ .. ± W-Z Ha° > RJCONR2R3 (169) 

\lR2R3 

from nicotinonitrile406 and of a series of N, A'-disubstimted amides 

from succinonitrile and similar dinitriles407. 

IV. REARRANGEMENT REACTIONS 

A. The Beckmann Reaction 

In 1887 Beckmann described the first examples of the reaction which 

now bears his name; the rearrangement of oximes to amides when 

treated successively with an acid, or acylating agent, and water 

(equation 170). After many years of considerable speculation and 

R2G=NOH ((^2+q> RCONHR (170) 

controversy it is now agreed408’409 that the reaction is initiated by 

conversion of the oximino hydroxyl into a suitable leaving group 

(OA) by protonation, coordination with a Lewis acid, or acylation. 

Heterolysis of the N—O bond with synchronous migration of the 

anti substituent via a quasi three-membered transition state affords 

an iminium salt, hydration of which gives the product (equation 171). 

The rapidity with which the rearrangement occurs is expected to de¬ 

pend on the migratory aptitude of R1 and on the efficiency of OA as a 

V 
N \ 

OH 

R1 
*N.... 

R2 

OA 

R2C=NRa 
h2o 

RCONHR1 (171) 
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leaving group as measured by the stability of its product ion, OA~, 

or the strength of its conjugate acid, HOA. 

The classical methods involve treating the oxime with phosphorus 

pentachloride in ether, with strong sulphuric acid, or with hydrogen 

chloride in acetic acid-acetic anhydride. Newer procedures include 

the use of polyphosphoric acid410"412, />-acetamidobenzenesulphonyl 

chloride413, ^-toluenesulphonyl chloride414 and similar arene- 

sulphonyl halides, phosphorus oxychloride415, boron trifluoride416, 

iodine pentafluoride417, thionyl chloride418, trifluoroacetic anhy¬ 
dride419 and formic acid420. 

The migratory aptitude of R1 should be enhanced by electron- 

donating substituents. Kinetic measurements on /^-substituted aceto¬ 

phenone oxime picrates reveal a linear Hammett relationship with a 

negative regression constant421. An earlier claim422 that the migra¬ 

tion step shows a reverse 14C isotope effect has been discounted423. 

The Beckmann rearrangement normally proceeds with retention of 

configuration at the point of attachment of the migrating group 424, 

and there is usually a tnans relationship between the leaving group and 

R1. Nevertheless there are numerous reports of the formation of mix¬ 

tures of amides from stereochemically pure oximes. Undoubtedly, in 

many instances such mixtures arise because syn-anti isomerization of 

the oxime occurs more rapidly than its rearrangement. Purely ali¬ 

phatic ketoximes undergo isomerization particularly readily, especi¬ 

ally in the presence of protic acids. Phosphorous pentachloride in 

ether is a much better reagent for the rearrangement of such com¬ 

pounds. Passage of oxime />-toluenesulphonates over alumina has 

been claimed to give high yields of amides with negligible prior iso¬ 
merization of the starting material425. 

The iminium ion (RC=NR) produced by migration may be inter¬ 

cepted by nucleophiles other than water. Variations on the normal 

Beckmann procedure include the formation of imidate esters by reac¬ 

tions with alcohols, of imidoyl azides (which cyclize to tetrazoles) 
with azide ion, and of a-amino nitriles with cyanide ion. 

The Beckmann reaction finds its most important applications in the 

rearrangement of alkyl aryl ketones, obtainable by Friedel-Crafts 

synthesis, and in the formation of lactams from cyclic ketones409. 

It is generally assumed that aryl migration takes precedence over 

alkyl migration. This is certainly true for acetophenone and other 

relatively simple compounds in which the more stable isomer of the 

oxime has the bulky aryl group in the anti configuration, but substrates 
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containing branched-alkyl substituents may show migration of the 

alkyl group. Thus pivalophenone oxime, when treated with non- 

protic catalysts, gives A-if-butylbenzamide (75) in good yield thus indi¬ 

cating the anti arrangement of the OH and £-butvl substituents 

(equation 172) 426. However, with hydrogen chloride in acetic acid 

the anilide 76 is formed; it appears that under these conditions an 

equilibrium mixture of the two isomeric oximes (74 a 74 b) is 

rapidly generated and the overall course of the reaction then reflects 

the greater migratory aptitude of the phenyl group. 

Ph Bu-t 

PhCOBu-t -> C -rr!v> t-BuNHCOPh i, H2O 

N (75) 
/ 

HO 

(74a) 

Ph 

j 

H + 

Bu-t 

OH 

PhNHCOBu-t 
H2O 

(76) 

(74b) 

(172) 

Alkyl aryl ketones containing a wide range of other functional 

groups may be safely subjected to the Beckmann procedure409. A 

recent example427 consists of the rearrangement of oximes derived 

from aryl-substituted Mannich bases (77) and vinyl ketones (78). 

ArCOCH2CH2NMe2 ArCOCH=CH2 

(77) (78) 

A novel variation of the Beckmann method for the preparation of 

anilides involves treatment of an arene with a hydroxamic acid in 

polyphosphoric acid428. The reaction is thought to involve inter¬ 

mediate formation of a ketoxime which then undergoes rearrangement 

in the usual way (equation 173). Suitably constituted aryl-sub- 

NOH 

ArH + RCONHOH -> ArCR --^ ArNHCOR (173) 

stituted hydroxamic acids undergo intramolecular reaction yielding 

lactams428. 
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When applied to dialkyl ketones the Beckmann reaction usually 

affords mixtures of amides in which the major constituent is that com¬ 

pound formed by migration of the bulkier group. A variety of 

catalysts have been used. Trifluoroacetic anhydride has been re¬ 

commended for rearrangement of water-soluble compounds of low 

molecular weight419, whilst phosphorus oxychloride-pyridine gives 

exceptionally good yields in side-chain degradation of steroids415. 

a,/?-Unsaturated ketoximes give the expected products under mild 

conditions but vigorous treatment causes cyclization to 2-isooxazoline 
derivatives (equation 174)429. 

>^jfNHC0Me-- X^y-Me 074) 

Aldoximes are readily dehydrated to nitriles. Nevertheless with 

suitable control of experimental conditions they can be converted to 

amides (equation 175). Reagents used for the reaction include 

RCHO -> RCH=NOH -> RCONH2 (175) 

phosphorus pentachloride, sulphuric acid, trifluoroacetic acid, and 

boron trifluoride. Polyphosphoric acid has been claimed to be 

particularly useful410. It has often been suggested that apparent re¬ 

arrangement of aldoximes involves formation of nitriles followed by 

acid-catalysed hydration. Although such a mechanism is conceivable 

under the acidic conditions often employed, it seems unlikely to apply 

to a new and useful method involving treatment of aldoximes with 
nickel acetate in toluene430. 

Cyclic ketoximes rearrange to lactams under Beckmann conditions. 

The reaction is applicable to rings of all sizes and to polycyclic and 

heterocyclic systems; rearrangement of cyclohexanone oxime to 

caprolactam has been extensively studied because of its commercial 

importance in polyamide manufacture. Recently it has found exten¬ 
sive use in the synthesis of aza steroids413’431. 

The scope and limitations of the Beckmann method for lactam prep¬ 

aration are well covered in Donaruma and Heldt’s review409. In- 

tere^ting^recem examples of its application are given in equations 

The dioxime of cyclodecane- 1,6-dione (79) behaves normally when 

treated with sulphur trioxide in sulphur dioxide, and gives the expected 

lactam (80), but if the reaction is conducted with thionyl chloride a 
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(176) 

(177) 

(178) 

curious transannular rearrangement occurs giving rise to valero- 

lactam (equation 179b) 434. 

NOH 

NOH 

(79) 

(179a) 

(179b) 

An interesting variation in the preparation of lactams from cyclic 

ketoximes involves treatment of the oxime with triphenylphosphine 

and halogen in benzene435. The reaction mechanism is believed to 

involve intermediate formation of halonitroso alkanes and phos- 

phonium salts (equation 180). 
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In yet another method related to the Beckmann reaction for the 

preparation of lactams, cycloalkanecarboxylic acids are treated with 

nitrosylsulphuric acid and oleum in chloroform (equation 181) 436. 
Good yields are obtained even with large-ring compounds. 

Finally, there is the so-called ‘photochemical Beckmann reaction’ 

in which the oxime of cyclohexanone in methanol solvent is converted 

to caprolactam by irradiation with ultraviolet light437. The mechan¬ 

ism of this interesting transformation is not known although it has been 

suggested that it might involve an intermediate triplet species. 

The Beckmann rearrangement is subject to various side-reactions of 
which the most important is the process leading to the formation of 

nitriles—the Beckmann fragmentation (equation 182). 

R2C=NOA -> R+ + RC=N + OA“ (182) 

In general, this type of disruption of the oxime is most likely to 

occur when one of the groups is so constituted as to readily form a 

relatively stable carbonium ion, i.e. it has the structure —CHAr2 or 

GR2X, where X is alkoxy, alkylamino or alkylthio. An example 

of the application of the fragmentation in a synthetically useful way 

is provided by the preparation of the dimethyl acetal of 5-cyanopen- 

tanal from 2-methoxycyclohexanone oxime (equation 183)438. The 

(183) 

mechanism and scope of the reaction have recently come under close 

scrutiny and there is now some evidence that rearrangement often 

proceeds in the normal way and that the iminium ion produced then 
undergoes heterolysis (equation 184). 

+ 
R-C~%A * R-C=kNt-* -* R C=N + R+ (184) 

When Beckmann fragmentation occurs in a medium containing 

no suitable nucleophile to intercept the carbonium ion formed, the two 

fragments may recombine in a Ritter-type reaction398-414. For 

\ 
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example the oxime of 9-acetyl-m-decalin (81) when treated with 

/;-toluenesulphonyl chloride in pyridine undergoes the normal Beck¬ 

mann rearrangement with retention of configuration, but in sulphuric 

or polyphosphoric acid it affords 9-acetylamino-frtm-decalin (82) 

whose formation is formulated as proceeding through the more stable 

£ra/w-iminium ion (equation 185). 

(82) 

As expected, when a mixture of two oximes is subjected to treatment 

with polyphosphoric acid a mixture of all four possible amides is ob¬ 

tained thus indicating the intermediacy of‘free’ carbonium ions398. 

Other interesting departures from the normal course of the Beckmann 

reaction include intramolecular aromatic substitution by the inter¬ 

mediate iminium ion440 or insertion into an adjacent C—H bond 

(equation 186)441. 

(186) 

As expected, compounds which give free iminium ions before re¬ 

arrangement often yield Beckmann products derived by migration of 

the syn substituent441. 

B. The Schmidt Reaction 

The formation of amides by treatment of ketones, and occasionally 

aldehydes or carboxylic acids, with hydrazoic acid is one of the many 
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variations of the Schmidt reaction (equation 187). Like the Beckmann 

R1COR2 + HN3 -> RiCONHR2 + N2 (187) 

rearrangement it finds its widest synthetic application in the prepara¬ 

tion of amides from alkyl aryl ketones, and of lactams from cyclic 

ketones. By comparison with the Beckmann reaction it offers the 

convenience of a one-step procedure leading directly from ketone to 

amide. It has notwithstanding been less widely used, although 

in many cases where direct comparison of the two methods is possible, 

e.g. reactions of steroidal ketones, the Schmidt reaction gives better 
overall yields. 

It is now generally conceded408 that the reaction mechanism 

(equation 188) involves two closely related but distinct pathways both 

of which include alkyl or aryl migration to electron-deficient nitrogen, 

and so bear a close resemblance to the mechanism of the Beckmann re¬ 

arrangement. The two routes diverge from a common intermediate, 

83, formed by acid-catalysed addition of hydrogen azide to the carbonyl 
group. 

H + 

v° on +oh 

1—'C^R* ^ R1—C—R2 -(A) > Ri—C—NIHR2 + N2 

hn3 nh—n2+ 

(83) 

(B) — H20 

R2 

;c=v 
R1 N + 

(84) 

R2 ' 
+ I 

R1_C=N I 
Rl—G=N + 

(188) 

H20 
R1—C—NHR2 

O 

The first pathway (A) proceeds with direct formation of the pro- 

tonated amide from the tetrahedral intermediate (83) by synchronous 

elimination of nitrogen and group migration. In this reaction we 

expect stenc influences to be unimportant and the course of the trans¬ 

formation to be controlled by the relative migratory aptitudes of R1 
and R2. 

The second pathway (B) involves an intermediate, 84, analogous to 

that in the Beckmann rearrangement, which will lose nitrogen with 

synchronous migration of the group in the anti position. In an un- 

symmetrical ketone the operation of this mechanism should generally 
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lead to that product formed by migration of the bulkier substituent. 

However, under some circumstances dehydration of the tetrahedral 

intermediate is rapidly reversible, in which case equilibrium is estab¬ 

lished between the two configurations of 84 and the eventual course of 

the reaction may then be determined as in mechanism (A) by the 

relative migratory aptitudes of the two substituents. 

As in the Beckmann rearrangement intermediate iminium ions may 

be intercepted by suitable nucleophiles. Thus the Schmidt reaction 

sometimes affords imidate esters when conducted in the presence of 

alcohols (equation 189) or tetrazoles when an excess of hydrazoic 

acid is employed (equation 190). 

OR2 

R1C=NR1 + R2OH -* R1C=NR1 + H+ (189) 

+ R—C=fN—R R-—C-N—R 
RC=NR + HN3 -► A -► II I +H+ (190) 

Both pathways (A) and (B) are initiated by acid-catalysed addition 

of hydrazoic acid to the carbonyl group and the overall rate of reac¬ 

tion, therefore, should reflect the extent of the equilibrium involving 

83. In fact the observed order of reactivity is as expected: dialkyl 

ketones > alkyl aryl ketones > diaryl ketones. A practical conse¬ 

quence is that dialkyl ketones undergo the Schmidt reaction in con¬ 

centrated hydrochloric acid whereas diaryl ketones are inert under 

these conditions442. 
In view of Wolff’s review443 of the scope and limitations of the 

method and Smith’s more recent discussion408 it will only be necessary 

here to touch briefly on its more important aspects. 
Alkyl aryl ketones are readily converted into amides under Schmidt 

conditions. Hydrazoic acid in sulphuric acid has been widely used as 

a reagent but Conley’s results suggest that sodium azide in poly- 

phosphoric acid is preferable (equation 191) 444: 

PhCOMe + NaN3 Po|yphosphoric acid > PhNHCOMe (191) 
(98%) 

This reaction provides an illustration of the general rule that aryl 

methyl ketones yield products formed by migration of the aryl group. 

Since acetyl arenes are often readily obtainable they sometimes pro¬ 

vide the most convenient point of access to arylamines. Examples 

include the preparation of 2-aminophenanthrene (equation 192) 445. 
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cci3co2h 
NaN3 > NHCOMe 

H + 

EtOH 

NH2 (192) 

(88%) 

11-Acetylaminofluoroanthene may be similarly obtained from the 
appropriate acetyl compound446. 

When the reaction is applied to alkyl aryl ketones containing groups 

more bulky than methyl, mixtures of amides are likely to be produced. 

Thus, the amount of product formed by alkyl migration in PhCOR in¬ 

creases in the order Me < Et < i-Pr; the last compound affords almost 

equal quantities of isobutyranilide and iV-isopropylbenzamide 447. 

Diaryl ketones are converted into the appropriate amides by treat¬ 

ment with hydrazoic acid in sulphuric acid or polyphosphoric acid. 

Substituents at meta and para, positions appear to have little effect on 

the course of the reaction and unsymmetrical benzophenones usually 

give a mixture of products. o-Substituted benzophenones give anoma¬ 

lous results in that the products obtained are often those formed by 

migration of the less bulky substituent. The behaviour of such com¬ 

pounds has been rationalized in terms of participation of the substi¬ 

tuent in iminium-ion stabilization through ring formation, and of the 

effect of substituent enhancement of conjugation on the configuration 
of the intermediate iminodiazonium ion (84)448. 

Dialkyl ketones undergo the Schmidt reaction with facility. As 

expected, unsymmetrical ketones yield as major products the com¬ 

pounds arising from migration of the more bulky substituent but the 

reaction is rarely completely specific. Since dialkyl ketones rearrange 

under relatively mild conditions it is possible to apply the reaction to 

substrates containing other reactive functions. For example, sub¬ 

stituted acetoacetic esters are converted by treatment with hydrazoic 

acid into a-acetylamino esters. The yields are excellent and the 

reaction provides a convenient route to a-amino acids (equation 

CH3C0CR1R2C02Et CH3C0NHCRiR2C02Et NH2CRiR2CQ2H 

Similar reactions have been applied to y- and S-keto esters450. 

(193) 
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An excellent illustration of the specificity and selectivity of the 

Schmidt reaction when applied to a complex substrate is the formation 

in 90% yield of the acetylamino compound 86 by treatment of 

warfarin (85) in chloroform with sodium azide and sulphuric acid451. 

Some a,/3-unsaturated ketones are anomalous in that they do not 

yield amides when treated with hydrazoic acid, even under very mild 

conditions. The products are usually a-dicarbonyl compounds which 

are thought to arise via Michael addition of azide to the conjugated 

system (equation 195) 452. Benzalacetone, however, reacts normally 

HNh 
CH2=CHCOCH3 • > CH2CH2COCH3 -> CH3CHCOCH3 -> 

I II 
n3 nh 

CH3COCOCH3 (195) 

yielding A-methylcinnanamide 444. 

The Schmidt reaction has been widely employed for the preparation 

of lactams from cyclic ketones. Yields of products are frequently very 

good and the reaction is applicable both to small, e.g. cyclobutan- 

one453, and to large ring compounds, e.g. cyclohexadecanone454. 

The reaction with fluorenone affords a convenient preparation of 

phenanthridone444 but asymmetrically substituted fluorenones often 

afford mixtures of lactams 455. Benzolactams are formed by treatment 

of tetralones and homologous compounds with hydrazoic acid in 

acetic acid456. Selective reaction of cyclic ketones containing other 

reactive functions can be achieved (equations 196-198)444,457,458. 

The Schmidt reaction of m-8-methylhydrindan-1 -one, like that of 

many other cyclic ketones, yields a mixture of both possible isomeric 

amides together with tetrazoles and fission products (equation 199)459. 

The course of the reaction has been rationalized on the basis of con¬ 

current operation of both possible mechanistic pathways described 

above (equation 188). Reactions of amino ketones of the general type 

87 have been studied by Schmid and his coworkers 460 who have shown 

that electrostatic repulsion between the protonated nitrogen function 

and the positive centre of the iminodiazonium intermediate controls 

the direction of migration. Similar effects are probably reponsible 
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co2Et hn, r"'xy^co2Et 

HC‘ L NH 

o 

(196) 

(197) 

(198) 

(199) 

for the anomolous rearrangement of the phenothiazone derivative 88 
(equation 200) 461. 

(200) 

Polycylic ketones often give good yields of lactams when subjected 

to the Schmidt reaction, and the method has been widely used for the 

introduction of the aza group into steroids and triterpenes411'462. 

Uyeo and his colleagues463 have made extensive use of the Schmidt 

reaction for the elaboration of seven-membered lactam rings in alka¬ 

loid synthesis. Among their many interesting results was the observa¬ 

tion that compound 89 (R = H) gives predominantly 90 under Schmidt 

conditions whereas 89 (R = OMe) gives mainly 91 (equation 201). 

Reactions of hydrazoic acid with quinones are complex and can 
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give rise either to ring-expanded or ring-contracted products. Thus 

anthraquinone, and its 1 - and 2-amino derivatives undergo the normal 

reaction at one carbonyl group (equation 202) 464, but 2-hydroxy-1,4- 

(202) 

naphthaquinone affords the ring-contracted compound (equation 

203). The mechanism of the reaction has been discussed465. 

(203) 

The Schmidt reaction with substituted benzoquinones affords a use¬ 

ful route to azepine derivatives not easily accessible by other methods 

(equation 204)466,467. Initially the structures of the products were 

O 

(204) 

incorrectly assigned 466, but on reexamination 467 it became clear that in 

accord with general mechanistic principles their formation was pri¬ 

marily under steric control and involved preferential attack at the less 

hindered carbonyl function followed by migration of the more bulky 

substituent. 
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Aldehydes have occasionally been used as substrates for the Schmidt 

reaction. Usually nitriles are the major products, but in some cases 

formamides are obtained449. 

The Schmidt reaction of acids normally affords amines which are 

formed by hydrolysis of the isocyanates initially generated in the reac¬ 

tion mixture (equation 205). However, when the reaction is conduc- 

RC02H RCONHNJ RNCO RNH2 + C02 (205) 

ted with aromatic acids in a cold mixture of trifluoroacetic acid and its 

anhydride, isocyanates are obtained in good yield 468, whilst the same 

reactants at higher temperature give trifluoroacetamides (equation 
206)469. 

RNCO + CF3C02H -> RNHC02C0CF3 -> RNHCOCF3 + C02 
(206) 

Of the various by-products that can arise from the Schmidt reac¬ 

tion undoubtedly the most important are those formed by fragmenta¬ 

tion of the intermediate iminodiazonium ion (equation 207). As with 

R2C=N—N2 -> RCN + N2 + R+ (207) 

Beckmann fragmentation the reaction occurs most readily whenever 

the structure of one of the substituents on the carbonyl group is such as 

to favour cation formation. The production of the amide-acid 92 from 

camphorquinone provides a case in point (equation 208) 47°. 

(208) 

Recently it has become apparent that the formation of some of the 

by-products obtained from the Schmidt reaction involves the inter¬ 

mediacy of free iminium ions (equation 209)441. The evidence in 

r2c=n—n2+ > r2c=n+ + n2 (209) 



2. Synthesis of amides 145 

support of such intermediates has been briefly outlined in the discus¬ 

sion of the Beckmann reaction. From studies of this nature it is clear 

that the principle of migration of the anti substituent in oximes and 

iminodiazonium ions must be used with caution in assigning the struc¬ 

tures of products and the stereochemistry of starting materials. 

C. The Willgerodt Reaction 

The Willgerodt reaction471 in its original form involves formation of 

an amide by heating a ketone, usually an alkyl aryl ketone, with 

ammonium polysulphide in a sealed tube. The characteristic features 

of the reaction, namely reduction of the carbonyl group to methylene, 

and oxidation of the terminal methyl group in the alkyl chain, are well 

illustrated in the preparation of y-phenylbutyramide from butyro- 

phenone (equation 210) 472. A number of experimental variations 

PhCOCH2CH2CH3 —H4)2Sx> PhCH2CH2CH2CONH2 (210) 

have been devised for the reaction which finds its most important ap¬ 

plication in the preparation of a>-aryl-alkylcarboxamides from alkyl 

aryl ketones readily obtained by the Friedel-Crafts reaction. 

Despite considerable investigation 473 the mechanism of the reaction 

has not yet been completely elucidated. It is known that skeletal 

rearrangement does not occur474, that the reaction proceeds via loss 

of hydrogen and its subsequent partial replacement at the position )3 

to the carbonyl group475, that apparent migration of the carbonyl 

group cannot proceed beyond a quaternary position, and that such 

migration takes place preferentially along the shorter of the two alkyl 

chains476. Possible intermediates in the reaction include imines and 

a-mercapto ketones and other sulphur-containing compounds473. 

The suggestion that migration proceeds via acetylenic or olefinic 

bonds477*478 was not supported by a study of some unsaturated ketones 

which appeared to react without change in the position of unsatura¬ 

tion479. However, the question has recently been reopened by the 

demonstration that the structures of some of the products from the 

earlier work were incorrectly assigned480. 

The scope and limitations of the Willgerodt reaction have been dis¬ 

cussed471. Several variations of the original experimental procedure 

are now available. For example it is often advantageous to add an 

organic solvent such as dioxan481 or pyridine482 to the aqueous re¬ 

agent which is usually made by adding 10% by weight of sulphur to a 

solution of hydrogen sulphide in concentrated ammonia. Thus, 
6 + c.o.a. 
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S-phenylvaleramide is obtained in 29°/0 yield482 by heating butyl 

phenyl ketone with ammonium polysulphide, sulphur, aqueous am¬ 

monia and pyridine at 165°, and 3-acetylpyrene is converted into 

3-pyrenylacetamide in 92% yield by heating at 160° with ammonium 
polysulphide in dioxan483. 

The Willgerodt reaction is applicable to a wide range of substituted 

alkyl aryl ketones. Illustrative examples include preparations of 

m-methoxyphenylacetamide (equation 211) 482, />-hydroxyphenylace- 

tamide (equation 212)484, and 2-dibenzofurylacetamide (equation 
213)485. 

m-MeOC6H4COCH3 -N^s-> m-MeOC6H4CH2CONH2 (211) 

(53%) 

f-HOC6H4COCH3 --NH4)A> p-HOC6H4CH2CONH2 (212) 

(67%) 

(70%) 

The Kindler modification of the Willgerodt procedure in which a 

ketone is heated with sulphur and an amine, usually morpholine 486, is 

widely employed for the preparation of arylacetic acids. The inter¬ 

mediate, however, is not an amide but the thioamide (equation 214). 

S 

ArCOCH3 + S + NHR2 -^ ArCH2CNR2 (214) 

Dialkyl ketones have been used as starting materials in the Will¬ 

gerodt reaction. 2-Heptanone for example yields heptamide when 

heated with ammonium polysulphide in pyridine487, and other 

straight-chain ketones behave similarly. With branched-chain 

ketones there appears to be a preference for migration of the carbonyl 

function along the less branched substituent. Thus pinacolone gives 

f-butylacetamide (equation 215) and isobutyl methyl ketone gives iso- 
caproamide487. 

Me3CCOCH3 Me3CCH2CONH2 (215) 
(58%) 

Transformations closely related to the Willgerodt reaction and con- 

dioxan, 160° 

CHoCONH, 

(213) 
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ducted under similar experimental conditions include the formation of 

primary amides from olefins (equation 216) 488, acetylenes (equation 

217) 489, alcohols (equation 218)489, thiols (equation 219)478, alde¬ 

hydes (equation 220) 487, and a-halo acids (equation 221) 49°. 

ne2C—CH2 -^ Me2CHCONH2 (216) 
(70%) 

CH3(CH2)4C=CH — -> CH3(CH2)5CONH2 (217) 
(35%) 

PhCMe2OH -PhCHMeCONH2 (218) 
(38%) 

PhCH2CH2SH -> PhCH2CONH2 (219) 
(95%) 

CH3(CH2)5CHO - -> CH3(CH2)5CONH2 (220) 
(50%) 

CH3(CH2)3CHC02H — —-> CH3(CH2)3CONH2 (221) 

I (77%) 
>r 

D. Miscellaneous Rearrangement Reactions 

I. Diazotization of hydrazones and semicarbazones 

Diazotization of hydrazones and of semicarbazones with sodium 

nitrite in sulphuric acid491 or polyphosphoric acid441 gives amides, 

which are formed by rearrangement reactions closely related in 

mechanism to the Beckmann and Schmidt reactions (equation 222). 

Rl /NH2 
x - HONO :c=n 

/ 
R2 

Ri NHCONH2HONO 
C=N 

Ra/ 

R1 £N2+ 
,C—N 

R2 

RiC^NR2 RxCONHR2 

(222) 

These transformations give good results with diaryl and alkyl aryl 

ketones containing a variety of substituents491, with indanones, and 

with tetralones 441. Caprolactam is formed by treating cyclohexanone 

semicarbazone with sodium nitrite in aqueous acid492, or by adding 

acid to an aqueous solution of nitrocyclohexane, hydrazine and sodium 

nitrite 493. 

2. The Chapman rearrangement 

When strongly heated, aryl TV-arylbenzimidates undergo rearrange¬ 

ment via a 1,3-migration of an aryl group from oxygen to nitrogen 
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leading to the formation of A,2V-diarylamides (equation 223). 

OAr2 O Ar2 

Ar1i=N—Ar3 —Ar1!;— 
\ 

Ar3 

The 

(223) 

scope and limitations of the reaction, which provides a useful route to 

unsymmetrical diarylamines and their aroyl derivatives, have been 
fully discussed in a recent review494. 

Oxazolines, being cyclic imidates, might be expected to undergo 

Chapman rearrangement on heating to yield acylaziridines. In fact, 

the products of vigorous pyrolysis are iV-allylamides, but it is possible 

that these are derived from intermediate aziridines by further re¬ 
arrangement (equation 224)495. 

Hs 

N- 

ch3 (T % 
\J| Cl l3 

^ in 

r1 \l 

OH CH, 

RC=NCH2CCH3 

ch2 
II 

RCONHCH2CCH3 (224) 

3. Rearrangements of nitrones496 and of oxaziridines 

Aldonitrones when heated with such reagents as acetic anhydride, 

acetyl chloride, phosphorus halides or sulphur dioxide readily re¬ 

arrange to give amides in good yield497. An addition-elimination 
mechanism (225) for the reaction has been suggested498. 

R1CH=N—R2 
I 
o- 

Ac,0 

AcO fOAc 
I H 

R1—CjN—R2 

H 

OAc 

R1C=NR2 
h2o 

R^ONHR2 (225) 

Under basic conditions C-benzoyl-A-arylnitrones undergo re¬ 

arrangement with migration of the benzoyl group (equation 226). 

PhCOCH =N—Ar 

o- 

H2o ; 

PhCOCH—N—Ar 

OH 

PhCO-j-CH—N—Ar PhCONCHO 

Ar 

(226) 
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The reaction is thought to proceed via an oxaziridine intermediate; 

similar rearrangements of oxaziridine derivatives have been de¬ 

scribed499’500. Photolysis of nitrones also affords oxaziridines which 

are readily converted to amides by heating (equation 227). 

R.1CH=N—R2 hv > R1—CH-N—R2 > R1CONHR2 (227) 

i- V 
4. Rearrangement of a-amino thiolesters 

Heating of dialkylaminomethyl thiolesters affords 7V,JV-dialkyl- 

amides in good yield, and polythioformaldehyde (equation 228)501. 

R1R2NCH2SCOR3 -» R1R2NHCOR3 + (CHaS)* (228) 

5. Reaction of chloramine with 2,6-dialkylphenols 

Treatment of the sodium salts of 2,6-dialkylphenols with ethereal 

chloramine affords derivatives of azepinone502. The mechanism of 

the reaction involves rearrangement of an intermediate aziridine 

(equation 229). 

V. REACTIONS OF CARBAMYL HALIDES, 
ISOCYANATES AND ISOCYANIDES 

A. Carbamyl Halides 

I. Reactions with arenes 

Carbamyl chloride, NH2COCl, and its mono- and dialkyl and aryl 

derivatives undertake electrophilic attack on aromatic compounds in 

the presence of Lewis acids to give arenecarboxamides and related 

compounds (equation 230). 
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O 

R1R2NCOCI + AICU 
R1R2N—O-CIAICU 

-> < or ArH 

+o—AICI3 

^ R1 R2 N—C—CI 

> ArCONR1R2 + HCI 

(230) 

The reaction, which has recently been reviewed by Olah and Olah503, 

closely resembles normal Friedel-Crafts acylation of arenes in that it 

involves generation of an electrophilic species by interaction of the 
halide with Lewis acid. 

The scope of the reaction was originally investigated by Gattermann 

who worked mainly with carbamyl chloride (the Gattermann amide 

synthesis) but also used the iV-methyl and JV-ethyl derivatives. Later 

development was due to Hopff504 who showed that carbamyl chloride 

when treated with Lewis acid halides forms stable complexes which 

can be stored for long periods and which react with aromatic com¬ 

pounds to give excellent yields of amides. Reactions of iV-methyl-iV- 

phenylcarbamyl chloride with aromatic compounds were investigated 

by Weygand505, and recently Wilshire506 has shown that N,N- 

diphenylcarbamyl chloride, which is commercially available, can be 

used with advantage for the preparation of diphenylamides. Reac¬ 

tions of diphenylcarbamyl chloride are conveniently conducted in 

ethylene dichloride solution and give high yields of products with a 

wide variety of activated aromatic substrates (compounds containing 

deactivating substituents are inert). The resultant diphenylamides 

are readily converted to the parent acids by alkaline hydrolysis. 

2. Reactions with carboxylic acids 

JV,iV-Dialkylcarbamyl chlorides react with salts of carboxylic acids 
to yield the appropriate dialkylamides (equation 231) 507-508. 

R1R2NCOCI + R3C02 M + -=► R1R2NCOR3 + COa + MCI (231) 

The reaction, which has been applied to the preparation of a wide 

range of dimethyl- and diethylacylamines, including those derived 

from dicarboxylic acids, undoubtedly proceeds via an intermediate 

carbamic carboxylic anhydride (equation 232) (see section V.B.2). 

O OO 

RXR2N—C—Cl + -OCOR3 -> R1R2N—C—O—C—R3 _> 
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The usual experimental procedure involves heating the ammonium, 

sodium or potassium salt of the acid with the carbamyl chloride in the 

absence of solvent. Alternatively the chloride and the free acid are 

mixed in pyridine. 

B. Isocyanates 

I. Alkylation and arylation 

Isocyanates, like ketenes, with which they are isoelectronic, are 

highly susceptible to nucleophilic attack at the electron-deficient 

carbonyl carbon atom. The addition process is usually completed 

by subsequent protonation of the initial adduct (equation 233). 

RN—C=0 <-> 
! 

Y 

RNHCOY 

(233) 

Such reactions are of importance for the preparation of amides when 

Y~ is a carbon nucleophile as, for example, when isocyanates are 

treated with Grignard reagents (equation 234). The yields of pro- 

R1NCO + R2MgX -> R*N—COR2 ——> R^HCOR2 

MgX 
(234) 

ducts from this type of reaction are often excellent; addition of phenyl- 

magnesium bromide to 2~furyl isocyanate affords iV-furylbenzamide 

in 80% yield (equation 235) 509. However, the utility of the reaction 

+ PhMgBr 
NHCOPh 

(235) 

for synthesis is restricted by the limited availability of isocyanates. 

Other types of carbanionic reagent will undertake similar reactions. 

Metal derivatives of malonic ester and other active methylene com¬ 

pounds have occasionally been employed, ihus phenyl isocyanate 

when treated with ethyl nitroacetate and potassium carbonate affords 

the amido ester 93510, whilst the amido acid 94 is produced by the 

PhNCO + 02NCH2C02Et K2C°3-> PhNHCOCHCQ2Et (236) 

no2 

(93) 
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reaction of phenyl isocyanate with the di(chloromagnesium) deriva¬ 
tive of phenylacetic acid (equation 237)511. 

Ph Ph 

PhNCO + PhCHC02MgCI -> PhNC0CHC02MgCI PhNHCoinCO.H 

MgCI MgCI (94) 

(237) 

Isocyanates are alkylated by olefins but the reaction usually occurs 

readily only when relatively nucleophilic species such as enamines 

and enols are employed. Thus the enamine 95 derived from mor¬ 

pholine and cyclopentanone on treatment with o-nitrophenyl iso¬ 

cyanate in chloroform affords the amide 96 which is readily hydrolysed 

to the /3-keto amide 97 by dilute acid512. The reaction has been 

(238) 

h+/h2o 

(97) 

used for the elaboration of heterocyclic systems513. When treated 

with excess of simple isocyanates enamines undergo diaddition 

(equation 239)514, whilst ^-disubstituted enamines derived from 

aldehydes give £-amino-£-lactams515, hydrolysis of which affords 
p-formylamides (equation 240). 

Intramolecular alkylation of isocyanates with enols provides an 

elegant route for the elaboration of lactams. Thus a key step in a 
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CH3 

CH3—C—CONHPh 

CHO 

153 

Me^ ^Me 
C 

O 

N—CH + N, 
\ 

Ph 

h2o 

(240) 

synthesis of the alkaloid atisine516 consists of treating the isocyanate 

98, generated in situ from the appropriate azide, with />-toluene- 

sulphonic acid in benzene when the lactam 99 is formed in good 
yield (equation 241). 

In stereochemically favourable situations intramolecular reaction 

between an isocyanate function and a non-activated olefinic bond 

can occur517. Thus m-2-vinylcyclopropyl isocyanate spontaneously 

undergoes conversion into an azepinone derivative in a reaction which 

is formally analogous to the Cope rearrangement (equation 242). 

(242) 

Chlorosulphonyl isocyanate (100) 518 in which direct attachment of 

the strongly electron-attracting S02C1 group to the isocyanate func¬ 

tion greatly enhances the electrophilic character of the carbonyl 

carbon atom is sufficiently reactive to undertake intermolecular addi¬ 

tion to non-activated double bonds519,520. Thus with isobutene it 

affords a readily separable mixture of a sulphamyl chloride and a j8- 

lactam derivative which is readily converted into the parent compound 

by hydrolysis or mild reduction (equation 243) 521. 

The reaction provides an excellent method for the preparation of 

/Tlactams from a variety of substrates including allenes522 and poly¬ 

cyclic olefins523. The mechanism was originally thought to involve 

a dipolar intermediate, but the recent observation that the reaction 

proceeds by stereospecific cis addition now casts doubt on this inter¬ 

pretation 524. 
6* 
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Me 
Me Me 

I 
Me—C=CH2 - 

N—0=0 
I 
so2ci 

(100) 

Me- 

N- 

+ CH,=CCH2CONHS02CI 

V / x'o 
S02C! 

H,o (243) 

Me 

Me- 

HN-L 

The reaction of chlorosulphonyl isocyanate with conjugated 

dienes525 has recently been reinvestigated by Moriconi and Meyer526 

who have shown that lactams are formed under mild conditions but 

readily undergo rearrangement on warming (equation 244). 

(244) 

Arylation of isocyanates takes place under Friedel-Crafts conditions 

(equation 245). The reaction can be conducted in the presence of 

ArH + RNCO -> ArCONHR (245) 

Lewis acids, hydrogen chloride or polyphosphoric acid. Illustrative 

examples include the preparation of A-4-bromophenylferrocene- 

carboxamide by the reaction of ferrocene with 4-bromophenyl 

isocyanate and aluminium chloride in methylene chloride 527, and the 

cyclization of 2-biphenylyl isocyanate to phenanthridone in poly¬ 

phosphoric acid 528. The reaction proceeds particularly readily with 

chlorosulphonyl isocyanate affording A-arylsulphamyl chlorides 

which are converted to primary amides by mild hydrolysis (equation 
246)519. 

ArH + CIS02NC0 -> ArCONHS02CI ArCONH2 (246) 

Finally, mention should be made of a reaction which although 

formally similar to isocyanate alkylation is mechanistically un¬ 

related since it probably involves free-radical intermediates. It con- 



1 • - • 

tint of v.- direct ret rctior of . rat' to formamIdes by 
them vdth tnph.ejnb.tiri hydride % iador* 247 

(247) 

2. Reactions with carbox/lie acids 

Isocyanates, when warmed with carboxylic acids react with the 
*r o. -for. of caret :o dioxide and the formation or - v . s r eoma- 
ooo.o 24b V r o .00-00.' arbor .000,00000 lrvol. es the Intermediacy 
of car loam ic oarboxhio 000..000000 101 generated hy rmlenohric 
Edition of carboxylate ion to the electropositive carbon centre in the 
inxyarate f 00x000:0 

H* 

F4N==C—O 

'OCO'5 

Rr? t'-sCOP? -r OO* '240 

It has been shoves that the carbsm dioxide liberated during the 
000.00000 00 too 00 from too res; state-p too it 000 0000 000:000 
that oto formation to o of . 00 irtramslecrbar asyiatior vrfthfr0 101. 

However, in vie>.- of recent tmdies on similar cyclic coospotJisdt523 
it r..ov» seems more probable that d.eoorrposftion of the ittomeciate 
101 proceeds by a chain medearbn Involving free amine eepatkas 
241a and 24-lb - Selective attack of the amine at the carbonyl group 

'244a 

IPVHCCy-- - COj '244b 

remote from the nitrogen atom it in accord vhth meshariric principles 
outlined previcxsly section II.C . hho erthelett. the formation of 
diait.OMieaj at by-ntodmtt^ indicates that reaction at the carbamyl 

groom it not completely precljded. 
Inxyarates as* such, are infrequently taed foe the preparation of 

arrises sv tmt metnt/d. Ore 1_ootrooo '■ 0 example ot me preparation 
of the diamide 1C& in 7b r 'held from the dhsocyauatc 102 by heating 
it vhth aoetio acid in chloro.oenz.ene eersteor 2tc "3*. 

More frequently. bexysrases are prepares. ts hex Thus the forma¬ 
tion of acylamines by decomposition of aoyl azides in carboxylic acid 
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solvents is a well-known variation of the Curtius reaction (equation 
251)535. v 4 

R1CON3 ->■ R1NCO -R COzH > RifMHCOR2 (251) 

Another method for preparing isocyanates in situ involves heating of 
a primary carboxamide with lead tetraacetate (equation 252a) 536-537. 
When the reaction is conducted in hot benzene the isocyanate reacts 
with acetic acid liberated in the first step to give acetylamines in 
reasonable yield (equation 252b) 536. Acetic acid is a somewhat 

RCONH2 + Pb(OAc)4 -> RNCO + 2HOAc + Pb(OAc)2 (252a) 

RNCO + HOAc ->■ RNHAc + C02 (252b) 

better solvent and allows the preparation in good yield of acetyl¬ 
amines derived from a wide range of amides, including some contain¬ 
ing other functions normally reactive towards lead tetraacetate e.g. 
olefinic bonds (equation 253). When the reaction is conducted in 

CH2=CH(CH2)8CONH2 Pb(OAc)4 . 

AcOH > CH2=CH(CH2)8NHCOCH3 (253) 

propionic acid solvent propionamides are formed (equation 254) 536 

Pb(OAc)4 

EtC02H NHCOEt 

(69%) 

(254) 

When an isocyanate group is generated adjacent to a carboxyl 
group within the same molecule cyclic carboxylic carbamic anhydrides 
are formed (equation 255)533. Those derived from aromatic com¬ 
pounds (e.g. 104) are reasonably stable, but simple monocyclic com¬ 
pounds such as Leuchs anhydrides (105) readily decompose affording 
polypeptides (equation 256)533. The mechanism of this interesting 
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CO,H 
Pb(OAc)4 

N CONH2 

(255) 

(104) 

R P 

HN -< 

R O 

--CH—C—NH-- + nCOa 
n * 

(256) 

O 
(105) 

reaction, which is of utility in peptide synthesis, has recently come 

under careful scrutiny533 and it now appears that the ‘normal’ 

reaction, i.e. that conducted in the absence of strong base, involves 

attack of free amine on the carbonyl at position 5 (equation 257). 

R1- 
O 

(o + NHS R2 R1CHCONHR2 + CO, 
I 
nh2 

(257) 

The homologous six-membered cyclic anhydrides decompose similarly 

yielding polypeptides derived from /3-amino acids540. 

Carbamic carboxylic anhydrides can be prepared by other methods 

not involving isocyanates. They include reaction of carbamyl 

halides with carboxylate salts (section V.A.2), and the action of 

phosgene on amino acids541. 
Finally, we should note that chlorosulphonyl isocyanate reacts 

particularly readily with carboxylic acids yielding carbamyl sulphonyl 

chlorides via mixed anhydride intermediates (equation 258a) 542. 

Gentle hydrolysis of the products affords primary amides (equation 

258b). 

rco2h + ocnso2ci-> rcooconhso2ci-> rconhso2ci + co2 
(258a) 

RC0NHS02CI RCONH2 (258b) 

C. Isocyanides 

Isocyanides undergo a number of reactions leading to amides and 

their derivatives. Possibly the best known is the Passerini reaction in 

which treatment of an isocyanide with an aldehyde or ketone in the 
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presence of a carboxylic acid affords the amide of an a-acyloxy acid 

(equation 259)543. The reaction, which is usually conducted by 

OAc 

RJNC + RICO + AcOH -^ R^HCOCRl (259) 

mixing together equimolar amounts of the reactants in ether or other 

inert solvent, is often slow, but gives good yields of products in favour¬ 

able cases 544. Gentle hydrolysis of the ester amides produced affords 

amides of ct-hydroxy acids, which can also be obtained directly and in 

excellent yield by allowing isocyanides to react with carbonyl com¬ 

pounds in aqueous mineral acid545 (equation 260). The mechanism 

(260) 

of the Passerini reaction has aroused considerable interest543-549. 

It appears to be generally agreed that the initial step involves attack 

of the strongly nucleophilic isocyanide carbon atom on the carbonyl 

group to give a zwitterionic tetrahedral intermediate. Possibly the 

next step in the reaction sequence consists of protonation of the oxygen 

atom and addition of carboxylate ion affording an imidoyl anhydride 

(equation 261a) which is then converted into the final product by 

acyl migration. However, very recent work547 suggests that the true 
intermediate is an imino-oxirane species (106). 

R2 

R1—NC + C=0 
I 

R2 

R2 

-> R1—n=c—d;—i 

I 
R2 

R2 
~ CH3CO2H I 
O -^ R1—N=C—C—R2 

A I I 
( O OH 

v V 
C (261a) 

y \ 
O ch3 

R2 R2 

R1-N=C-__(Lr2 rinhcocLr2 

0 OCOCH3 

(106) (261b) 

9^8er react40ns °f isocyanides have been recently reviewed by 
gi . Two of them of particular relevance to the synthesis of 
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amides are (i) the formation of a-acylaminocarboxylic acid amides and 

a-amino acid amides by treatment of isocyanides with ammonia, or an 

amine, a carbonyl compound and a carboxylic acid (equations 262 

and 263) 548,549, and (ii) the preparation of /3-lactam derivatives by 

RiNC + RICO + R3NH2  —> RiNHCOCRl 

NHR3 

R*NC + R|CO + NH3 + AcOH -> RlNHCOCRl 

NHAc 

(262) 

(263) 

the reaction of isocyanides with carbonyl compounds and /3-amino 

acids (equation 264) 548. 

R!NC + RICO + R3CHCH2C02H 

NH, 

R1NHCOCR|—N- 
,R3 

(264) 

VI. ALKYLATION OF AMIDES, IMIDES AND LACTAMS 

Amides present three possible sites for alkylation—the oxygen and 

nitrogen centres in the amide function and the carbon atom at the 

a-position. Examples of all three types of reaction are known. How¬ 

ever, amides are feeble nucleophiles and intermolecular alkylation 

under neutral conditions takes place slowly and requires active 

alkylating agents such as trialkyloxonium salts550 or dialkyl 

sulphates551. Under these circumstances alkylation, like protonation 

of amides, occurs predominantly at oxygen affording imidates (equa¬ 

tion 265). Presumably the course of the reaction reflects the greater 

thermodynamic stability of the oxonium ion 107, due to the delocaliza¬ 

tion of charge, as compared with its ammonium isomer 108. 

RKTONHo + R?0+ 

OR2 
|i 

R1—C—NH2 

(107) 

OR2 
I 

Ri—C=NH 

(265) 

O 
II + 

R1—C—N H 2 R2 

(108) 

On the other hand, alkylation of the anions generated from amides 

by treatment with a suitable strong base leads to Ar-alkylated pro- 



Ik" A. L. J. Beckwith 

ducts (equation 266). In this case both of the possible products of 

alkylation at O or N are neutral molecules and the course of the reac¬ 

tion is controlled by the greater nucleophilicity of the nitrogen centre. 

IVCONHa + B- 

O 

R1—C — NH 
R2X 

RCO N HR2 

\ (266) 

\ OR2 
I 

R—C=NH 

Thus, a number of iV,7V-dialkylamides have been prepared in 60—90% 

yield by successive treatment of the monoalkyl compounds with 

sodium hydride in toluene and alkyl halides552. Sodamide, lithium 

amide or sodium have also been used as bases for the generation of 

amide anions553: for more strongly acidic amides, e.g. nitro-substituted 
anilides, potassium hydroxide in acetone is adequate554. 

When N, W-dialkylamides are treated with a strong base and an 

alkyl halide, alkylation occurs at the a-position via carbanion inter¬ 

mediates (equation 267). In a recent survey of the reaction555 best 

RCH2CONR| + B -> RCHCONR^ -R2X > RCHCONRi 

I 
R2 

(267) 

results were obtained when sodamide in toluene or benzene was 
employed. 

In unsubstituted or W-monoalkylamides C-alkylation competes 
effectively with iV-alkylation only when there is some special structural 

feature of the molecule which enhances the acidity of the a-hydrogens 

as, or example, in acetoacetamide. However, some secondary 

amides are converted into their C,W-dianions when treated with butyl- 

hthium in a non-polar solvent and subsequent alkylation then occurs 
preferentially at the carbon centre (equation 268) 556. 

CH3CONHPh 
BuLi 

» CH2CONPh —CHaCI> PhCH2CH2CONPh 

h2o 

PhCH2CH2CONHPh (268) 

Alkylation of acyclic amides is of limited preparative importance: 

the reaction when applied to lactams is of much greater utility since 

the parent unsubstituted compounds are often readily available via the 



2. Synthesis of amides 161 

Schmidt or Beckmann reactions. Once again the position of alkyla¬ 

tion depends on the reagents used and the experimental conditions. 

An interesting illustration is provided by reactions of the enamide 

109 which was studied by Eschenmoser’s group during the course of 

their work on the synthesis of corrins214. When treated with tri- 

methyloxonium fluoroborate, 109 yields exclusively the O-methyl 

compound, methylation of the potassium salt affords the iV-methyl 

compound, whilst methylation of the silver salt takes place at the 

methine group. Methylation of caprolactam with dimethyl sulphate 

O 

(109) 

in benzene affords initially the expected O-methyl compound, but on 

further heating of this product with an excess of reagent, A-methyl- 

caprolactam is formed557. 

JV-Alkylation is conveniently achieved by treating a lactam suc¬ 

cessively with sodium hydride and an alkyl halide in benzene. The 

method has been recently used for the methylation of large-ring 

lactams558 and for the preparation of the interesting allenamide 111 
by spontaneous rearrangement under the reaction conditions of the 

initial acetylenic product 110 559. 

+ BrCH2C=CH 
NaH 

ch2c=ch 

(110) 

(269) 

ch=c=ch2 

(111) 

A-Substituted lactams are readily alkylated at the a-position. For 

example A-methylpyrrolidone is converted into the 3-ethyl derivative 

by successive treatment with sodamide in liquid ammonia and ethyl 

bromide560. When an excess of reagents is used dialkylation occurs 

(equation 270). 

+2NaNH2 + 2Mel 

Me 

-Me 

O 

(270) 

Me Me 
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The metal salts of imides undergo TV-alkylation when heated with 

alkyl halides. Probably the most widely used variation of this reac¬ 

tion is the Gabriel synthesis of amines via alkylation of phthalimide 

(equation 271). Excellent yields are obtained when the alkylation 

step is conducted in dimethylformamide solution561. 

Amides, when treated with aldehydes, yield hydroxyalkyl deriva¬ 

tives (equation 272); in the presence of alcohols TV-alkoxyalkylamides 

are formed (equation 273). The scope and limitations of the reaction 

R1CONH2 + R2CHO -> R1CONHCHR2 (272) 

OH 

R1CONH2 + R2CHO + R3OH ->- R^ONHCHR2 (273) 

OR3 

have been reviewed 562. The method has been recently employed for 

the preparation of N-(alkoxymethyl)acrylamides563, and the extent 

and nature of the reaction when applied to A-substituted amides has 

been investigated by n.m.r. techniques564. When aldehydes other 

than formaldehyde or chloral are employed the reaction usually pro¬ 

gresses. beyond the monohydroxyalkyl stage and affords bis-amides 

(equation 274). The reaction proceeds particularly well in the pres- 

R1CONH 

2R1CONH2 + R2CHO -^CHR2 

R1CONH/^ 

(274) 

ence of perchloric acid565. Similar products are obtained by treating 
amides with acetals in sulphuric acid 566. ° 

Intramolecular alkylation in suitably constituted amides provides 

some important routes to lactams. As is the case with intermolecular 

alkylation reactions, cyclization of the amides of halocarboxylic acids 

can involve nucleophilic attack at either the N or the O centre. The 

conditions favouring each process have been carefully studied567, 

n neutral or weakly basic solution, O-alkylation occurs preferentially 

leading initially to cyclic imidates, and subsequently, by hydrolysis, to 
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lactone equation 275; Under strongly basic conditions lac- 

CC 

NH 

<! 

(d^h o 
\ / 

o 

I 
HsO m 
-> (cH2)„ O 

/ 

(275) 

tarns are formed v ia .Y-alkylation in the amide anion. The method has 

been widely used for the preparation of pyrrolidones, azetidinones and 

other lactams. Recent examples include the preparation of d-lactams 

by hearing ff-aliyl-S-chloro%aleramides with sodium ethoxide in 

ethanol equation 276; and of a series of azetidinones, pyrrolidones 

O 
a 

cc ■ •" P. (276) 

and piperidones by treating A-ar}d-o>-haloarnides with such strong 

bases as sodamide in liquid ammonia and sodium hydride in dimethyl 

salphoxide5 j. By careful use of potassium Ubutoxide or metallic 

sodium as base even o-iactams can be prepared by intramolecular 

alkylationRecent examples include the formation of the un- 

usually stable lactams containing P-butyl or adamantanyl substituents 

equation 277;5'2-'75. 

e-CHCC’.-r 

0=0 

?.dt 

NR 

(277) 

It has been suggested that o-Iactams may be intermediates in the 

formation of cyclic hni.no esters from ci-halo lactams 'equation 278;5,74 

(278; 

arm. in me amination of "mniorodiphery*laxtetamide " y but an alterna¬ 

tive route nas recent!v oeen proposed for the latter reaction"'o 
Intramolecular ff-a_c-iation leading to lactam formation can also 

be aoocrnplished by treatment of a suitable unsaturated amide with 
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polyphosphoric acid (equation 279) 577,578. Preparation of the lactam 

112 provides a recent illustration of the use of the reaction578. The 

(279) 

reaction, probably involving acid-induced electrophilic attack on the 

amide function, presumably does not follow the O-alkylation pathway 

observed in intramolecular reactions because of the constraints of ring 

size. Some aryl-substituted unsaturated amides undergo photo¬ 
chemical conversion into /3-lactams579. 

The formation of lactams from acylic precursors can also be 

achieved via intramolecular alkylation at the a-carbon atom. The 

preparation of azetidinones by consecutive treatment of Schiff bases 

with cyanoacetyl chloride and triethylamine involves such a process 

(equation 280) 58°. Another interesting example of this general type 

Cl 

ArCH=NR + CICOCH2CN -^ ArCH—NR EtaN > ArCH—NR (280) 

I II 
NCCH2CO NCCH—CO 

of transformation is the preparation of an a-lactam by treatment of 

iV-^-butyl-iV-chlorophenylacetamide with potassium butoxide (equa¬ 
tion 281) 5S1. A rather unusual nucleophilic displacement of chlorine 

from nitrogen appears to be implicated. The formation of /3-lactams 

PhCH2CONBu-t *■ PhCH^-^N Bu-t-► Ph—CH—N—Bu-t (281) 

Cl cP 

by intramolecular alkylation at an activated methylene group a to the 

ammo nitrogen has been extensively explored by Bose and his col¬ 
leagues 582. 

In a few cases alkylation of amides has been achieved via a free- 

radical mechanism588-588. Thus, photolysis of mixtures of terminal 

olefins with formamide gives aliphatic amides in good yield by a 

radical chain process (equations 282) 584. A similar reaction of forma¬ 

mide with acetylenes leads to the formation of 2:2 adducts585, whilst 
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2-pyrrolidone when photolysed with olefins undergoes alkylation at 

the 3- and 5-positions586. 

RCH=CH2 + CONH2 -> RCHCH2CONH2 (282a) 

RCHCH2CONH2 + HCONH2 -> RCH2CH2CONH2 + -CONH2 (282b) 

Finally, it is convenient here to consider photolysis of acyl azides 

which, although not formally an alkylation reaction of amides, can 

lead in favourable circumstances to the formation of an N—C 

bond 587,588. The reaction, which probably involves the intermediacy 

of acylnitrenes, affords lactams by insertion at an unactivated G—H 

position and has been used for this purpose in natural-product 

synthesis (equation 283)588. 

Photolysis of nitrile oxides can also be used for the generation of 

nitrene intermediates (equation 284)589, whilst a-diazo amides 

undergo lactamization in a formally similar manner via carbenes 

(equation 285) 69°. 

VII. OXIDATION AND REDUCTION REACTIONS 

Among the oxidation and reduction reactions that have occasionally 

been employed for the preparation of amides those which utilize acyl- 
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hydrazines are probably the most important. Reduction of hydrazides 

is readily achieved by heating them with an excess of Raney nickel or 

with Raney nickel and hydrazine in alcohol591-593. Hydrazine be¬ 

cause of its high nucleophilicity often attacks esters and TV-substituted 

amides that are inert towards ammonolysis and pathway (286) thus 

(VCOaR2 
or 

RxCONR| 

NH2NH2 
» RxCONHNH2 * R1CONH2 (286) 

provides a convenient and mild route to primary amides from such 

substrates592. Diacylhydrazines are similarly reduced by Raney 

nickel593. Somewhat surprisingly the same transformation of hydra- 

zide to amide can be accomplished by ferricyanide oxidation (equation 

287)594. Oxidation of hydrazides with other reagents generates 

powerful acylating agents, 
1.4). 

probably acyldiazonium ions (sections II. 

Oxidation of tertiary amines usually affords enamines, carbinol- 

amines, and secondary products derived therefrom. However, when 

manganese dioxide is used as oxidizing agent dialkylformamides are 

obtained in moderate yield (equation 288)595. Cyclic imides are 

R3N -> RaNCHO (288) 

formed by persulphate oxidation of lactams, probably bv a free- 
radical mechanism596. 

Hydroxamic acids and their N- and O-alkyl derivatives are catalyti- 
cally reduced to amides (equations 289 and 290)597. 

R1CONHOR2 — 2lCatalyst> RiCONH2 

RiCONR2 — 2’ Catalyst> RiCONHR2 

OH 

(289) 

(290) 

Oxidation of hydroxamic acid by a variety of agents including perio¬ 

date, bromine, iodine and TV-bromosuccinimide in the presence of 

amines affords amides (equation 291) 593. Experimental evidence598 

supports the earlier suggestion599 that an intermediate nitroso com¬ 

pound is formed which behaves as a powerful acylating agent. 

R1CONHOH -> RxCONO RxCONRl + [HNO] (291) 
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Oxidative amination of aldehydes, and benzylic and allylic alcohols 

is readily accomplished with nickel peroxide and ammonia in ether 

(equation 292)600. Similar transformations using ammonium poly- 

RCHO(or RCH2OH) ■N'°2/NH3> RCONH2 (292) 

sulphide have been previously mentioned (section IV.C). 
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1. INTRODUCTION 

The amides are relatively weak bases, and the elucidation of their 
protonation behaviour and related phenomena such as hydrogen 
bonding and Lewis acid complexation has aroused a good deal of 
attention. Emphasis has been placed on such interactions since the 
amide function is the basic structural unit of peptides and proteins. 
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The question of the site of protonation is of primary importance; 

this has resulted in considerable controversy, although the dispute has 

now been largely settled in favour of the oxygen site. The resolution 

of this problem is a good example of the application of physical 

techniques to the determination of fine details of chemical structure. 

The accurate determination of thermodynamic p_ATa values is also 

of considerable consequence. Since the amides are weak bases, their 

protonation behaviour must be observed in moderately or very con¬ 

centrated acid, which entails the consideration of relevant acidity 

functions and their underlying theory. Many amides are however 

sufficiently basic to allow determination of their pKa values by titra¬ 

tion of their solutions in very weak bases such as nitromethane or 
acetic acid. 

Closely linked to the question of protonation is hydrogen bonding. 

The biological activity of proteins must be correlated very intimately 

with the inter- and intramolecular hydrogen bonding in which such 

structures participate, and therefore the examination of such bonding 

in the parent amide group is of fundamental significance. The forma¬ 

tion of such bonds is subsequently discussed, and then other pheno¬ 

mena relating to complexation of the amide function to electron-pair 

acceptors other than the hydrogen ion, which by definition may be 
termed Lewis acids. 

Attention is also given to amides functioning as weak acids, which 

again necessitates the consideration of acidity functions, this time 
applicable to strongly alkaline solutions. 

Only where relevant is the discussion extended to thioamides, 

ureas and thioureas, pyridones, and carbamic acid and its esters, and 

any other structures which are analogous to simple amides in that they 

contain a nitrogen atom directly linked to a carbonyl or thiocarbonyl 
group. 

II. THE SITE OF PROTONATION 

Two potential sites of protonation, N and O, exist in amides, giving 
rise to cationic structures 2 and 3. 

The amino group is inherently much more basic than the carbonyl 

group, suggesting on this simple basis 2 as the most likely structure for 

a protonated amide. However, in structure 3 there will be important 

contributions from canonical forms 4 and (especially) 5 to the reson¬ 

ance hybrid, resulting in sharing of the positive charge between oxygen, 

carbon, and, presumably most important, nitrogen. 
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The available evidence, which we now discuss, is overwhelmingly 

in favour of a large predominance of the O-protonated form (3) over 

the JV-protonated form (2) in all cases to be considered. Similarly, 

A-protonation is favoured in thioamide structures. This evidence has 

O 
II 

FhC—NR2R3 

(1) 

+ H4 
'-H-1 

OH 
I 

R1C+—NR2R3 

(4) 

O 
I! + 

RJC—NHR2R3 

(2) 
a+H + 

-H*\ 

R!C—NR2R3 

(3) 

OH 
I + 

R1C=NR2R3 

(5) 

already been critically reviewedl, and we cite therefore the most con¬ 

clusive of the earlier pieces of information, together with recent relevant 

data. 

The most convincing evidence comes from n.m.r. studies in con¬ 

centrated acids. The groups of Fraenkel2 and Berger3 have studied 

the n.m.r. spectra of various iV-methylamides in sulphuric and 

deuteriosulphuric acid, and other acid mixtures. The former workers 

also showed, from cryoscopic measurements, that the amides are all 

monoprotonated in 100% sulphuric acid. Other workers have also 

shown that amides are protonated in trifluoroacetic acid4. The 

spectrum of Ar-methylacetamide shows a doublet methyl peak due to 

spin-spin coupling with the proton bound to nitrogen. On acidifica¬ 

tion the doublet collapses to a single peak due to rapid N—H proton 

exchange, but in strong acid, containing dioxan to slow down the 

rate of exchange, a doublet (rather than the triplet expected for the 

—NH2CH3 group) reappears, suggesting that 0- rather than N- 
protonation has occurred. 

The n.m.r. spectra of N,iV-dimethylformamide and iV,iV-dimethyl- 

acetamide show doublets for the methyl protons in neutral solution, 

due to restricted rotation about the C—N bond, resulting in different 

environments for the methyl protons (6). This doublet remains in 

o- CH3 OH ch3 

(6) (?) 

both sulphuric and deuteriosulphuric acid, the former indicating that 



190 R. B. Homer and C. D. Johnson 

O-protonation has occurred retaining the partial double-bond charac¬ 

ter of the carbon-nitrogen bond (7), and the latter that the doublet is 

not due to splitting of the methyl-group protons by a proton on 
nitrogen. 

Spinner5 suggested that rotation about the C—N linkage will be 

restricted even if JV-protonation occurs, giving rise to trans (8) and 

gauche (9) forms in protonated iV-methylamides and translgauche (10) 
and gauchejgauche (11) forms in protonated A,JV-dimethylamides. 

The trans form (8) will be energetically preferred, and thus the ob¬ 

served doublet is said to be due to the signals from the different protons 

Ha and Hb. Such a system would, however, give rise to a methyl- 

O 
II 

R—C 

H'"i 

.Hs 
C' 

N 
\ 

Hfl 

H 

(8) 

O O o 

R-cwH 

h' ch3 

R-CWCH3 

h' ch3 

R-cwH 
N 

/ V 
ch3 ch 

(») (10) (11) 

group doublet of relative areas 1:2, and not the 1:1 ratio actually 

found. This explanation also presupposes no spin-spin coupling be¬ 

tween the methyl-group protons and the two protons on nitrogen. 

Similarly, the trans/gauche form (10) in the dimethyl case is considered 

to be more abundant than the gauchejgauche form (11), and gives rise 

to the observed doublet due to the non-equivalent methyl groups. 

Again, however, the criticism of the lack of spin-spin coupling with the 

proton on nitrogen applies. Moreover, Fraenkel is reported1 to have 

measured the spectrum of JV-methylacetamide in both its neutral and 

protonated forms at 40 and 60 mc/s, and shown that the coupling 

constant ./NH>CH3 is 3-8 c.p.s. in all cases. The observed doublet is 

therefore due to a spin-spin interaction and not a chemical shift. 

More recently, Gillespie and Birchall6-7 have studied the n.m.r. 

spectra of formamide, acetamide and benzamide, and their A-methyl 

and iV,jV-dimethyl derivatives, in fluorosulphuric acid, an acid in 

which proton exchange is slower than for sulphuric acid. At low 

temperatures (-90°) a peak appears which from its area and the 

fact it is a singlet must be due to a proton on the carbonyl oxygen. 

These workers confirm the splitting of the amino-group protons into a 

doublet, due to restricted rotation about the C—N bond. Typical 

data for acetamide are shown in Figure 1. Other experiments7 

showed iS-protonation in the case of thioamides and thioureas, al- 
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though sulphonamides apparently protonated on nitrogen. There 

was also evidence for diprotonation of ureas and thioureas. 

Evidence from infrared data has also been accumulated which 

suggests O-protonation in these compounds. Interpretation of such 

data is complicated by the mixed character of the absorption bands. 

Thus, calculations on Ar-methylacetamide 8 have shown that the amide 

I band arises predominantly but not completely (> 80%) from the 

Figure 1. N.m.r. spectra of acetamide in fluorosulphuric acid. Tetra- 
methylsilane (TMS) used as external standard. A, proton on carbonyl 
group, relative area 1-07; B, protons on nitrogen, relative area 2-10; C, methyl 

protons, relative area 3-00. 
[Reproduced by permission of the National Research Council of Canada from 

the Canadian Journal of Chemistry, Vol. 41, p. 150 (1963).] 
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carbonyl stretching mode, and the amide II band is compounded of 

N—H in-plane bending (~ 60%) and C—N stretching modes 

(-40%). 

Gompper and Altreuther9 have prepared fixed forms of cations 

5 and 2, C6H5C(OCH3)=N(C2H5)2 and C6H5CO—N(C2H5)3 re¬ 

spectively, and shown that the infrared spectrum of the former re¬ 

sembles the spectrum of protonated benzamide very closely, but not 

that of the latter. 

On the other hand, Spinner has also used infrared data to argue for 

JV-protonation10. He points out that the stretching frequency of a 

bond between the same two atoms varies with the bond multiplicity. 

Thus, the carbonyl absorption frequency changes between formalde¬ 

hyde (1744 cm-1), acetamide (1675 cm-1) and urea (1627 cm-1) 

are said to be due to the increasing polarization of the carbonyl 

linkage, and hence its decreasing double-bond character. If proto¬ 

nation occurs on nitrogen, resonance producing zwitterionic canonical 

forms is reduced in urea, and completely eliminated in acetamide. 

The observed frequencies of the hydrochlorides are 1700 cm-1 for 

urea and 1718 cm-1 for acetamide, which are attributed to the 

carbonyl stretching vibration, and thus are in agreement with the 

expected spectral shifts for iV-protonation. Similar reasoning, ap¬ 

plied to the C—N stretching vibrations in the free bases and their salts, 
leads to the same conclusion. 

Subsequently, Stewart and Muenster11 have cast doubt on the 

authenticity of this interpretation. They have shown that dicyclo- 

hexylurea has a carbonyl frequency of 1628 cm-1 which undergoes 

the expected shift to lower frequency (1611 cm-1) in 180-labelled 

dicyclohexylurea. On formation of the />-toluenesulphonate salt, a 

band at 1699 cm-1 now appears, which on Spinner’s assignment is due 

to the unprotonated carbonyl group. This undergoes no isotopic 

shift, however, in the corresponding lsO compound, and therefore 

cannot be due to a carbonyl stretching mode. The spectra were 

measured both in potassium bromide pellets and Nujol mull, giving 
identical results in the two media. 

Janssen12 has reinterpreted Spinner’s data, assigning a broad ab¬ 

sorption region at 2500 and 2100 cm-1 to the OH and SH bands re¬ 

spectively, of the hydrochlorides of urea and acetamide and their 

thio analogues, and explaining the apparent upward displacement 

of the carbonyl band on protonation by reassignment of this fre- 
\ + / . 

quency to ')C=N<( in the protonated form. 
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The infrared spectra of the hydrochlorides of N, vV-dimcthyl acet- 

amide and N,N-di-n-butylacetamide in the form of Nujol mulls have 

also been interpreted13 on the assumption that the proton goes to 

oxygen, but later workers14 postulate A-protonation for the 1:1 salt 

of A^methylacetamide with hydrochloric acid, on the basis of the 

Raman spectra of the solid. Surprisingly, however, these workers, 

give no discussion of the significance of this result in the light of other 

investigations. They also propose a hydrogen-bonded structure 12 
for the 2:1 salt. 

CH3 
....H C 

\+^ V 
N Q 

ci-1 
ch3 

ch3 
H r/ 

\ I 
H-...N O-.-H- 
/ Cl" \ 

+ / 
-N 

,CHa 

CHa /C—O—H.... 

ch3 

(12) 

Janssen has also argued convincingly12 for £-protonation in the case 

of thioacetamide, thiourea, and other thioamides, basing his conclu¬ 

sions on the differences between the ultraviolet spectra in ethanol, and 

aqueous sulphuric acid solutions of sufficiently high acidity to produce 

the conjugate acids. (The amides themselves show no absorption 

above 220 mg.) Thus, the spectrum of 13, it is reasoned, should be 

similar to that of 14 (Amax 327, 266 mg), since the inductive effects of 

the CH3 and NH3 groups will have little influence on the ultraviolet 

spectra. It is found, however, that there are no bands above 220 mg 

s s 

nh3—c—nh2 ch3—c—nh2 

(13) (14) 

in the spectrum of the conjugate acid of thiourea, which is thus in¬ 

compatible with N-protonation. 

However, other workers15 have found that the ultraviolet spectra 

of protonated benzamides resemble very closely those of unprotonated 

acetophenones, suggesting on the above argument N-protonation, and 

indicating that the absorption characteristics of protonated benza¬ 

mides are commensurate with an A7- or O-protonated structure (this 

point is further discussed in section III.D). 

Next, we turn to basicity studies for a final vindication of O-proto- 

nation. Huisgen16 argues for this on the basis of the larger effects of 
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JV-substituents on the pXa values of amines compared with amides. 

This argument is not very convincing, since a good deal of positive 

charge will reside on the nitrogen of the O-protonated amides (5), but a 

second argument provides more persuasive evidence17. Figure 2 

shows the variation of pXa with ring size of cyclic amides and amines. 

The variation for the amines is explained in terms of steric inter¬ 

actions in the protonated form due to the additional hydrogen atom 

Figure 2. The variation of pA* values with ring size in cyclic amines and 
lactams. 

[Reproduced, by permission, from Chem. Ber., 90, 1437 (1957.] 
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attached directly to the ring, and its attendant solvent shell. The very 

different variation for the lactam series thus suggests protonation at an 

alternative site removed from the ring, namely oxygen. 

Since protonation on oxygen in amides is considered to arise from 

the resonance stabilization of the cation as in 3 < -> 5, it is of interest to 

note the basicity of 2,2-dimethylquinuclidone (15)18. In this mole¬ 

cule no overlap can occur between the nitrogen sp3 orbital containing 

the lone-pair electrons, and the p orbitals of oxygen and carbon (as in 

structure 5 for the usual form of the protonated amide molecule). 

The compound thus apparently protonates on nitrogen, yielding a 

p/ya value of 5-33, far higher than for normal amides (see section III), 

and is very rapidly hydrolysed in conditions under which acetamide, 

for example, would be stable. If resonance stabilization is important 

enough to cause protonation on oxygen rather than on the intrinsically 

more basic nitrogen in general for amides, why does removal of this 

form of stabilization as in 2,2-dimethylquinuclidone then lead to a 

base-strengthening effect ? The answer may lie in a consideration of 

stabilizing effects on both base and conjugate acid, as in the following 
diagram: 

-j— O-protonated quinuclidone 

N-protonated 
conjugate acid 

AGi 

AG2 

O-protonated 

conjugate acid 

ordinary 
amide _J_ 

(internally stabilized) 

internal 
stabilizing 
factor 

,, 

' ’ 

AG 3 

AG4 

N- protonated 
quinuclidone 

quinuclidone 

for which AG4 < AG2 < AGi ^ AG3 
(We would like to thank Professor K. Yates both for bringing our 
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attention to this anomaly, and also for supplying the possible explana¬ 
tion as given above.) 

Further evidence for the site of protonation in aromatic amides 

arising from correlation of pAa values with Hammett o constants is 

discussed (in section III.D). However, on the basis of a linear corre¬ 

lation between pAa values and the carbonyl stretching frequency of 

various aromatic aldehydes and ketones, the protonation of benzamide 

has been considered to occur on nitrogen19, since the carbonyl 

stretching frequency for this compound is widely different from that 

predicted by its pKa and the straight line defined by the other carbonyl 

compounds. However, this conclusion may be in error for several 

reasons. Firstly, the pAa values of aromatic carbonyl compounds are 

not accurately known, since the acidity function which they follow 

may not be H020 (see section III.A), and interpretation of their ultra¬ 

violet spectral changes in various concentrations of acid for pAa de¬ 

termination is difficult due to large medium as well as protonation 

effects20,21. Secondly, the 1675 cm-1 band of benzamide is not solely 

due to the carbonyl stretching frequency, but contains a contribution 

from an N—H mode8. Thirdly, extra resonance stabilization is 

possible for protonated amides, compared to benzaldehyde, aceto¬ 

phenone etc., which increases their basicity over that predicted by the 

~ "c=o correlation, since vc=0 refers only to the free base22. 

It can be seen that, overall, there is a tremendous weight of evidence 

in favour of O-protonation of amides. A similar picture for 2- and 4- 

pyridones, which may be considered as vinylogous amides, has been 

established. These compounds exist predominantly in the oxo tauto¬ 

meric form (16), although AT can be altered markedly by the presence 

of ring substituents23. Ultraviolet24,25 and n.m.r.26-29 spectral 

H 

(16) (17) 

measurements have indicated O-protonation, and infrared measure¬ 

ments taken as evidence for A-protonation30 have subsequently been 

reinterpreted in favour of O-protonation31. By analogy, O-protona¬ 

tion has been assumed in the case of carbamic esters 32 and pyrimidine- 
diones33. 

Moodie \Chem. Commun., 1362 (1968)] has now presented evidence 

for A-protonation of ethyl A,A-diisopropylcarbamate on the basis of 
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its n.m.r. spectrum in sulphuric acid, and the fact that protonation 
follows an acidity function other than HA. 

III. pKa VALUES OF AMIDES FUNCTIONING AS BASES 

The pKa value of a relatively strong base, falling well within the limits 

of the pH range, is a thermodynamic quantity capable of accurate 

experimental determination34. On the other hand, determination 

of pKa values for weak bases is a much more arbitrary process, and 
there are many sources of error. 

One very widely used method for the determination of the p^a 

values of amides in aqueous sulphuric, perchloric or hydrochloric 

acid involves the measurement of accurate ionization ratios at known 

acidities, and subsequent use of appropriate acidity functions. For 

the direct evaluation of such ratios for amides, the use of ultraviolet 

spectroscopy is widespread, but n.m.r., including fluorine as well as 

proton resonance32,35,36, and Raman37 spectral techniques have been 

employed. 

One frequently encountered drawback to the accurate estimation of 

ionization ratios by ultraviolet or n.m.r. spectroscopy is a medium 

effect. In this, the absorption maximum of a given base or its conju¬ 

gate acid suffers a variation both in wavelength and intensity, with 

changing acid concentration, other than that due to protonation. 

Various methods for compensation of this effect have been 

described21,38; one very successful method was indeed first described 

for amides39. However, such an effect appears to be small and often 

negligible in the case of amides in general32,40,41, and we therefore 

consider it no further. 

Extensive compilations of aqueous amide pvalues based on the 

Hq scale are given in Arnett’s review38 (which also includes basicity 

data in other media), and by Yates and Stevens42, who have con¬ 

sidered the conversion of such values to the original HA scale. 

Titration techniques in non-aqueous solvents also constitute an im¬ 

portant method. Hall43 has shown that the pKa values in acetic acid 

of a whole series of organic bases parallel their pifa values in water, 

and a good deal of work for amides has been carried out in this 

organic solvent, as well as in formic acid and nitromethane. This 

method is particularly significant in the case of aliphatic amides which 

lack suitable ultraviolet spectra, and thus cannot readily be estimated 

in aqueous acid. 
There appears to be little information concerning the application of 
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other methods38, cryoscopy, differential solubility, and conductivity, 

to this class of compounds. 

A. The Ha Acidity Function and Determination of pK0 Values in 
Strong Aqueous Acid 

The most straightforward general method for determining p7Ca 

values comes from the determination of conjugate acid to free base 

ratios at varying hydrogen ion concentrations of aqueous acid. This 

ratio is termed an indicator ratio, and given the symbol /. Use of 

equation (1) then gives the pXa value directly34. 

pH = pKa - log Sjf*j ] = pK& - log / (l) 

However, for the weakly basic amides, the region of observable 

protonation (say 5-95%) occurs in strong acid, i.e. in an acidity 

region where the stoichiometric concentration of hydrogen ions and free 

base and conjugate acid molecules is no longer accurately equatable to 
the activities of these species. 

On introducing activity coefficients equation (1) then becomes 

P^a = log I - log ^2 (2) 
Jbh+ 

Introducing the symbol H for the final term of equation (2), we obtain 

H = ~log = PKa ~ log I (3) 
/bh+ 

and H can be considered as a quan titative measure of the ability of the 
acid to transfer a proton to the base B. 

We may write, for two bases A and B, using equation (2), 

P^a - P^b = log 
[AH4] 

[A] 
- log 

[BH+] 

[B] + log 
ff'B 
./a/bh+ 

(4) 

[AH 
If it can be shown that log ■■ — J-log[BH 

] 
-fxn-“Put— is constant for various 

LAJ [tfj 
pairs of bases of necessarily similar pi^a values over the whole acidity 

range, by demonstrating the parallelism of plots of log / vs. % acid 
from dilute solution to concentrated acid, then 

log 
fj AH 

A = log 
fl BH-’ 

/b 
(5) 
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at any given acidity, and the bases can be said to follow the same 

acidity function H. By anchoring such a set of bases with an initial 

base to which equation (1) applies, the pXa values of the whole series 

of bases may be found, and the values of H appropriate to their ioniza¬ 
tion behaviour can be evaluated. 

In his pioneer studies of acidity functions, Hammett44 derived an 

acidity scale incorporating aromatic amine and carbonyl indicators, 

which he called H0, for aqueous sulphuric and perchloric acid solu¬ 

tions. The log / values were calculated using a colorimetric tech¬ 

nique. Subsequently, H0 values have been calculated for a whole 

variety of acid systems21,45. The Hammett acidity scale H0 has since 

been reevaluated using entirely primary aniline indicators for both 

aqueous sulphuric acid46,47 and perchloric acid solutions60, using the 

spectrophotometric technique. The ionization of many other types 

of base appears to be reasonably accurately described by this scale in¬ 

corporated in equation (3). 

It should be noted that some compounds do not adhere to the same 

acidity scale over the complete acid region38. Thus benzoic acid is a 

Hammett base at high acidities, but deviates significantly from H0 as 

the acidity is reduced. Fortunately, such cases appear to be few in 

number, and there is no report of any amide behaving in this fashion. 

Certain other bases, however, depart markedly from equation (3) 

(writing H0 for H), and follow instead equation (6). Such compounds 

Hq = H0 (half protonation) — n log / (6) 

include the olefins48, indoles49, tertiary anilines50 and carbinols51 (in 

all of which cases n < 1), and, most important from the point of view 

of this review, amides 41, where n > 1. 

For all of these groups of compounds, new acidity scales have been 

estimated in aqueous sulphuric acid (olefins, H^; indoles, Hz; 
tertiary amines, H0'"; carbinols, HB; amides, HA), by employing the 

overlapping indicator technique, and measuring ionization ratios 

spectrophotometrically. These scales yield approximately linear plots 

against H052 (Figure 3), which intersect approximately at a common 

point, H0 = 0. 
The amide HA scale in aqueous sulphuric acid is of particular in¬ 

terest because it is the only distinct function which involves an extent 

of proton uptake with increasing acidity smaller than H0. Initial 

work on the accurate determination of indicator ratios for amides 

using the ultraviolet technique39,40,53,54 demonstrated, by use of 

equations of the form of (6), that amides were not adhering to the H0 
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acidity function. This was followed by the establishment of the HA 
scale using substituted benzamides 41, at 25°. The ionization curves 

for these indicators are given in Figure 4, together with that for the 

second pKa of phenazine 5,10-dioxide, an indicator which has been 

used to extend the scale to 93% sulphuric acid 55. The resultant pK& 

Figure 3. The linear dependence of H on H0. 

[Reproduced, by permission, from J. Am. Chem. Soc., 89, 2686 (1967).] 

values are shown in Table 1, and the HA scale in Table 2 and Figure 

5 where it is compared with H0. Figure 4 illustrates the very good 

degree of parallelism achieved by the indicators used in the scale, 

he Ha function thus established shows that amides protonate more 
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gradually than Hammett bases as acid concentration is increased 
(Figures 3 and 5). 

Bunnett and Olsen56 have criticized the scale on the basis that the 

anchoring in low acidity regions to the pH scale is incorrect, and that 

in fact it is about 0-3 units too negative. This criticism is borne out 

not only by Bunnett plots (see Figure 8 below), but also by the plots 

Figure 5. The HA and H0 scales in aqueous sulphuric acid. 
[Reproduced by permission of the National Research Council of Canada from 

the Canadian Journal of Chemistry, Vol. 42, p. 1965 (1964).] 

given in Figure 3, which show the HA scale to be well removed from 

the intersection of the other acidity functions. It has been shown55 

that pyridine 1-oxides follow the HA scale very closely (despite an 

initial report57 to the contrary), and these were used to reassess the 

Ha scale in the lower acidity regions. This supported the original 

scale; however, the base used to anchor the scale in this case 3 5- 

dimethyl-4-nitropyridine 1-oxide, appears to be a Hammett base. 
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Data for several other Y-oxides of pKa approximately zero or less show 

deviation from Hammett base behaviour in these low acidity regions. 

Details of these bases are given in Table 3, and reanchoring of the HA 
scale is indicated in Figures 6 and 7. This yields pYa values of — 0-15 

Table 1. p/Ca values of the //A-scale indicators41. 

Compound P*a 

Pyrrole-2-carboxamide -1-23 
4-Methoxybenzamide -1-44 
3,4,5-Trimethoxybenzamide -1-82 
3-Nitrobenzamide -2-42 
4-Methyl-3,5-dinitrobenzamide -2-69 
2,3,6-Trichlorobenzamide -3-30 
2,4-Dichloro-3,5-dinitrobenzamide -3-73 
2,4,6-T rinitrobenzamide -4-08 
5-Hydroxyphenazinium 10-oxide -5-12 

Table 2. The HA scale in aqueous sulphuric acid41,55, at 25°. 

%H2S04w/w -ha %H2S04 w/w -7/a 

15 0-69 70 3-74 
20 0-97 75 4-13 
25 1-25 80 4-56 
30 1-50 82 4-74 
35 1-74 84 4-91 
40 2-00 86 5-12 
45 2-25 88 5-34 

50 2-50 90 5-57 

55 2-78 92 5.79 

60 3-06 93 5-90 

65 3-38 

for 5-nitroquinoline 1-oxide and — T03 for pyrrole-2-carboxamide, 

compared with — T23 given by Yates, Stevens, and Katritzky41 for 

this latter compound. These results thus disclose the amide scale as 

presented in Table 2 to be 0-20 units too negative. 
Yates and Riordan58 have established the HA scale in aqueous 

hydrochloric acid, at 25°. The indicators used are given in Table 4, 

together with their pK& values which show reasonable agreement with 
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the values found in aqueous sulphuric acid. The scale itself is in¬ 
cluded in Table 5, where it is compared with H0 in aqueous hydro¬ 
chloric acid45. 

The Ha scale has also apparently been established in aqueous 
perchloric acid32, but details are not yet available. Professor K. Yates 
has kindly passed on to us these results, which are reproduced here with 
his permission. 

The Ha scale in aqueous perchloric acid. 

% HC104 w/w -ha % HC104 w/w -ha 

5-47 -0-05 56-8 3-30 
12-1 0-49 59-8 3-52 
20-3 0-95 63-3 3-81 
25-0 1-24 65-4 3-93 
32-2 1-60 68-2 4-23 
38-5 1-93 71-0 4-65 
44-2 2-28 72-9 4-94 
48-5 2-62 73-5 5-08 
53-9 3-03 74-4 5-13 

These results may be compared with H0 in HC104 [K. Yates and H. 
Wai, J. Am. Chem. Soc., 86, 5408 (1964)]. However, initial studies32,59 
have demonstrated that in this medium the protonation behaviour of 
benzamide approximates more nearly to Hammett-base behaviour60. 

Table 3. Bases for anchoring the HA scale. 

Compound 
H0 

(half protonation) -d(log I)/dH0a 

3-Chloropyridine 1-oxide6 -0-04 0-91 
5-Nitroquinoline 1-oxide0 -0-25 0-79 
8-Nitroquinoline 1-oxide0 -M0 0-79 
Pyrrole-2-carboxamided -1-36 0-79 
4-Nitroquinoline 1-oxide0 -1-53 0-79 
4-Methoxybenzamided -1-69 0-69 
3,4,5-Trimethoxybenzamided -2-26 0-66 

J- 

“Or — m in equation (9). 

6 N. Shakir, Ph.D. Thesis, University of East Anglia, 1966. 

).Jyr: G,legho™’ B. Moodie, E. A. Qureshi, and K. Schofield, J. 
I. Gleghorn, Ph.D. Thesis, University of Exeter 1966 

“ Reference 41. 

Chem. Soc. {B), 316 (1968); 
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In general, the evaluation of the pAa value of a weak base from 

knowledge of the variation of log / with acidity involves plotting log 

against the various acidity functions II until a line of approximately 

unit slope has been obtained. Equation (3) then applies, and the 

PK& value may be read off at the point where log 7 = 0. 

If the compound appears not to follow any known acidity function, 

Table 4. pA"a values of HA-scale indicators from measurements in aqueous 

hydrochloric acid58. 

Compound pKa 

2-Nitroaniline -0-31 
Pyrrole-2-carboxamide -1-23 
4-Methoxybenzamide -1-46 
3,4,5-Trimethoxybenzamide -1-86 
3-Nitrobenzamide -2-25 
4-Methyl-3,5-dinitrobenzamide -2-77 
2,3,6-Trichlorobenzamide -3-10 

Table 5. The H0 and HA scales in aqueous hydrochloric acid68. 

% HC1 w/w -ha -H0 

3 0-13 0-13 
4 0-31 0-29 
5 0-47 0-43 
6 0-59 0-57 
7 0-71 0-69 
8 0-82 0-81 

10 1-03 1-01 
12 1-23 1-23 
14 1-43 1-44 
16 1-63 1-64 
18 1-82 1-87 
20 2-01 2-11 
22 2-21 2-35 
24 2-42 2-60 
26 2-61 2-87 
28 2-81 3-12 
30 3-02 3-39 
32 3-22 3-67 
34 3-44 3-95 
35 3-56 4-11 
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an approximation to the thermodynamic pKa may be estimated by 

Bunnett and Olsen’s equation56 

log7 - log [H+] = (* - 1 )(//„ + log [H+]) + pK, (7) 

where (<f> — 1) is a slope parameter. The validity of this equation is 

demonstrated by the linearity of plots of (.H + log [H+]) vs. (H0 + 

log [H+]) shown in Figure 8, the former sum of terms being equivalent 

to (— log / + log [H+]) for a base following the H acidity function of 
zero pifa. 

An alternative method52 is the use of equation (8) 

mH0 — mH0 (half protonation) = —log I (8) 

where m = l/n, and n is found according to equation (6), the validity 

of which follows from Figure 3, and thus 

log I = - mH0 + pKa (9) 

Although in general the use of both equations (7) and (9) leads to practi¬ 

cally equivalent values of pK&20, Bunnett and Olsen’s equation does 

give better agreement specifically with pA"a values of amides using the 

adjusted HA scale. This is illustrated in Table 6, and also in Figures 

Table 6. values of amide indicators. 

Amide VK pK P*ac 

Pyrrole-2-carboxamide - 1-03 -1-06 -1-07 
4-Methoxybenzamide -1-24 -M7 — M5 
3,4,5-Trimethoxybenzamide -1-62 -1-53 - 1-47 
3-Nitrobenzamide -2-22 -2-03 - 1-86 
4-Methyl-3,5-dinitrobenzamide -2-49 -2-25 -2-01 
2,3,6-Trichlorobenzamide -3-10 -3-00 -2-70 
2,4-Dichloro-3,5-dinitrobenzamide -3-53 -3-16 -2-79 
2,4,6-Trinitrobenzamide -3-88 -3-87 -3-55 
5-Hydroxyphenazinium 10-oxide -4-92 -5-12 -4-95 

“ (Value from Table 1) + 0 2. 

b Calculated by Bunnett and Olsen’s method (equation 8). 
c mH0(half protonation). 

3 and 8. In the latter figure, the HA correlation line intersects the 

abscissa much closer (03 units) to the origin than in the former (0-7 

units). Table 7, essentially an extension of that due to Yates and 

Stevens42, gives protonation data for a series of primary, secondary 
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and tertiary amides. The pKa values quoted have been derived in 

general by two methods. One involves the conversion of the H0 
(half protonation) value to the adjusted HA scale, and the other direct 

use of equation (9). Unfortunately, Bunnett and Olsen’s treatment 

could not be evaluated for any of these amides, as the necessary 

-(//0+ log [H+]) 

Figure 8. Linearity of plots of — (H + log [H+]) against — (H0 + log [H+]). 
8 + c.o.a. 



Table 7. pKa values and protonation data for amides0. 

Amide 
-H0{ half 

protonation) 

d log I 

d H0 

O) 

d log I 

d Ha 

-P^ab-C 

1. Substituted benzamides 

Benzamided 2-16 0-99 1-546 

Benzamidee 2-1 0-66 l-5b, 1-4° 
Benzamide9 (18°) 1-85 0-98 1 -38b 
Benzamide* 2-15 l-54b 
m-Bromod 2-75 1-00 l-93b 
m-Bromoe 2-5 0-52 l-8b, 1-3° 
/>-Bromod,/ 2-47 1-03 l-82b 
/>-Bromoe 2-15 0-62 l-54b, 1-33° 
m-Chlorod 2-59 l-89b 
/>-Chlorod 2-47 1-00 l-776 

j!>-Chloroe 2-3 0-77 l-7b, 1-8° 
/>-Fluorod 2-24 l-60b 
m-Methoxyd 2-35 1-03 l-70b 
wz-Methoxye 2-45 0-75 l-80b, 1-84° 
/>Methoxyd,h 1-80 l-34b 
/>-Methoxye 1-55 0-77 l-18b, l-19c 
/>-Methoxy9 (18°) 1-60 1-01 l-22b 
o-Methyl* 2-24 0-81 l-6b 
m-Methyld 2-15 0-95 l-56b 
wz-Methyle 1-85 1-00 l-38b, 1-85° 
/>-Methyld 2-01 l-47b 
/?-Methyle 1-90 0-67 l-42b, l-27c 
^-MethyB 2-01 1-04 1.47b 
/^-Methyl* 1-81 l-34b 
m-Nitrod’'1 3-07 2-10b 
/>-Nitrod 3-23 2-22b 
/?-Nitroe 3-8 0-39 2-5b, l-48c 
j&-Nitro9 (18°) 2-58 1-86b 
/> Phenyl1 2-22 0-645 1-01 l-64b, 1-43° 
4-Bromo-3-nitro/ 3-67 0-95 2-43b 
2,6-Dimethyli 2-42 0-95 1 -76b 
3,5-DinitnP 4-61 1-05 3-06b 
2 ^jG-Trimethyl* 2-10 0-92 l-50b 

2. Other primary amides 

Acetamide*1 0-55 0-35* 
2-Furamided 2-61 l-90b 
Glycinamide .H+ (NH JCH2CONH2)?c 4-91 3-lb 
3-Hydroxyphenylurea7 1-45 0-99 l-llb 
1 -Naphthamide^ 2-63 0-638 0-98 l-92b, 1-68° 
2-NaphthamideJ 2-56 0-600 0-97 l-88b, l-54c 
Propionamidefc 0-8 0-70 0-70 0-57° 
Butyramide”1 1-20 0-61 0-78 0-88b, 0-73° 
Ethyl carbamate”1’" 4-39 0-57 M0 2-83b, 2-50° 
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Table 7. (Cont.) 

Amide 
-H0 half 

protonation 

d log I 

d H0 
(m) 

d log I 

d Ha 
-pAab-9 

3. Secondary amides 

Ar-Acetylglycinete 3-10 2-lb 
A-Butyrylglycinem 2-42 0-53 0-89 l-73b, l-28c 
iV-Ethoxycarboriylglycinem 5-88 0-56 1-09 3-57b, 3-29° 
Ethyl A-methylcarbamate™ 4-18 0-74 1-40 2-72b, 3-09° 
A7-n-Butylacetamide'c 0-41 0-29* 
A-i-Butylacetamidefc 0.62 0.42! 
A7-Methylacetamidete 1-25 l-0b 
A'-Methylbenzamide6' 2-13 1-02 l-5b 
A-Methylbcnzamide® 2-0 0-53 l-47b, 1 -06° 
A-Methyl- l-naphthamidc^ 2-17 0-749 1-11 l-55b, 1-62° 
A-MethyM-naphthamide* 2*13 0-741 Ml 1-546, 1-58° 
A-Methyl-/>-phenylbenzamide4 2-17 0-715 1-07 l-56b, l-55c 
Ar-Ethylbenzamide° 2-33 0-69 0-95 l-72b 
Ar-Ethyl-m-bromobenzamide° 3-22 0-51 0-99 2-20b 
A'-Ethyl-m-chlorobenzamidc0 2-94 0-52 0-91 2-08b 
A-Ethyl-/>-chlorobenzamide0 2-81 0-52 0-92 2-016 

Ar-Ethyl-/i-methoxybenzamidc° 1-88 0-73 1-01 l-40b 
A-Ethyl-m-methylbenzamide0 2-77 0-66 0-90 l-68b 
A-Ethyl-/>-methylbenzamide° 2-12 0-66 0-90 1 -57b 
A-Ethyl-m-nitrobenzamide” 3-49 0-41 0-79 2-34b 
Ar-Trifluoroethylbenzamide° 5-00 0-54 0-96 3-13b 
Ar-Trifluoroethyl-m-bromobenzamide° 5-61 0-58 Ml 3.44s 

A-Trifluoroethyl-m-chlorobenzamide0 5-56 0-49 0-95 3-42b 
A7-Trifluoroethyl-/>-chlorobenzamide° 5-15 0-51 0-98 3-21b 
Ar-Trifluoroethyl-p-methoxybenzamide° 3-78 0-61 1-17 2-50b 
Ar-Trifluoroethyl-m-methylbenzamide° 4-72 0-46 0-88 3-00b 
Ar-Trifluoroethyl-/>-methylbenzamide° 4-35 0-55 1-05 2-80b 
A-Trifiuoroethyl-m-nitrobenzamide0 5-95 0-55 1-06 3-63b 

4. Tertiary amides and thioamides 

Ar. A'- D i me t h y 1 b e n z a rn i d e d 1-62 0-90 l-2b 
A, A-Dimethyl-1 -naphthamide5 1-91 0-634 0-90 1-376, 1-21° 
A, A- Dimethyl-2-naphthamide^ 1-69 0-578 0-77 l-3b, 0-98° 
A, A- Dim e thy l-j& -ph e ny 1 b e n z a mi d 1-30 l-00b 
Ethyl A,A-dimethylcarbamatem 4-65 0-67 1-30 3-16b, 3-1 lc 

A, A-Dimethyl thioformamidep 2-54 1-35 3-43c 

A,A-Dimethylthioacetamidep 1-53 1-45 2-22° 
A, A-Dimethyl thiopivalamidep 
[(CH3)3CCSN(GH3)2] 1-51 1-50 2-26° 

6 IIA (half protonation) + 0'2. 
e Reference 39. f Reference 42. 

° Temperature 25° unless stated otherwise. 
c rnH0(half protonation). d Reference 15. 
9 J. T. Edward and S. C. R. Meacock,./. Chem. Soc., 2000 (1957). 
h Also used as an indicator for the HA scale, see lable 1. * Reference 53. 

k Reference 54. 1 Calculated from Figure 6. m Reference 32. 
n Methyl carbamate stated to yield similar results, but no values given. 

0 Personal communication from Dr. R. B. Moodie. p Reference 61. 

1 Reference 40. 
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%H2S04 vs. log / tabulations are not given in the literature. Yates 
and Stevens’ table is the source of the d log I/dHA values. 

In some cases, agreement between the two methods is reasonable; 

where there is a large difference, this is due either to the protonation 

behaviour of the compound deviating widely from HA, or to poor 

agreement among different workers of either the 7/0(half protonation) 

value, or the d log //dH0 and d log I/dHA values, which should ob¬ 
viously bear a constant relationship to one another. 

All of the primary amides except o-methyl- and ^-nitrobenzamide 

follow Ha quite closely. . Yates and Stevens42 attribute the apparent 

deviation of the latter to inaccuracies in the ultraviolet measurements; 

the former is less easy to account for in the light of the conformity of 

the other o-methyl-substituted benzamides, 2,6-dimethyl- and 2,4,6- 

trimethylbenzamide. Propionamide and butyramide, the former 
having been cited as not following //A42, are especially interesting. 

These are stronger bases than most of the others given in Table 7, and 

in fact stronger than all of the others for which gradient ’data 

(d log I/dH0 or of d log I/dHA) are given. The values of such gradients 

for these two compounds are smaller than for the A-oxides of similar 

basicity used for anchoring the scale. Anchoring the scale with 

these two (and a good case could be made for this, since it seems 

reasonable to define the HA scale in its entirety by amides alone) 

would make it even less negative than by the 0-2 units suggested, and 
it seems very likely that the scale would then pass through or much 
closer to the origin of Figures 3 and 8. 

Certain secondary and tertiary amides also deviate from HA, but 

no overall trend can be detected, and many others follow HA closely. 

In fact, judged within the context of experimental inaccuracies, dis¬ 

crepancies between the data of one set of workers and another, and the 

vagaries of acidity-function theory, the amides as a whole, irrespective 

of substituent type, number and position, seem to follow HA satis¬ 
factorily. 

As the last portion of Table 7 shows, and as Janssen61 has observed 

however, thiones do not follow HA, plots of log I against H0 having 
slopes of unity or greater61’62. 

There is also some doubt about the acidity function obeyed by the 

pyridones. 2-Pyridones appear to follow //A63, as do 4-pyridones, 

judging from kinetic evidence64. However, the situation is com¬ 

plicated by the fact that electron-withdrawing substituents may 

drastically alter the position of equilibrium 16 ^ 17 (end of section II), 
tending to favour the hydroxy pyridine tautomer. 
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B. The Ho and HA Acidity Functions and Related Hydration 
Theories 

The difference between the Hammett function, H0, and HA 
(equation 10 where B refers to a Hammett base, and A to an amide 

base), lies in the medium dependence of the activity coefficient 
term. 

Hq - ha = iog{BH:-/A (io) 
JbJ AH + 

Yates has recently determined65 the medium dependence of some 

aromatic amide activity coefficients by solubility measurements, re¬ 

ferring the ionic activity coefficients to the tetraethylammonium ion 

(TEA+) through use of the pentacyanopropenide anion as Boyd66 

had done for some aniline and carbinol indicators. Interpretative 

difficulties arise because it is not possible to measure fB and/BH+ //TEA+ 

for the same compound over the same range of acid concentration. 

The activity coefficients of several neutral amides, fA, showed a sim¬ 

ilar medium dependence decreasing as acid concentration increased 

above 20% sulphuric acid. The size of this decrease is directly pro¬ 

portional to the number of nitro groups attached to the aromatic 

nucleus, and this is taken to reflect strong hydrogen bonding between 

such groups and the acidic solvent. The benzamidonium ion activity 

coefficient measured as /ah+//tea+ increases rapidly with acid concen¬ 

tration. Figure 9 shows typical acidity dependence of the various 

terms involved, whence it can be seen that the order of importance 

of the individual terms in the expression for HA (11 and 12), 

-Ha = log/H+ + log [H+] + log/A - log/AH+ (11) 

and thus 

-Ha= log%— + log [H+] + log/A - logAsi- (12) 
JTEA+ JTEA+ 

is/H+ > /AH+ » [H+] > jA, for the acidity range 5-40% acid, and at 

higher acid concentrations/H+ »/AH+ »/A > [H+], 
Comparison with Boyd’s data on anilines showed that the difference 

between H0 and ITA arises because%AH+ > ,/BH h an(l/A < /b, where B 
represents an aniline base. This may be interpreted as indicating that 

the protonated amide has greater hydration requirements than the 

corresponding anilinium ions, and for the neutral molecules that the 

amide is less strongly hydrated than the aniline. 
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Other attempts have been made to explain the deviations from H0 
in the ionization behaviour of amides in terms of the differential 

hydration of the cation and free base, as Taft67 had done for the N- 
substituted anilines, by considering the equilibrium (13) for amides, 

AH +(HaO)m + (o + p - m)H20 --" A(HzO)a + H +(H20)P (13) 

and for a Hammett indicator 

BH + (H20)„ + (b + p - n)H20 --" B(H20)„ + H + (HaO)p (14) 

Thence 

TT = (/BH+/A//B/AH+)«H20)a_(n_W (15) 
n0 

Figure 9. Concentration dependence of individual terms (log X) contributing 
to the IIA acidity function, (i) Log (/ah + //tea+) for benzamidionium; (ii) 

log [H + ]; (m) log/Afor 2,4-dinitrobenzamide; (iv) -HA; (v) log (/h + //tea-). 

[Reproduced by permission of the National Research Council of Canada from 
the Canadian Journal of Chemistry, Vol. 44, p. 2402 (1966).] 
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where the activity coefficients now refer to hydrated species; if the 

activity coefficient term is assumed to be invariant with acidity, 
expression (16) results 

d(#o ~ //A) 
d log %2o 

= (m — a) — in — b) (16) 

Edward and Wang54 investigated this expression for propionamide 

ionization in aqueous sulphuric acid, by plotting it in its alternative 
form 

log / + H0 = — h log %2q + p/Ta (17) 

but obtained a curve with slope (— h) increasing as acidity increased. 

Less basic amides which protonate at acidities where the supply of 

water may be considered restricted, above 35% sulphuric acid (1 

mole H2S04 to 10 moles of water), must compete for available water 

with the H4Og + ion which is itself capable of forming relatively stable 

hydrogen bonds with a further six water molecules68. Using a similar 

expression to Edward and Wang’s (16), but incorporating H^ 

rather than H0, since hydration is presumably unimportant in the 

protonation equilibria of olefins, Homer and Moodie40 obtained linear 

plots for several aromatic amides in the region above 40% sulphuric 

acid. Assuming the free amide is unhydrated (a =0), values of m 
for primary amides were about 5 and for JV-methylamides about 4. 

Deno21 considers that the interaction forces between solvent and 

solute are in general similar for various solute species, but in one case 

vary enormously, that of hydrogen bonding of solvent to free base, and 

most important, to charged conjugate acid. Thus hydration as in 18 

H--OH 
8+ / 
O—H--0 

H--OH 

Ar—C;:-- h--oh2 
N 
\ 

h--oh2 

2 

2 

(18) 

was proposed for the amide conjugate acid40, a similar structure being 

arrived at by Yates41 in applying the same arguments to the amides 

used in establishing the IIA scale. Y-Methylation removes one of the 

hydrogen-bonded water molecules. 
In this connexion it is interesting to recall that thioamides protonate 

a good deal more sharply than the amides themselves (Table 7). 
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This could either be due to increased hydration requirements of the 

thioamide free base as suggested by Edward and Stollar62, or to less 

hydration of the conjugate acid. It is well known that sulphur com¬ 

pounds are not strongly hydrogen bonded (cf. HaO and H2S), and 

this difference between oxygen and sulphur may also be true when each 

bears a positive charge, though in this case we are dealing with 

hydrogen-bond formation between the hydrogen atoms on the pro- 

tonated amide or thioamide and the water molecules of the solvent. 

iV,A-Dimethylamides did not yield a linear plot from equation (16) 

and values of m could not be obtained 40. This is possibly due to their 

greater basicity preventing accurate measurement of log / in the region 

above 40% sulphuric acid. However, tertiary amide ionizations 

apparently follow HA as closely as primary or secondary amides 

(Table 7), indicating that other factors besides hydration must be 

important in determining the medium effect on activity coefficients. 

In fact, recent work by Arnett50,69, utilizing an equation of the form 

of (17) and applying it to various acidic media, has demonstrated that 

the difference in acidity functions cannot, in general, be explained 
completely in terms of simple hydration theory. 

The low basicity of 2,6-dimethylbenzamide (see Table 7) has been 

attributed in part to steric hindrance to solvation in the conjugate 
acid53. 

C. Determination of pK0 Values in Non-aqueous Media 

It is difficult (although not impossible54) to measure the pATa 

values of aliphatic amides by ultraviolet spectroscopy due to the ab¬ 

sence of any strong absorption bands at a convenient wavelength. 

Consequently the techniques of non-aqueous titration have been ex¬ 

tensively applied to this class of amides both for quantitative estima¬ 
tion and determination of pi% values. 

I. Potentiometric titration 

Hall and Conant70 employed a chloranil/calomel electrode system 

in glacial acetic acid to establish a pHHAc scale in this medium. 

P-^aHAc was then defined as the pHHAo at which a 0-2 m solution of the 

base in acetic acid was half-neutralized by a 2 m solution of sulphuric 

acid in acetic acid. The presence of liquid-junction potentials makes 

the absolute magnitude of such a scale somewhat uncertain, and the 

high concentration of base is a disadvantage. Hall43 subsequently 

used perchloric acid in acetic acid as titrant and reduced the base con¬ 

centration to 0-05 m. Data were obtained for a large number of 
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anilines and some amides. The basicides of the former compounds 

were related to their pKa values in water by equation (18) which has 

been used by subsequent workers16•17-71 to determine the pKa of 

P*aH*° = p*aHAc + 1-7 (18) 

many aliphatic amides and lactams. This equation probably over¬ 

estimates amide basicity in water by about 0-5 p7Ca units and only 

values of p7fHAc, which are useful measures of relative basicity, are 

given in Table 8. There are insufficient data available to allow us to 

compare meaningfully pKa values in aqueous solution on the one hand 

Table 8. p7ifaHAo values of some amides0 R1CONR2R3. 

R1 R2 R3 P*aHA° 

H H H — 2T8® 
Me H H -1-59®, — 1-59°, — 1-64° 
Et H H -1-58° 
n-Pr H H - 1-65° 
n-Pentyl H H - 1-75° 
n-Hexyl H H -1-76° 
i-Pr H H -1-97° 
i-Bu H H -1-69° 
t-Bu H H — 2-18° 
i-Pentyl H H —1-72° 
Ph H H -2-70“ 
H Me H _ 1-74& 
H n-Bu H — 1-67® 

H PhCH2 H — 2-03® 
H (Ph)2CH H -2-33® 
H Ph H 3-49d 
Me Me H - 0-90® 
Me Et H — 0-91b 
Me n-Bu H -0-86® 
Me Cyclohexyl H -0-93® 
Me PhCH2 H - 1-39® 
Me Ph H — 2-59d 
n-Bu Me H — 0-9lb 
t-Bu PhCH2 H -2-13 
H Me Me — l-71b 
Me Me Ph — 2-17d 
Me n-Pr Ph — 2-27d 

° Measured by potentiometric titration with perchloric acid at 20°. 
® Reference 16. 
c Reference 71. 
a Reference 43. 

8* 
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and those in acetic acid or any other organic solvent on the other. 

Little data in acetic acid exist for the protonation of substituted 

benzamides whose pKa values in aqueous sulphuric acid are well 

established; for aliphatic amides, where much work has been done in 

organic solvents, only the pXa of propionamide is known with any 

confidence in aqueous solution. As noted above, the latter is due to 

experimental difficulties. However, determination of pKa values for 

the benzamides in organic solvents seems a very relevant and feasible 
investigation. 

Streuli72 has determined basicities in nitromethane by potentio- 

metric titration with perchloric acid employing the glass and calomel 

electrodes. A linear relation was found between e.m.f. at half neutrali¬ 

zation and pXaH2° for a large number of amines but again there were 

insufficient data to determine whether amides followed the same 

relation. Adelman73 has employed the same technique for N- 
substituted amides. Acetic anhydride has also been used as a 
solvent74. 

2. Indicator methods 

Hammett75 showed that it was possible to determine the pXa value 

of a weak base by using an indicator to measure the change in H0 
when the base is added to an acidic solution in formic acid. Lemaire 

and Lucas76 developed this method for perchloric-acetic acid media 

and it has been applied to the determination of amide basicity17•76-77 

yielding pKa values differing by a constant from those obtained by 

potentiometric titration17 for a series of lactams (the pKa values 

determined by the indicator method are plotted in Figure 2). 

In glacial acetic acid solutions the dissociation constant of ion pairs 

is very low and equilibria such as equation (19), involving the base A 

A + HX AH+ .X- ^=± AH+ + X~ (i9) 

and indicator B with the titrating acid must be considered 78. Recent 

work due to Grunwald and Ceska79 on meta- and jtara-substituted 

anilines has demonstrated that is a better measure of basicity than 

the overall equilibrium constant, in acetic acid. In fact measurements 

give Kex = (XiBHX/X1AHX), and Higuchi80 has evaluated Kex for a 

large number of amides using perchloric acid as titrant and Sudan III, 

an azo dye (XiBHX = 700), as indicator. In addition to the inherent 

basicity of the amide the ion-pair formation constant depends on the 

acid used and possibly on the indicator employed (compare the results 
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obtained with Sudan III80 and 2,4-dinitro-7V,A"-diethylaniline81 as 

indicators for acetamide and iV-methylacetamide in Table 10). 

Table 9 compares the basicity in acetic acid with that in water for 

those few compounds for which both sets of data are available. A 

moderate correlation exists for the aromatic amides expressed by 

equation (20). However, propionamide is considerably more basic 

P-Ka = log ^AHX - 4-8 (20) 

than predicted which suggests that the aliphatic amides may follow a 

different relation. More data on aqueous pifa values are clearly 
needed before this can be established. 

Table 9. A comparison of basicity in acetic acid and aqueous solutions. 

Amide Log A"iAHX -PKZ log Ki — pATa 

Benzamide 2-92a 1-55 4-47 
A-Methylbenzamide 3-28a 1-50 4-78 
N, Ar-Dimethyl-1 -naphthamide 3-74° 1-20 4-94 
1 -Naphthamide 2-65“ 1-92 4-57 
2-Naphthamide 2-92a 1-88 4-80 
iV,iV-Dimethyl-2-naphthamide 3-77° 1-30 5-07 
Propionamide 3-52& 0-57 4-09 

“ Reference 80. 
6 Reference 81. 
c Table 7. 

The protonation of some aromatic amides in anhydrous sulphuric- 

acetic acid and hydrobromic-acetic acid mixtures has been studied 

spectrophotometrically together with the effect of added salts (tetra- 

ethylammonium bromide and tetraethylammonium hydrogen sul¬ 

phate) 82. Plots of log I vs. the logarithm of stoichiometric molar 

concentration of acid (log AfH2SOJ were linear, but the slopes de¬ 

pended on the degree of A-methylation as had been observed in 

aqueous acid 40. A measure of the basicity in acetic acid solution was 

obtained from the H0 values at half protonation, derived from data 

due to Hall and Spengeman83. The agreement between the relative 

basicities in water and acetic acid was poor. 

D. The Correlation of pKa Values and Structure 

Substituents adjacent to the amide function will affect the basicity 

of the site by reason of inductive, resonance and steric interactions. 
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The nature of these effects has in general been extensively elucidated 

in organic systems in a qualitative manner, and considerable progress, 

by means of Hammett-type parameters and mo calculations, has been 
made towards their quantitative assessment. 

The extensive work on the basicity of aliphatic amides in acetic 

acid discussed in the previous section provides a large body of data for 

the assessment of structural effects though the range of substituents is 
not large, being almost entirely confined to alkyl groups. Inspection 

of the potentiometric data in Table 8 and especially the indicator data 

in Table 10 shows that iV-substitution is base strengthening as expected 

from the inductive effect. A second A-alkyl group has less effect on 

the basicity than the first, as is found in amines80. For mono-TV- 

substituted acetamides log KXAUX correlates very approximately with 

Taft’s a* values giving p* = —1-2. Alkyl substitution in the acyl 

group produces the predicted base strengthening on going from 

Table 10. Substituent effects on basicity of aliphatic amides® R1CONR2R3. 

R1 R2 R3 LogiqAHX 

H H H 3-136 
H H Me 3-74b 
H Me Me 3-70b 
Med H H 3-85b, 3-66c 
Med H Me 4-49b, 4-37° 
Me Me Me 4-81b 
Med H Et 4-42° 
Med H i-Pr 4.49c 

Med H t-Bu 4-60c 
Et H H 3-52° 
i-Pr H H 3-37° 
<-Bu H H 3-23c 
CH2C1 H H 1 *59b 
chci2 H H < — l-6b 

Measured by indicator methods with perchloric acid in acetic acid 
0 Sudan III indicator80. 
0 2,4-Dinitro-JV,IV-diethylaniline indicator81. 
“ Correlate approximately with a* (see text). 

formamides to acetamides, but further alkyl substitution affects the 

basicity in the opposite way to that demanded by the relative in¬ 

ductive effects, although the chloroacetamides behave in the manner 

demanded by their negative inductive effect (Table 10). This may 

reflect the importance of steric factors on solvation of the conjugate 
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acid and on ion-pair formation. Hyperconjugation could also 

explain this phenomenon as Martin and Reese suggest81. 

Adelman73 has reported an attempt to correlate the carbonyl 

stretching frequencies (measured in isooctane) and the basicity 

(measured potentiometrically in nitromethane) of some A, A-di- 

substituted aliphatic amides with a* values. For an amide of general 

formula XCONY2 it was found that the sum of inductive and reson¬ 

ance contributions for - NY2 (2<r*) fortuitously equalled that of X 

through consideration of the effect of changes in X and Y on the 

carbonyl stretching frequency. A good linear plot of rc=D vs. 

was obtained. However, the plot of pAa vs. ^a* showed deviations 

from linearity for propionamides whose base strengths were lower than 

predicted from the p* value of 1 -24. This is a similar anomaly to that 

observed above, and was ascribed by Adelman to steric interference 

with ion-pair formation in the conjugate acid, since he found that 

deviations occurred with lower homologues when the size of the com¬ 

plexing acid was increased in the series perchloric acid < phenol < 

iodine, chloroform. 

The basicities of a series of meta- and /wa-substituted benzamides, 

measured in sulphuric acid by spectrophotometric means15, show 

better linearity on plotting against o(r = 0-988) than o+ (r = 0-958). 

This is taken by the authors to indicate A-protonation, since 0- 
protonation would give rise to enhanced resonance in the protonated 

form with electron-donating substituents and thus correlate with ct+ . 

In analogous cases, acetophenones84, benzaldehydes85, and benzoic 

acids86 the pKa values correlate well with o+. However the authors 

themselves question the validity of their interpretation and suggest 

that the apparent lack of conjugation can be reconciled with 0- 

protonation if it is supposed that the protonated amide group is not 

coplanar with the ring. Some recent and very relevant data on 

nuclear substituted A-ethyl- and A-trifluoroethylbenzamidcs have been 

provided by Dr. R. B. Moodie (whom we thank for permission to re¬ 

produce them here) and are included in Table 7. The pXa values of 

the former compounds correlate with a rather than o+ but the pXa 

values of the latter correlate with a+. Here the strongly electron- 

withdrawing properties of the GH2GF3 group apparently reduce the 

conjugation of the nitrogen lone pair with the carbonyl group. The 

result is that the amide grouping becomes coplanar with the ring 

allowing the stabilizing carbonyl-aromatic resonance and thus corre¬ 

lation of the pAa values with a+. A suggestion40 that the non-planar 

structure was stabilized by hydrogen bonding of the localized positive 
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charge to water molecules has been disproved by recent work87, which 

showed that the dissociation constants of boron trifluoride complexes 

with substituted benzamides in tetrahydrofuran, where hydrogen 

bonding is impossible, also correlate with a rather than a+ (see section 

V). The pK^ values reported by Edwards and coworkers15 were 

measured on the assumption that they followed the H0 acidity scale. 

This does not rule out the validity of the pA^a vs. a correlation however20, 

Figure 10. a-p plot for basicities of substituted acetanilides. The substituents 
are as follows: (*) 2,4,6-tribromo; (ii) 4-carboxy; (in) 3-chloro; (iv) 3-carboxy; 
(v) 4-chloro; (vi) 3-methoxy; (vii) unsubstituted; (viii) 4-methyl; (ix) 2,6- 

dimethyl; (x) 4-methoxy. 
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since conversion to approximate thermodynamic p^Ta values will in¬ 

volve multiplication of each H0 (half protonation) value by the con¬ 

stant m (equation 9), which in this case is 0-6. Thus the p value 
becomes 0-78( — T30 x 0-6), 

Yates and Scott53 have determined the effect ofo-methyl substituents 

on the basicities of benzamides and other weak bases. Assuming that 

the electronic effect of a substituent in the ortho position is the same as 

that in the para, and that substituent effects are additive, they attribute 

the low basicity of 2-methylbenzamide to steric inhibition of resonance 

through lack of coplanarity of the amide function and ring system. 

However, this cannot account entirely for the low basicity of the 2,6- 

dimethyl derivative and here steric hindrance to solvation is thought to 

occur. 

In the series of ring-substituted acetanilides indicator measurements 

using Sudan III in acetic acid80,89 show that log Kex correlates 

linearly with a (Figure 10), giving p = 1-66 (r = 0-987). Again, 

steric effects may account for the low basicity found for the 2,4,6- 

tribromo and 2,6-dimethyl derivatives, although in these cases op 
values have been taken for the ortho substituents (an assumption which 

is probably correct for resonance effects but grossly inaccurate for in¬ 

ductive and steric interactions). 

IV. HYDROGEN BONDING 

In the same way as the lone pairs of electrons on the oxygen and 

nitrogen atoms of the amide function may be utilized by direct 

bonding to a proton to form a cation on treatment with a strong acid, 

so may a weakly acid molecule complex with the amide function by a 

hydrogen bond. An amide molecule may in fact function in the dual 

role of both proton acceptor and donor resulting in dimerization or 

oligomerization. Similar interactions in polypeptides are vital in 

stabilizing the secondary structures, notably the a-helix. A proton 

donor molecule may be the solvent, e.g. chloroform, or may be present 

together with the amide in an inert solvent, e.g. phenol in carbon 

tetrachloride. 
The extent of hydrogen bonding may be defined by the association 

constant K&s for the equilibrium (21). The designation of O rather 

HX 

6' 

IV 
\ 

o 
/ Kas 

HX + —C—N 

\ 
(21) 
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than N as the acceptor site of hydrogen bonding in the amide follows 

logically from consideration of O as the site of direct protonation, and 

evidence supporting this deduction comes from the infrared work of 

Bellamy and Pace90. These workers have studied hydrogen bonding 

between pyrrole and various carbonyl compounds, in which O is 

indisputably the basic site, such as esters, aldehydes and lactones in 

the solvent carbon tetrachloride. Plotting v0=o vs. vN_H (pyrrole) 
gave a smooth curve on which the amides also fitted. 

In general one would expect a correlation between the basic strength 

of a compound and its ability to accept hydrogen bonds. Arnett38 

has collected together the pKa values of some 42 bases with values 

ranging from -12 to +13 and plotted them against the shifts of the 

"cod peak in O-deuteromethanol solutions relative to the peak for 

the pure solvent. The magnitude of this shift is proportional to the 

strength of hydrogen bonding and the resultant graph shows reasonable 

linearity. iV, A-Dimethylacetamide is the only amide included in 
this compilation. 

A. Self-association 

The most common example of hydrogen bonding is association in 

concentrated solutions where each amide molecule donates and accepts 

a hydrogen bond. This is readily demonstrated by the shifts to lower 

frequency of the N—H stretching and amide I bands in the infrared 

spectra of amides, on going from the vapour to the condensed phase91. 

As in protonation and metal complex formation the low-frequency 

shift of the amide I band is evidence for the carbonyl oxygen atom 

Vn 
R2 

O 

N 

r/ ' 

R2 

(19) 

being the hydrogen acceptor. Two structures are possible, the linear 

polymer (19), formed for example by iV-methylacetamide, and the 

cyclic dimer (20) formed by lactams and some other amides. The two 
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classes may usually be distinguished by consideration of AH for the 

association. The linear polymer involving one hydrogen bond per 

R2 
! 

N—H—O 
/ \ 

R1—C C—Ri 

W 
A* 

(20) 

dimer unit has, typically AH = - 3-6 kcal/mole, whereas A//for cyclic 

dimer formation is twice this value (see Table 11 for examples). 

Cyclic dimer formation requires the cis conformation of the N—H 

and carbonyl groups about the C—N bond whereas the preponderant 

form, except of course for lactams, is trans. LaPlanche and Rogers88 

have shown by n.m.r. that it requires very bulky Ar-substituents to 

produce a significant proportion of the cis form. A^-i-Butylformamide 

is only 18% cis at room temperature in benzene solution. On 

protonation however, and presumably also on hydrogen-bond 

complexation, the proportion of cis form in equilibrium increases con¬ 

siderably. Davies and Thomas93 have shown through energy con¬ 

siderations that the type of association is not necessarily determined by 

the predominant conformation of the free amide. A-Methyltrichloro- 

acetamide and A-methylacetamide are probably both trans but 

whereas the latter associates to form a linear polymer, the former gives 

a cyclic dimer. A-Methylacetamide (all-trans, Aas 5-4 1/mole) 

associates more strongly than Ar-phenylurethane (95% cis, Kas 1-5 

1/mole) (Table 11) but other factors must be at work as all-ay lactams 

associate to a much larger extent. Acetamide itself is reported to form 

cyclic trimers94 whereas trichloroacetamide dimerizes93. 
Infrared spectroscopy is most generally employed in studying amide 

association. Measurements are conveniently made at the first over¬ 

tone of the N—H absorption92. Isopiestic measurements have been 

used93, as have cryoscopic and ebullioscopic methods94. A detailed 

discussion is given by Pimental and McClellan90. 
Association constants are collected in Table 11. Inspection reveals 

that such constants are very sensitive to the solvent. AH and AS 
values are generally much more negative in carbon tetrachloride than 

in benzene or chloroform. Chloroform is known to hydrogen bond to 

amides 73 and competes with dimerization. It has also been suggested 



Table 11. Self-association of amides and lactams. 

Amide 

jV-Methylformamide 
Formanilide 
Acetamide 

iV-Methylacetamide 

A-Propylacetamide 
T richloroacetamide 
iV-Methyl- 

trichloroacetamide 
Propionamide 

n-Butyramide 

Isobutyramide 
Benzamide 

m-Chlorobenzamide 
jf?-Chlorobenzamide 
m-Bromobenzamide 
/>-Bromobenzamide 

iV-Methylbenzamide 
y-Butyrolactam 
e-Caprolactam 

8-Valerolactam 

iV-Phenylurethane 

Solvent 
K!ls (1/mole) 

(T if not 25°) 

-AH 
(kcal/ 
mole) 

-AS 
(e.u.) 

c6H6 19 3-5 1-3 
c6h6 0-45 3-8 10-6 

c6h6 3-6 (30°) 
CHC13 3-3 2-2 

GeH6 6-1 3-6 3-7 
CC14 4.7 4-2 11 

5-4 4.7 

h2o 0-005 0-0 10 

Dioxan 0-52 0-8 4 
fra«s-CHCl=CHCl 1-52 3-3 10 

m-CHCl=CHCl 1-00 1-5 5-0 
c6h6 4-5 (22°) 
Ggfig 8-3 7-2 20-6 

c6H6 0-75 7-2 24-4 
c6h6 2-4 (30°) 
CC14 60-5 6-8 

CHC13 2-4 1-8 

c6H6 5-5 
CC14 55 6-3 
CHClg 2-3 1-8 

c6H6 8-2 (30°) 
GgHg 3-6 (30°) 

36 9 23 
6-7 (80°) 

Ggldg 25-8 (30°) 
GgHg 14-2 (30°) 
Ggflg 19-6 (30°) 
GgHg 5-3 (30°) 
GgHg 0-5 3-6 13-6 
CC14 288 7-0 
CC14 106 5-5 

78-8 6-8 14-2 
CHC13 1-55 
CH2C1CH2C1 1-43 
Dioxan 0-48 
Tetrahydrofuran 1-96 
MeOCH2CH2OMe 0-70 
lrans-GHG\=GlJLC\ 11-6 6-8 18-3 
m-CHCl=CHCl 2-17 5-3 16-2 
CC14 270 10-3 23-5 
CCI4 1-5 

a' ?re^renCe 93‘ b' Seheele and A. Hartmann, Kolloid-Z. 131, 126 (1953) 
c. M. E. Hobbs and W. W. Bates, J. Am. Chem. Soc., 74, 746 (1952). 

d. J. Fruwert, D. Dombrowski, and G. Geiseler, Z. Physik. Chem. {Leipzig), 227, 349 (1964) 
e. Reference 92. f. Reference 109. g. Reference 99. V 1 
h. K. L. Wolf and G. Metzger, Ann. Chem., 563, 157 (1949). 

• d’ ^ffsPrun^> S- D- Christian and J. D. Worley, Spectrochim. Acta., 20, 1415 (1964) 
j. R. G. Lord and T. J. Porro, Z. Electrochem., 64, 672 (1960). 
k. M. Tsuboi, Bull. Chem. Soc. Japan, 24, 75 (1951). 
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that benzene can complex amides96; evidence to support this is given 
in section IV.G.3. 

Woodbrey and Rogers97 consider that an observed increase in the 

energy barrier to rotation about the G—N bond of A^V-disubstituted 

amides with increasing concentration, deduced from variable-tem¬ 

perature n.m.r. measurements, might result from association through 

dipolar interactions as shown in 21. A similar suggestion has been 

made by Hatton and Richards98. 

|s+/ 

/ |8 + 
(21) 

This mechanism of association, additional or alternative to hydrogen 

bonding, is supported by an interesting study, by Franzen and 

Stephens 99 of the effect of changing dielectric constant in mixtures of 

cis- and /ra?w-dichloroethylene on the association of A-methylacetamide 

and e-caprolactam. The association constant decreased as the di¬ 

electric constant was increased, as expected if dipolar interactions were 

important, but the authors also point out that amide-solvent inter¬ 

actions could explain the result. 
It is difficult to predict the electronic effect of substituents on 

dimerization as the donor and acceptor role of each molecule will be 

oppositely affected by the substituents present. This will lead to 

partial cancelling of such effects, a conclusion borne out by the 

generally rather small spread of values of Kas in Table 11. Steric 

effects have been investigated by Lumley Jones100, who showed 

that a considerable reduction in the extent of dimerization resulted 

from the substitution of methyl groups for hydrogen atoms in A- 

methylacetamide. 

B. Amide-Phenol Complexes 

A considerable amount of work has been done on the measurement 

of association constants between phenol and amides, chiefly JV,A-di- 

substitutcd aliphatic amides. Techniques used include those based 

on the shift of the hydroxyl stretching frequency in the infrared 

spectra101, changes in the ultraviolet spectrum of phenol upon com- 

plexation102, and quenching of the fluorescence of phenol and tyrosine 
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in their complexes with acetamides103. The association constants 

and thermodynamic data, measured in carbon tetrachloride solution 

and corrected where necessary to 25°, are presented in Table 12. 

In the series of iV,W-dimethyl aliphatic amides, RCON(CH3)2, the 

enthalpy change for the formation of addition compounds with phenol 

correlated linearly with o* for R, but log Xas did not102, the equili¬ 

brium constant for W,iV-dimethylpropionamide being less and that for 

N,W-dimethyltrichloroacetamide being much greater than expected. 

It was suggested that this was due to an unfavourable entropy term 

arising from one of the rotamers of iV,iV-dimethylpropionamide 

(22, X = Me, R = H) being unfavourable for complex formation 

through steric interference between the X group and the hydrogen- 
bonded oxygen atom in the complex. 

(22) (23) 

In the case of trichloroacetamide (R = X = Cl) the rotamers are 

identical and stabilization of the complex is postulated through dis¬ 

persion forces or dipole—dipole interaction between a chlorine atom 

and the coordinating phenol. It is pertinent at this point to recall 

Adelman’s work73 (section III.D) that the order of increasing steric 

requirements of acids complexing with amides, as judged by the break¬ 

down of linearity in log K vs. a* plots, is perchloric acid < phenol 

< iodine, chloroform. With chloroform all amides with acyl groups 

larger than formyl showed approximately the same complexing ability 

as estimated by the shift in their carbonyl stretching frequencies. He 

proposed that steric strain in amide complexes could be partially 
relieved by twisting around the C—N bond. 

Some doubt has been thrown on the steric-hindrance hypothesis by 

the work of Schmulbach and Hart104 who showed that A-methyl- 

lactams had considerably greater association constants with phenol 

than W,W-dimethylpropionamide. Ring size influences the phenol 
association constant of lactams in the same way as basicity17, i.e. 

six > seven ~ five-membered rings. Phenols substituted with bulky 

groups adjacent to the hydroxyl function show markedly reduced 

association constants with W-methyl- and JV,W-dimethylacetamides105. 



Table 12. The association of phenol with amides and 

lactams in carbon tetrachloride solution, at 25°c. 

-AH 
K&s (kcal/ —AS 

Amide or lactam (1/mole) mole) (e.u.) Ref. 

A, A-Dimethylformamide 

A-Methylacetamide 

A, A-Dimethylacetamide 

A, A-Diethylacetamide 

A, A-Dicyclohexylacetamide 

A-Acetylpiperidine 

AT, A-Diphenylacetamide 

A, A-Dimethylchloroacetamide 

A, A-Diethylchloroacetamide 

A. A-Dicydohexylchloroacetamide 

A- (Chloroacetyl) piperidine 

AjA^-Diphenylchloroacetamide 

A,A-Dimethyltrichloroacetamide 

A, A-Dimethyltrifluoroacetamide 

A, A-Dimethylpropionamide 

A, A-Diethylpropionamide 

A, A-Dicyclohexylpropionamide 

A-Propionylpiperidine 

A, A-Diphenylpropionamide 

A, A-Diethyl-n-butyramide 

A, AT- Dicyclohexyl-n-butyramide 

A-n-Butyrylpiperidine 

N, A-Diphenyl-n-butyrami de 

A, A-Dimethylbenzamide 

A, A-Diethylbenzamide 

Ar, A-Dicyclohexylbenzamide 

A-Benzoylpiperidine 

Ar, A-Diphenylbenzamide 

A,Af-Diethyl-p-nitrobenzamide 

A,A-Dicyclohexyl-p-nitrobenzamide 

A-p-Nitrobenzoylpiperidine 

A-Methyl-2-pyridone 

A-Methyl-y-butyrolactam 

8-V alerolactam 

A-Methyl- S-valerolactam 

e-Caprolactam 

A-Methyl-e-caprolactam 

64 6.1 12-1 a 

67-3 5-4 9-9 b 

120 4 c 

134 6-4 11-7 a 

136 5-1 7-4 b 

150 5-6 8-9 b 

146 5-1 7-7 b 

50-7 5-2 9-7 b 

38 4.7 8-5 a 

40 4-6 8-3 b 

45-7 5-1 10-0 b 

41-5 4-8 8-8 b 

19-0 3-5 5-9 b 

32 3-8 5-5 a 

3-6 d 

107 6-4 12-1 a 

114 5-6 9-4 b 

90-1 5-2 8-5 b 

105 5-3 8-9 b 

38-3 4-9 8-9 b 

105 5-4 8-9 b 

95 5-8 10-5 b 

109 5-8 10-6 b 

40 4-5 7-8 b 

5-2 d 

82-9 5-5 9-7 b 

89-4 5-9 11-0 b 

40-1 4-2 6-9 b 

314 3-9 6-3 b 

39-8 5-9 12-5 b 

36-3 4-2 7-0 b 

40-1 4-2 6-9 b 

170 6-0 10-7 b 

137 5-9 10-0 e 

150 6-0 10-0 f 

126 5-3 8-2 e 

186 5-6 8-4 f 

131 5-2 7-8 e 

154 5-7 9-0 f 

149 6-4 11-5 f 

a. Reference 102. b. Reference 105. c. Reference 101. 
d. R. L. Middaugh, R. S. Drago, and R. J. Niedzielski, J. Am. Chem. Soc., 86, 388 (1964). 

e. T. Gramstad and W. J. Fuglevik, Spectrochim. Acta, 21, 343 (1965). 

f. Reference 104. 
229 
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C. Other Hydrogen-bonded and 77-Complex Systems 

1. Amides as hydrogen-bond acceptors 

Recent work has extended the range of complexes in which amides 
act as hydrogen-bond acceptors to include amines106,107 and thiols108. 
Equilibrium constants were measured by infrared spectroscopy in 
cyclohexane (C6H12) solution107 and n.m.r. in chloroform solu¬ 
tion106. In the latter paper the authors describe the corrections 
necessary to take into account the hydrogen bonding between the 
amides and chloroform and derive the appropriate equilibrium con¬ 
stants. The data, corrected to 25°, are collected in Table 13. The 
association constants with amines are an order of magnitude smaller 
than those with phenol, which is in accord with the greater acidity of 
the latter, but it is notable that thiophenol is a poor donor. 

2. Amides as hydrogen-bond donors 

Amides functioning in this capacity are exhibiting their acidic 
character (section VI), and we have already observed that when self¬ 
associating in solution or in proteins, amides are acting as both donors 
and acceptors. In view of the biological importance of these inter¬ 
actions it is surprising that such little work has been done on the 
ability of amides to donate hydrogen bonds to suitable acceptors. 
Some data, due to Bhaskar and Rao109, on the equilibrium constants 
between iV-methylacetamide and some oxygen, sulphur and nitrogen 
acceptors are included in Table 13. That the basicity of the acceptor 
alone does not determine the equilibrium constant is evident from the 
similarity of Kas for pyridine and benzophenone, which differ widely 
in pK&. Further work is required to elucidate the factors responsible. 

3. Amide interactions with 7>electron systems 

Studies, by n.m.r., of the solvent effect on the barrier to internal 
rotation in amides, suggested two types of solvent effect97,98,110* 
firstly an electrostatic effect in which the planar ground state is 
stabilized more by polar solvents than the less polar transition state97, 
in which the orbital overlap necessary for the participation of the 
zwitterionic canonical form in the resonance hybrid is diminished or 
completely absent, and secondly a specific interaction of the amide 
with the solvent. In an extensive investigation covering thirty-one 
solvents Hatton and Richards98 proposed complex formation between 
dimethylformamide and aromatic solvents to explain the differential 
high-field shifting of the two methyl group resonances in the n.m.r. 
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Table 13. Ihe association of amides with hydrogen-bond donors (D) and acceptors 

(A), at 25°. 

Amide 

Hydrogen-bond 
partner Solvent /v, 

(1/mole) 
-AH 
(kcal/ 
mole) 

-AS 
(e.u.) 

Ref. 

Compound Type 

AT, A-Dimethyl- 

acetamide Aniline D c6H12 0-33 (1:1) 4.4 a 

9-3 (1:2) 4-85 11-8 a 
CHClg 7-8 3-3 6-9 b 

Ar-Methylani- 

line D c6h12 7-36 5-16 13-3 a 
Solvent D CHC13 0-90 M 3-7 b 
Thiophenol D CC14 0-24 1-8 c 
Methanol D CC14 5-5 3-72 9-1 d 
Ethanol D CC14 3-5 3-88 10-5 d 
i-Propanol D CC14 2-74 2-4 e 
i-Butanol D CC14 2-9 3-92 11-0 d 

A’-Methylacet- 

amide Solvent D CHCb 6-1 -0-4 0-2 b 

Aniline D CHClg 6-6 1-5 1-2 b 

£-Butylamine D CHClg 4-5 1-8 3-0 b 

Thiophenol D CC14 0-14 0-9 f 

i-Propanol D CC14 4-93 4-1 e 

Pyridine A CC14 1-8 4-6 g 
Benzophenone A CC14 1-9 2-9 g 
Ethylenetrithio- 

carbonate A CC14 0-65 1-0 g 
Methyl ethyl 

sulphide A CC14 0-30 1-4 g 

a. Reference 107. 
b. Reference 105. 
c. R. Mathur, E. D. Becker, R. B. Bradley, and N. C. Li, J. Phys. Chem., 67, 2192 (1963). 
d. E. D. Becker, Spectrochim. Acta., 17, 436 (1961). 
e. F. Takahashi and N. C. Li, J. Phys. Chem., 68, 2136 (1964). 
f. Reference 108. 
g. Reference 109. 

spectrum measured in these solvents. Introduction of electron- 

attracting groups in the solvent reduced the effect, but amino groups, 

especially in 1-naphthylamine, produced very pronounced shifts, 

probably due to additional interaction through hydrogen bonding. 

Structures in which a methyl group was over the centre of the aromatic 

system were proposed (24 and 25). 
Moriarty110 suggested a structure similar to 24 for the ./V-cyclohexyl- 

iV-methylacetamide-benzene complex, but found that in pyridine 
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the A-methyl resonance underwent a low-field shift in contrast to the 

behaviour in benzene. For the pyridine complex, structure 26 was 

proposed in which the ring system is perpendicular to the amide. 

(26) 

An equilibrium constant for the association between iV-methyl- 

acetamide and benzene of 0-25 1/mole has been found recently by 
infrared spectroscopy109. 

V. COMPLEXES WITH OTHER LEWIS ACIDS 

Gerrard and coworkers111 have examined the infrared and n.m.r. 

spectra of eleven amide complexes with boron trichloride and tri¬ 

bromide and titanium tetrachloride, and once more the picture is of 

coordination at oxygen rather than nitrogen. Values of vN_H for 

such complexes are very similar in both methylene chloride solution 

and Nujol mull, whereas the equivalent bands in the free amides show 

large differences (Table 14). These shifts for the free amides are 

explained in terms of intermolecular hydrogen bonding, which thus 

must be absent in the complexes. For a complex of type 27, one would 

-BX3 

o+ o 

(28) 

(RCO+)(RNH—BX3~) 

\ 

(27) (29) 
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Table 14. Infrared measurements for BC13 complexes of 

acetamide, iV-methylacetamide, and iVjjV-dimethylacetamide111. 

Compound 
Vapour 
phase 

Free Amide 
CH2C12 Nujol 

B Cl3 Complex 
CH2C12 Nujol 

1. N-—H stretching frequencies (cm"1' ) 
CH3CONH2 3559 3333 3448 3436 

3436 3175 3367 3367 

3289 3289 
CH3CONHMe 3500 3460 3300 3367 3367 

2. The amide I band (cm-1) 
CH3CONH2 1685 1685 1661 1658 
CH3CONHMe 1718 1669 1653 1650 1661 
CH3CONMe2 1634 1634 1633 1645 

3. The amide II band (cm-1) 
CH3CONH2 1595 1626 1550 1548 
CHgCONHMe 1487 1528 1567 1538 1536 

4. The amide III band (cm-1) 

CHgCONHMe 1247 1266 1299 1323 1332 

expect such association between molecules to be eliminated, but not 

for structure 28, where apart from steric effects, associative tendencies 

between molecules would be enhanced. Structure 29 was rejected in 

the absence of carbonyl absorption characteristics of the acetylium 

ion. The authors state that the data on the amide I, II, and III 

bands, confirmed this conclusion, but here the evidence is much less 

clear cut. 

For the primary amides, two N—H stretching modes would be 

expected, and were found. However, the corresponding complexes 

gave three bands, explicable in terms of geometrical isomerization, 

arising either from restricted rotation about the G—N bond 

H H 
/ / 

bx3- R N R N 

A \ / \ 
C H 

\ / \ 
C H 

\. / 
C~N A. II 

o+ 
/ \ 

R H 
V 

bx3 x3ev 

(30) (31) (32) 

from the stereochemistry of attachment of the boron trihalide group 

(31 and 32). However, these explanations require that four, rather 

than three, bands should be observed. It was also observed that the 
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amide I band, due predominantly to the carbonyl group, was at lower 

frequency in the complexes than the free amides, but the magnitude 

varied with the structure of the amide. The direction and magnitude 

of the shifts, for the primary and secondary amides were in favour of 

structure 30, but the tertiary amides did not fit into this scheme. 

Table 14 gives selected data illustrating the details of all these points. 

The n.m.r. spectrum of the iV,iV-dimethylformamide-boron tri¬ 

chloride complex in methylene chloride111 showed two distinct sets of 

methyl protons, ascribable to structure 33. On the other hand, 

ch3 o—bci3 
\ 

N—C 

CH3^ \| 
(33) 

N,iV-dimethylacetamide showed only a single line for the NMe2 

group, and only a slightly separated asymmetric doublet for the 

complex. This is explained in terms of prevention of coplanarity of 

the molecule, although other workers98 have obtained a doublet for 

the methyl groups in the spectrum of A^A-dimethylacetamide. 

Infrared and n.m.r. spectra of the boron trifluoride complex of e- 

caprolactam and iV-methyl-e-caprolactam were compared with the 

spectra of the boron trifluoride complexes of cyclohexanone and 

piperidine, with the conclusion that the oxygen lone pairs are those 
involved in coordination112. 

An interesting study, with relevance to the discussion of correlations 

between piCa values and substituent effects in benzamides, has been 

made by Ellul and Moodie87 on the boron trifluoride complexes of 

substituted benzamides. These workers investigated equilibrium (22) 

Amide. BF3 + Tetrah/drofuran Amide + Tetrahydrofuran. BF3 (22) 

using ultraviolet spectroscopic techniques. They showed that the 

resultant piCD values correlated better with cr than ct+ values (as do the 

P^a values, section III.D). This result suggests that enhanced re¬ 

sonance between the phenyl ring and the amide substituent in its 

cationic form does not occur, accounting for the correlation with a 
rather than a+. 

Drago and coworkers113-115 have examined the complex formation 

between amides and iodine in carbon tetrachloride. Oxygen co¬ 

ordination is indicated by the shift in the infrared of the carbonyl 

stretching mode to higher frequencies on formation of the adduct. 
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The thermodynamic data for this interaction are given in Table 15. 

AH correlates linearly with a*, but log K does not, the propionamide 

falling below and the trichloroacetamide very much above the correla¬ 

tion line. This is explained by steric interactions leading to an un¬ 

favourable entropy term in the former case, and stabilizing interactions 

between the chloro substituent and iodine in the latter (as for the 

phenol complex, section IV.B). Drago has also reported an interest¬ 

ing study116 on the enthalpies and equilibrium constants for the N,N- 

dimethylacetamide-iodine adduct (DMA.I2) in various solvents. The 

Table 15. Thermodynamic data for formation of iodine—amide 

adducts in carbon tetrachloride, at 25°113-115. 

Compound 
K 

(1/mole) 

-AH 
(kcal/ 
mole) 

— AS 
(e.u.) 

Ar,iV-Dimethylformamide 2-9 3-7 10-4 

A.iV-Dimethylacetamide 6-8 4-0 9-3 

N, iV-Dimethylpropionamide 3-9 4-0 10-7 

N, IV-Dimethylchloroacetamide 1-3 3-3 10-5 

Ar.A-Dimethyl trichloroacetamide 0-3 2-5 10-7 

A, A-Dimetbylberizamide 3-91 4-0 10-7 

breakdown of the overall enthalpy term AHohs in terms of the contri¬ 

buting factors according to equation (23) has been considered, in 

which the terms are given by the enthalpy cycle (24). 

AHobs = AHCCi4 + AHb + AHa 4- A Hc (23) 

AHcci4 

DMA (CCI*) + la (CCI4) s — DMA.I2 (CCI4) 
A 

AHb AHa 

AHobs 

DMA (solvated) + l2 (solvated) --1 DMA.I2 (solvated) 

AHa and AHB are usually endothermic and AHc exothermic. For 

benzene, AHohs is -3-3 kcal/mole at 25°, compared with AHccu of 

-4-0. Therefore, AHA + AHB # - AHc. However, studies of the 

temperature variation of the benzene-iodine equilibrium yielded a 

value of AHA, whence it was determined that the difference in en¬ 

thalpy of solvation of the base, AHB, and the complex, AHc, is the 

same in benzene as in chloroform. 
For methylene chloride, AHohs is —2-6 kcal/mole at 25 . A 

hydrogen-bonding enthalpy of — 2’2 kcal/mole for the adduct DMA— 
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GH2G12 in carbon tetrachloride was adduced. An enthalpy of —1-1 

kcal/mole was attributed to non-specific solvation of the DMA-I2 
complex in methylene chloride. 

An n.m.r. study117 of the A, A-dimethylpropionamid e-iodine com¬ 
plex in carbon tetrachloride showed that the N(CH3)2 doublet was 

broadened by the addition of iodine. This was regarded as evidence 
that some A-coordination takes place. 

A large number of metal complexes involving various aliphatic 

amides, mainly di-A-substituted, have been described. The infra¬ 

red spectra of the complexes show a low frequency shift of the amide I 

band compared with the free amide, which has been generally inter¬ 

preted as indicating that the carbonyl group is the donor. Transition 

metal ions seem able to achieve their maximum coordination num¬ 

ber with amides, but mixed complexes with some halide ligands or 
water are known. 

Bull and coworkers118 prepared and characterized dimethyl- 

acetamide complexes of fourteen metals, e.g. [Cr(DMA)6](C104)3. 

H20, [Zn(DMA)2Br2], by electrolytic conductance and magnetic 

susceptibility data. Rollinson and White119 report the absorption 

spectra of Cr111 complexes with a variety of amides and lactams. The 

latter have been extensively studied as ligands129, especially 

e-caprolactam121, y-butyrolactam122 and A-methyl-y-butyrolac- 

tarn • , and they have been shown to form hexacoordinated 
octahedral complexes. 

A-Methyl-y-butyrolactam also complexes with a wide variety of 

non-transition metals124. Titanium chloride complexes of formamide 

and A, A-dimethylformamide have been studied by infrared125 and 

magnetic susceptibility126 measurements, and a range of complexes 
characterized. Mercuric chloride has been shown to complex several 

tertiary amides affording a useful method of purifying A-formyl 
compounds127. 

Drago and coworkers128 have prepared both octahedral 

[Co (DMA) 6] (C104) 2 and tetrahedral [Co(DMA)4](C104)2 com¬ 

plexes of Co11. Spectroscopic criteria show that the latter complex is 

somewhat distorted, and it is suggested that weak nitrogen co¬ 

ordination is occurring in addition to that of the carbonyl oxygen. 

Another possibility is extensive ion pairing, and the result of an x-ray 
crystallographic investigation is awaited. 

Bull and Ziegler129 have shown that the diamide A,A,A',A'- 

tetramethylmalonamide behaves as a bidentate ligand forming octa¬ 
hedral complexes, e.g. [Cr(L)3] (C104)3. 
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Table 16. Nickel(n) complexes of amides [Ni(Amide)6](C104)2. 

Ligand 
Solvent for spectral 

measurement Dq (cm 1) 

1. Amides 

A-Alethylformamide Ar-Methylformamide 838 
N, A-Dimethylformamide N, A-Dimethylformamide 850 
A, A'-DiethyJformarnide A, A-Diethylformamide 840 
Acetamide Acetone 824 
A-Methylacetamide A-Methylacetamide 752 
A, A-Dimethylacetamide Methylene chloride 758 
A, A-Dimethylacetamide A, A-Dimethylacetamide 769 
A, A-Dimethyl butyramide A,A-Dimethylbutyramide 749 
2. Lactams 

y-Butyrolactam y-Butyrolactam 810 
A- Methyl butyrolactam A-Methylbutyrolactam 780 
o-Valerolact.am 3-0 m S-Valerolactam in 

methylene chloride 833 
A- Methyl- S-valerolactam A-Methyl- S-valerolactam 759 
e-Caprolactam T3 m e-Caprolactam in 834 

A-Methyl-e-caprolactam 
methylene chloride 

A-Methyl-e-caprolactam 749 

Drago and coworkers have examined the octahedral complexes of 

nickel (n) and chromium(m) with a series of amides130 and lactams120, 

relating the ligand structure to ligand-field splittings, Dq, as estimated 

from the appropriate absorption band in the near infrared (see Table 

16 for the nickel complexes). Drago points out that the lack of cor¬ 

relation between basicity as measured by the frequency of the O—H 

stretching vibration in the complex of the amides with phenol, and the 

Dq values, may well be due to steric factors. When R1 and R3 are 

both alkyl groups the trans structure for the parent amide is favoured 

and in the complex 34 steric repulsions between R1 and R3 arise, and 

X 

X 

(34) 

X=R1CONR2R3 

X 
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Dq is lowered. When R1 is hydrogen, this steric interaction is largely 

absent, and the resultant strong interaction between the metal ion 

and the ligand produces a higher Dq value. It is suggested that steric 

factors may also be important in determining the magnitude of Dq 
in the lactam complexes. 

VI. AMIDES AS ACIDS 

In contrast to the coordination of the amide function with a proton, 

a proton may be lost from the amide NH2 or NH group, enabling the 

function to act in an acidic capacity. Although such a process is 

facilitated by the neighbouring carbonyl group (equation 25), the 

C-?^H ii- 
N ;=± ^C—+ H+ (25) 

H H 

amides are still only relatively weak acids. Such a process therefore 

only occurs to any significant extent in strongly basic media. Again, 

as for the determination of pKa values of amides as bases, the quantita¬ 

tive expression of their acidic behaviour requires the establishment of 

acidity functions appropriate in this case for strongly basic media. 

The setting up of such scales for weak acids in general has been re¬ 

viewed131-132, and it appears that a single function, H_, will suffice 

for a whole range of different indicator acid structures, a result in 

marked contrast to the effect of base structure in setting up acidity 

scales in strong acid (section III). However, much less work has been 

done on this than for strongly acidic media, and, specifically, the 

amides appear to have been the subject of only a few investigations. 

The most extensive data are those of Hine and Hine133, who report 

work on a whole series of weak bases including twelve amides. Values 

of Ke for equilibrium (26) were found by a spectrophotometric 

Ke 

Amide + i-PrO" i-PrOH + Amide anion (26) 

technique, employing competition between the amide anion and the 

anion of a standard indicator, 4-nitrodiphenylamine, in isopropyl 

alcohol containing sodium isopropoxide (Table 17). The pXa values 

of a variety of weak acids appear to be reasonably constant in a variety 

of basic systems, and Hine’s data are correlated by equation (27)131. 

This enables the piTa values to be calculated from the data in Hine’s 

p Ka = 18-31 + p Ke 

\ 

(27) 
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study and these are also given in Table 17. In view of the almost 

total lack of comparable data it is difficult to assess the absolute values. 

There is rather poor agreement with Edward and Wang’s work134 in 

which the p7fa of thioacetamide (13-4) was measured spectrophoto- 

metrically in aqueous sodium hydroxide solutions. The same tech¬ 

nique was used to establish the pXa of trifluoroacetanilide (9-54)135 

Table 17. Acidity constants for some amides. 

Amide P K? pK* 

Benzamide >0-7 > 19-0 
JV-Methylbenzamide >0-7 > 19-0 
Acetanilide -0-72 17-59 
Phenylacetanilide -1-00 17-31 
Formamide -Ml 17-20 
Phenoxyacetamide -Ml 17-20 

j&-Bromobenzamide - 1T8 17-13 
Benzanilide -1-78 16-53 

/>-Nitrobenzamide -2-46 15-85 

/>-Bromobenzanilide -2-58 15-73 
Formanilide -2-75 15-56 

Thioacetamide -3-6 14-7 

“ Reference 133. 
b Obtained from pKe values by equation (27). 

which is in good agreement with the value of 9-51 obtained potentio- 

metrically136. These results invalidate the previous estimate of 1T9 

from hydrolysis data137. A value of 9-98 has been determined 

potentiometrically for the piva of trichloroacetanilide136. 

An early attempt to measure the acidic dissociation constants 

through conductivity measurements in alkaline solutions yielded a 

reasonable value for acetamide (pK& = 1ST), but that for benzamide 

(pifa = 14-15) probably overestimates its acidity138 (see Table 17). 

Berger, Lowenstein, and Meiboom3 have shown that the iV-methyl 

doublet in the n.m.r. spectrum of JV-methylacetamide collapses to a 

singlet at pH 13, due to rapid exchange of the NH proton with the 

solvent. 

Platinum blue, a diamagnetic polymeric complex, probably 

containing platinum-platinum bonds, of empirical formula 

Pt(CH3C0NH)2-H20139, appears to involve the acetamide anion 

structure, and related compounds have been prepared 14°. 

It may be seen that investigations of the behaviour of the amide 
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function as an acid are sparse. It is to be expected that many of the 

omissions, particularly in the field of acidity-function behaviour will be 

remedied shortly. The exploration of an H_-type scale generated by 

the function, using standard overlap techniques, the assessment of its 

degree of correlation with the H_ scale for nitrogen and carbon acids, 

and structure-acidity correlations, particularly involving comparison 

with the p./fa values of amides as bases, are all questions deserving 
attention. 
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I. REARRANGEMENT OF AMIDES 

In any discussion involving rearrangement reactions of amides, the 

main topic invariably is the Hofmann degradation of amides to 
amines (equation 1). 

O 

R—c—nh2 r-nh2 (i) 

As a consequence, this reaction is reviewed in numerous publications1 

and will not be discussed in this chapter. Instead, it was decided that 

a review of lesser known rearrangement and dehydration reactions of 

amides and some of their A-substituted derivatives would be under¬ 
taken. 

A. Aziridine Derivatives 

A wide variety of rearrangement reactions involving amide nitrogen 

atoms incorporated into aziridine rings have been reported in recent 

years. Whereas these reactions proceed variously by pyrolysis, 

nucleophilic and electrophilic attack, the primary driving force seems 

to be the strain introduced by the incorporation of the amide nitrogen 
atom into the three-membered ring. 

I. Pyrolytic rearrangement to oxazolines 

The first pyrolytic rearrangement of a 1-aroylaziridine was reported 

by Gabriel and Stelzner2 who observed 1-benzoylaziridine (1) to 

undergo rearrangement to afford 2-phenyl-2-oxazoline (2) in good 
yield at 250°. 

o 
11 /i c6h5-c-n^ 

(1) 

This rearrangement was subsequently observed to take place at a 

significantly lower temperature, 125°, when a reduced-pressure dis¬ 
tillation of 1 was attempted3. 

It should be noted that this pyrolytic rearrangement of aziridine to 

oxazoline normally occurs only when no substituents which would 

allow the formation of a six-membered cyclic transition state are 

present on the aziridine ring. The presence of such substituents 

normally results in isomerization of the aziridine to an unsaturated 
amide4 (equation 2). 
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—r 

(2) 

R 

Winternitz and coworkers5 reported an apparent exception to this 

generalization with the observation that TV-benzoylcyclohexeneimine 

(3) rearranged to form an isomeric frmy-oxazoline (4). A subsequent 

investigation of this reaction revealed that the product was not the 

oxazoline (4) but an unsaturated benzamide (5), the formation of 

which would be predicted via a six-membered cyclic transition state 6. 

It has been observed, however, that when the substituents on the 

aziridine ring are part of a five-membered ring, rearrangement to the 

corresponding oxazoline is apparently preferred over isomerization 

to the unsaturated amide. Fanta and Walsh7 have reported that 

the pyrolysis of 6-benzoyl-3-oxa-6-azabicyclo [3.1.0] hexane (6) afforded 

the oxazoline (7) rather than the anticipated unsaturated amide (8). 

The rearrangement of 1-aroylaziridines to 2-aryl-2-oxazolines must 

proceed through a four-membered transition state which can involve 

either concerted bond making and breaking, or the formation of a 

tight ion pair. However, data which would determine which of these 
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mechanisms is operative do not appear to be at hand. Heine and 

Kaplan 8 have demonstrated the stereospecificity of this rearrangement 

with the observation that m-l-/?-nitrobenzoyl-2,3-diphenylaziridine 

(9) undergoes thermally induced rearrangement to m-2-^-nitrophenyl- 

4,5-diphenyl-2-oxazoline (10). The corresponding trans-aziridine (11) 
was shown to afford the /ra/w-oxazoline (12) as the principal product. 

O 
II 

p-N02C8H4—C—N 

(9) 

O 
II 

p-N02C6H4—C—N 

(11) 

,H. 

"C6Hs 
H 

'C6H5 

,c6h6 

''H 

"CeHs 

p-no2c8h4 jC,H« 

^-6^5 

w 
N 

(10) 

o^/C6h5 

p-N02C6H4 T'H 

N 

(12) 

2. Pyrolytic rearrangement to unsaturated amides 

Thermally induced isomerizations of 1-acyl- and 1-aroylaziridines 

involving rearrangements to unsaturated amides have geen extensively 

investigated by Fanta and coworkers. Originally, pyrolysis of 1- 

acetyl-2,2-dimethylaziridine (13) was found to afford iV-(/3-methyl- 
allyl)acetamide (14) in good yield9. 

O CH3 
II I 3 

CH3C—NH—CH2—C—CH2 

(14) 

This reaction was found to have structural requirements similar to 

those of the Chugaev and Cope eliminations; the possibility for the 

formation of a six-membered cyclic transition state, in which the 

amide oxygen, acting as a base and abstracting a proton from the 2- 
substituent, must be present for the isomerization to occur. 

This mechanism is substantiated by studies which clearly demon¬ 

strate the importance of the basicity of the amide oxygen. Thus, the 

more weakly basic N-p- nitrobenzoyl derivative of cycloocteneimine 

(15) requires a significantly higher temperature to undergo isomeriza¬ 

tion to the corresponding unsaturated amide10 (16) than does the 

corresponding benzoyl derivative (15a)n. The effect of basicity was 

o 
II 

ch3c—n; 

(13) 

\ 
XHa 

CH3 
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(15) R = p-N02C6H4 (16) R = p-N02C6H4 

(15a) R=C6H5 (16a) R = C6H5 

also demonstrated in the cyclohexeneimine series by the observation 

that the more basic A-benzoylcyclohexeneimine (3) undergoes 

pyrolytic isomerization to form the unsaturated amide (5) whereas 

pyrolysis of the less basic Ar-//-nitrobenzoyl derivative of cyclohexene¬ 

imine (17) results in rearrangement to the corresponding 2-oxazoline 
(18). 

(17) (18) 

The kinetic behaviour of isomerization reactions has been studied 

by Fanta and Kathan12 who investigated the pyrolysis of2,2-dimethyl- 

1-jfr-nitrobenzoylaziridine (19) to A'- (/j-methylallyl) -p-nitrobenzamide 

(20). This reaction was found to be first order over a range of tem- 

O 
II 

p-N02C6H4—C—N 

(19) 

O CH, 

xh3 

CH. 

-> p-no2c6h4cnhchc=ch2 

(20) 

peratures. A large, negative entropy of activation was observed 

which supports the idea that this reaction proceeds through a highly 

ordered transition state, expected for equation (2). 

Stereochemical data also support the concept of an ordered transi¬ 

tion state and show the isomerization to open-chain amides to be 

a stereospecific, cis, intramolecular reaction similar to the Cope 

rearrangement of amine oxides13. This view is supported by the 

observation that 2-benzyl- 1-p-nitrobenzoylaziridine (21) affords 

N-(trans-cma.myY) -/?-nitrobenzamide (22) as the exclusive product 

of isomerization. 
This reaction was proposed to proceed through conformation 23 

which would lead to the formation of the trans product via cis elimina- 
9* 
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(21) 

O 

ch2cbhi 

tion. Reaction through the less sterically favourable conformation 24 

would lead to the formation of the m-alkene. Also supporting the 

CH H 

H N H N 

C)—C-CeH4NO 2-p G—C—C6H4NQ2-p 

(23) (24) 

idea that this isomerization proceeds through a six-membered cyclic 

transition state is the observation that the severity of the conditions 

required for reaction to take place grows with the steric strain in¬ 

volved in forming the requisite six-membered ring. When two of the 

carbon atoms involved in the formation of the six-membered transi¬ 

tion state are part of an eight-membered ring as in 15a isomerization 

takes place at temperatures below 80°c11. With a six-membered ring, 

as in 3, temperatures above 200°c are required to induce isomeriza¬ 

tion6; whereas aziridines such as 6 in which the carbon atoms which 

would be involved in the formation of a six-membered transition state 

are part of a five-membered ring, do not undergo isomerization to form 

an open-chain amide but rearrange to afford an oxazoline as the 
reaction product6. 

3. Nucleophile-catalysed rearrangements 

Treatment of 1-aroylaziridines with nucleophiles such as iodide ion 

in acetone results in the formation of 2-aryl-2-oxazolines in high 

yield14. This reaction is generally assumed to involve a nucleophilic 

attack on the azindine ring by iodide ion followed by ring opening 

and a second nucleophilic attack by the amide oxygen to displace 

iodide ion with formation of the oxazoline ring (equation 3). 

\ I 
N—CH, 

Ar + 1- (3) 
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This mechanism is supported by the stereospecificity which has been 

shown to be characteristic of 2-alkyl-1-aroylaziridine reactions. 

Treatment of 2,2-dimethyl-l-(/)-nitrobenzoyl) aziridine (25) with 
iodide ion in acetone results in the selective formation of 4,4-dimethvl- 

2-(^-nitrophenyl)-2-oxazoline (26) as the principal product of re¬ 

arrangement14. This product would result from initial iodide ion 

O 
II 

p-no2c6h4c—n; 

ch3 

VCHo 

(25) 

attack at the 3-position of the aziridine ring which is the electronically 

and sterically favoured site for nucleophilic attack. None of the 

isomeric 5.5-dimethyl-2-(/>-nitrophenyl)-2-oxazoline which would 
result from iodide ion attack at the 2-ring position of 25 was formed. 

Heine and Kaplan have demonstrated the importance of electronic 

effects in determining the direction of ring opening in these rearrange¬ 

ments8. Treatment of 1 - (/>-nitrobenzoyl) -2-phenylaziridine (27) 
with iodide ion resulted in the formation of 1 - (/;-nitrophenyl) -5- 

phenyl-2-oxazoline (28) in 89% yield. This result was interpreted as 

O 

p-N02C6H4C—N 

(27) 

demonstrating the dominance of electronic effects over steric effects 

since 28 was presumed to have been formed via iodide ion attack at the 

electronically favoured, but sterically unfavourable 2-position of the 

aziridine ring. 

Heine, King and Portland15 investigated the stereochemistry of 

iodide-ion-catalysed rearrangement of 2,3-dialkyl-l-aroylaziridines to 

oxazolines and found that both trans-2,3-dimethyl-l-(/>-nitrobenzoyl) - 

aziridine (29) and the corresponding fnm-diphenyl compound (29a) 
rearranged to form the fraw-oxazolines 30 and 30 a. Similarly, the cor¬ 

responding m-dun ethyl aziridine 31 rearranged to the m-oxazoline 32. 
These results were interpreted as being consistent with a two-step 

nucleophilic attack in which a double inversion of configuration results 

in overall retention. The first inversion corresponds to attack by 

iodide ion which results in ring opening and the formation of the 

.CrH 6n5 

p-N02C6H4—^ 

N 

(28) 
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(29) R=CH3; 

(29a) R=C6H5 
(30) R = CH3; 

(30a) R=C6H5 

(31) R = CH3; 

(31a) R = C6H5 
(32) R = CH3; 

(32a) R = C6H5 

postulated iodo-amide ion intermediate; the second inversion results 

from a nucleophilic attack by the amide oxygen which displaces the 

iodide ion converting the iodo-amide intermediate to the oxazoline of 
the same geometry as the starting aziridine. 

In apparent conflict with these observations, the cfy-diphenylaziri- 

dine (31a) rearranged to the tar-oxazoline (30a) rather than the 

anticipated cis isomer (32a). This result, however, is apparently due 

to steric hindrance of oxazoline formation which is encountered in the 

threo-iodo-amide ion (33) which is formed by iodide ion attack on 31a. 

31a 

O 
I! 

Ar—C—N H 

32a -Jh V x 
c6h5 

(33) 

crh. 

o 

ArC^N C6H5 

>C-C^ 
" -^»H 

(34) 

30a 

c6hs 

Formation of 30a was postulated to be preceded by the conversion 

of 33 to the. erythro configuration 34 via a Finkelstein reaction, 
followed by ring closure. 

4. Acid-catalysed rearrangements 

Rearrangements of 1-aroylaziridines to 2-aryl-2-oxazolines have 
been shown to be catalysed by a variety of acids. Heine and Proctor16 
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reported the AlGl3-catalysed rearrangement of iV-p-ethoxybenzoyl- 

aziridine to 2-/>-ethoxyphenyl-2-oxazoline in 97% yield in refluxing 

heptane, with similar reactions having been catalysed with concen¬ 

trated sulphuric acid. For example, rearrangement of 25 takes place 

at room temperature in concentrated H2S04 to afford 5,5-dimethyl- 

2-/>-nitrophenyl-2-oxazoline (35) in 97% yield. 

O 
II 

f>-N02C6H4—C—N 

(25) 

.ch3 

ch3 

p-no2c6h 

(35) 

It will be recalled that when rearrangement of 25 is catalysed by 

iodide ion, the corresponding, 4,4-dimethyl-2-oxazoline (26) is the 

principal reaction product14. 

Observations such as this indicate the acid-catalysed rearrangement 

to proceed through a carbonium ion intermediate. Protonation of 

the amide results in ring opening occurring in the direction which 

affords the more stable carbonium ion. Nucleophilic attack by the 

amide oxygen in a subsequent step results in formation of the oxazoline 

ring (equation 4). 

+ 

In accord with this mechanism, it has been observed that both the 

cis and trans forms of the 2,3-diphenylaziridine, 31a and 29a, undergo 

acid-catalysed rearrangement to give the /ram'-diphenyloxazoiine 30 a 
as the principal product15. These reactions presumably proceed 

through a common carbonium ion intermediate which undergoes 

ring closure to the sterically more favourable trans-oxazoline. 

B. Quinoline Synthesis from Acetanilide Rearrangement 

Ardasher and coworkers17 have reported the rearrangement of 

anilides to quinolines in low yield under fairly drastic reaction con¬ 

ditions. For example, Ar-ethylformanilide (36) with zinc chloride at 

approximately 200°c gave an 11% yield of quinoline (37). Similarly, 
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n-propylformanilide (38) gave a 5% yield of 3-methylquinoline 
(39)17. 

Rearrangement of acetanilide (40) with ZnCl2 at 220°c resulted in a 

yield of flavaniline (41), and 10% yield of ^-aminoacetophenone 
(42)18. 

The mechanism is proposed to consist of formation of iV, JV-diaryl- 

acylamidines as intermediates and subsequent conversion to a mixture 

of o- and />-anils of amino ketones19. This postulation is based on the 

fact that rearrangement of acetanilide hydrochloride (43) in a sealed 

tube at 200°c yielded -A^iV'-diphenylacetamidine (44) which on 

reaction with zinc chloride at 290°c for 4 hours resulted in the produc¬ 
tion of flavaniline (41). 

CeH5 

O \/ 

C6H6NH—COVHCI —CH3C-NHC6H5 41 

(43) (44) 

Obviously, the mechanism for this reaction involves a multi-step 
process and could best be considered as unknown at this time. 
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II. REARRANGEMENT OF N-SUBSTITUTED AMIDES 

A. Rearrangement of N-Nitrosoamides 

In general, amides can be converted to Ar-nitroso derivatives by a 
number of reagents, the preferable one appears to be nitrogen tetroxidc 
in an acetate buffer solution20 (equation 5). 

O 

O 

RNHCR1 + N204 

N 
/• 

OAc - 
> RNCR1 + HOAc + NC>3 

& 
(5) 

The transformations of nitrosoamides can be conveniently classified 
depending on the reaction conditions. A basic medium, especially 
where R is a methyl group, is commonly used in the preparation of 
diazoalkanes 21. The reaction probably proceeds through a rearrange¬ 
ment similar to that observed under neutral conditions (equation 6a) 
and the presence of base allows the formation of the diazo derivative 
and its isolation (equation 6b). 

.O 

■a 
K l 

ch3n-U:r 

A 

O ' 
II 

CHaN=N—OCR (6a) 

O O 
^ II + - II 

N-f-OCR -* CH2=N—N + -OCR (6b) 

This type of reaction has been reviewed elsewhere and will not be 
discussed further22. 

A second type of reaction involving iV-nitrosoamides is their thermal 
rearrangement in a variety of solvents. Extensive research has been 
carried out to elucidate the mechanism of this reaction chiefly by 
White and Huisgen, with the use of elegant techniques. 

In general, the reaction can be represented as yielding a mixture of 
ester, olefin, and carboxylic acid (equation 7). The relative amount 
of each product is influenced by a number of factors, including the 
nature of R and R1, the solvent, and the temperature. 

An exception to this general reaction route is where R is aromatic. 
In this instance, it has been demonstrated23 that a free-radical inter- 

ch27-n= 

H*~x 

OH" 
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mediate is involved in the main reaction pathway. Decomposition 

of JV-nitrosoacetanilide in methanol yields benzene as the main 

N 
I 

R—N—CR1 
II 
O 

o 

ROCR1 + N2 

(B) 

o 
II 

RXC—OH + Olefin from R + N2 

(7) 

product. The intermediate postulated in the reaction was a diazo 

ester (equation 8). In nitrobenzene a mixture of nitrobiphenyl 

derivatives is obtained, where the nitro group is predominantly 

ortho-para directing, further supporting the free-radical nature of the 

reaction24. Preliminary investigations by Huisgen and coworkers 

provided kinetic evidence which supported the postulation for the 
diazo-ester intermediate25-27. 

The course of the reaction is most conveniently discussed by con¬ 

sideration of the iV-nitrosoamides as derivatives of either primary or 

secondary carbinamines. The R1 group in equation (7) has little 

effect on the course of the reaction but the nature of the R group 

exerts a large influence. iV-Nitrosoamides where R is primary 

yield predominantly ester products28. iV-(n-Butyl)-2V-nitroso-3,5- 

dinitrobenzamide (45) produced approximately an 8070 yield of n- 

butyl 3,5-dinitrobenzoate (46). Highest yields of ester are obtained 
at the lowest temperature at which the reaction will proceed. 

Investigations by Streitwieser29 indicate that the intermediate 

diazo ester produced in the reaction decomposes to a diazoalkane 

intermediate. The decomposition of optically active N- (1 -butyl-1 -d) - 

7V-nitrosoacetamide (47) produced optically inactive esters with the 
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following deuterium distribution: 22% 48, 56% 49 and 22% 50. In 

another experiment employing unlabelled nitrosoamide, in the pres¬ 

ence of O-deuterioacetic acid, some 49 was formed. In order to 

explain the disproportionation of the deuterium label and the loss of 

optical activity, the formation of a diazoalkane by a-elimi nation was 
postulated. 

S 
,o 

H N 
I, I 

CH3CHoCH,—C—N—C—CHo 

D 

(47) 

O 

Dn. ' 

r-cKn 

HVo 
I 
ch3. 

o 

RC=N=M + (H)DOCCH3 

(D)H 

O 

CH3CH2CH2CH2OCCH3 

(48) 

o 

CH3CH2CH2CHDOCCH3 

(49) 

o 
II 

CH3CH2CH2CD2OCCH3 

(50) 

The existence of a diazoalkane intermediate was confirmed by inter¬ 

cepting the intermediate carboxylic acid with diazoethane30. When 

Ar~ (n-butyl) -Wnitrosotrimethylacetamidc (51) was decomposed in 

p 

N 

n-Bu—N -Bu-t 

<H 
(51) 

-> [Diazo ester] -> ch3ch2ch2ch=n=n 

+ t-BuCOH 

o 
Excess 

CH3CH—N=N 

o 

•> n-BuOC—-Bu-t 4- EtOC—-Bu-t 
(4%) (96%) 
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pentane, with excess diazoethane present, the trimethyl acetate 
appeared as the ethyl ester to the extent of 96%. 

The conclusion is made that for primary R reaction (7) involves a 

diazoalkane intermediate and the rearrangement is intermolecular in 
nature. 

When R is secondary a greater proportion of olefin and carboxylic 

acid compared to ester is produced (path B, equation 7). Preliminary 

evidence indicates that the rearrangement is intramolecular31, since 

( + )-iV-(j-butyl)-iV-nitrosobenzamide (52) decomposed to j-butyl 
benzoate with retention of configuration (path B, equation 9). The 

details of the mechanism were expanded by observing the reaction in 

different solvents. In a non-polar solvent, pentane, with acetic acid 

added, a bimolecular rearrangement with inversion of the ( + )-N-s- 

butyl group occurred (path A, equation 9). In the absence of acid, 

intramolecular rearrangement with predominant retention of con¬ 
figuration was observed (path B, equation 9). 

(A) 

P 
Et N 

^CH—N—C—C6H5 

Me/ 'I i le Q 

(52) 

O 
II 

R1—C—O- 

(B)- O 

Et O 

6l >5 YjJj^n-occbH. 
Me' / 

H 

Me i^—0^-CC6H: 
H 

6' '5 

? 
R1—C—OC-.. 

\ 

Et 

Me (9) 

H 

Et 9 
\* II 
,-C OCC6H5 

Me j 

H 

With dioxan as the solvent and 3,5-dinitrobenzoic acid added to 

compete with the benzoic acid produced on olefin formation, bi¬ 

molecular displacement was not observed. Instead, acid interchange 

occurred prior to rearrangement, since the percent retention was the 

same in the resulting products, j-butyl benzoate and j-butyl 3,5- 

dinitrobenzoate. Apparently, dioxan solvates the diazo-ester inter¬ 

mediate and prevents an SN2 reaction. The actual mechanism in 

dioxan is postulated to be a combination of intramolecular reactions 

involving both retention and inversion of configuration. 
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In acetic acid, the results are similar to that in dioxan concerning 

configurational changes but isomerization of the butyl group occurred 

much more extensively in acetic acid. It is concluded that in this 

solvent, there must be some charge separation in the intermediate 
(53) involved. 

Ft O 
Ex ii 

C+ - N=N—O—C—R1 

Me \ 
H 

(53) 

Finally, the mechanism for production of olefin is presented as in¬ 

volving an intramolecular rearrangement as in 54 (since reaction is 

unaffected by added acid), but not completely concerted (since 
polarity of solvent influences olefin distribution). 

' H O-C—R1 

^ A 
(54) 

In order to study the decomposition mechanism of A7-alkyl-Ar- 

nitrosoamides having a secondary alkyl group, a tracer study using 

lsO was carried out32. Optically pure (+) - A-nitroso-A7- (1 - 

phenylethyl)-2-naphthamide (55) was decomposed in acetic acid to 

yield 1-phenylethyl 2-naphthoate. Analysis of the optical activity 

of the ester indicated 81 % of the product corresponded to retention of 

configuration. Esters resulting from both retention of configuration 

and racemization contained 69% of the lsO in the carbonyl oxygen. 

Based on this data, a mechanism (10) was proposed which involved 
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decomposition of the diazo ester to an ion pair in the first step. 

Scrambling of the lsO at this ion-pair stage is supported by the fact 

that a long-lived diazonium ion such as that derived from apocamphyl- 

amine produces extensive equilibration of 180. Loss of nitrogen is 

accompanied by both inversion of the carbonium ion and further 
scrambling of the oxygen atoms (equation 11). 

o H CH3 
\ f 

18Q 
II II 

[r*N=N—OCR1 c+ n2 “O—CR1 

C6Hs 

Ruled out by this data are two other mechanisms which could have 

been postulated; that of a concerted mechanism involving an SNi 

process and any mechanism which would involve a long-lived car¬ 
bonium or diazonium ion. 

Concerning the rearrangement of JV-alkyl-iV-nitrosoamides with a 
tertiary alkyl group, the nitrosobenzamide (56) derived from optically 

active 2-phenyl-2-butylamine, containing 180 in the carbonyl oxygen 

was decomposed to yield a mixture of ester, carboxylic acid and 
olefin33. 

The reaction proceeds with predominant (95%) retention of con¬ 

figuration (57) and a preponderance of lsO in the carbonyl group. 

Any inversion is intramolecular and a tertiary carbonium ion with its 

greater size would have a slower rate of rotation. Distribution of ieO 

is independent of the A-alkyl group and consistent with a low activa¬ 

tion energy for the loss of nitrogen from the diazo-ester intermediate. 

In comparison, a secondary carbonium ion such as that in equation(11) 

is a smaller carbonium ion and has only 75°/0 retention of configuration 
since it rotates with a greater facility. 

Recent studies have been concerned with further elucidating the 

nature of the ion-pair intermediate 34. It has been shown that the ion 

pair (59) generated from the reaction of diphenyldiazomethane with 

benzoic acid in ethanol35, is different from that obtained by thermal 
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H5Ce N 

Y_N_cc6H6 
h3c/ \ isA 

Et u 
(56) 

H5C6 18Q 

\ 
,C—N=N—OCC6Hs 

H3C'' \ 

h3c' V 

o 

N = N O—CCbH8 

(one lsO) 

H5c6 O 
\ 

,C—O—CC6H6 

H3C/ (one lsO) 

(57) 

“H5Ce O 

,C+ N=N O^C'CgHs 
* l ' 

. Et CH3 (one 180) . 

HsQ ft 
Y-O—CCeH5 

Et'" V 
CH3 (one lsO) 

decomposition of JV-benzhydryl-iV-nitrosobenzamide (58) in ethanol 

solution. This was based on the different ratio of ester to (ester + 

H5c6 

h5c 

N 
.o 

\ 
( 

/ 
6 

CH—N—CCeHs 
II 
O 

(58) 

C2H5OH 
H5Csx Y 

CH—N=NOCC6Hs 
hsQ 

H,Cb o 
\ 

,CH + N, "O—CC,H, 

(59) 

-> 

C2H6OH 

Hr r? h5l6 || 

CHOCC6H5 
HsCe 

HbC6 
^choc2h5 

H5Cs 

ether), obtained in each reaction. The failure to incorporate deu¬ 

terium into the ester products when the reaction was conducted in 0- 

deuterioacetic acid, indicates that under the reaction conditions 

diphenyldiazomethane is not an intermediate in the nitrosoamide de¬ 

composition. 
It has also been observed that the ions in the ion pair separated by a 
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nitrogen molecule can become disoriented from each other, since the 

intermediate carbonium ion can escape the interaction of the counter¬ 
ion and react with the solvent36. 

It has been demonstrated that A-alkyl- jV-nitrosoamides also undergo 

rearrangement under acid conditions37. Reaction of A-2-phenyl- 

ethyl-iV-nitrosoacetamide (60) with PC15 resulted in a 90°/o yield of 

Ar-2-phenylethyloxamide (61). It has been proposed that the N- 

O 

V 
C6H5CH2CH2-N—c—ch3 

o 
(60) 

PCI, 

o O 
II II 

c6h5ch2ch2nhc—c—nh2 

(61) 

,o 
N 

I 
R—N—C—CH3 + PCI5 

II 
o 

o 
N 

+1 / 
R—N=CX 

CH.i 

'Cl 

(62) 

N rH 
+1 //^ 

R—NH—C 
VCI 

N=0~ -1
 

=Z
 I o
 

X
 

_
J 

+ /CH2 
R—NH=C cr-* 

II 
H\ + /CH 

N=C 
Nci 1 

1 
/

 
n

 

i_
 cr 

(63) (64) 

• N=C/ 
RX \\ 

(65) 

,C=N 

nitrosoacetamide with PC15 produces an iV-nitrosoiminoyl chloride 

(62) analogous to the von Braun reaction (section III.A.2). This 

iminoyl chloride then undergoes rearrangement of the nitroso group, 

in what is believed to be a predominantly intramolecular process to 

yield a C-nitroso derivative (63), which can then undergo isomeriza¬ 

tion to the oxime (64) followed by dehydration to the nitrile (65). 

Partial hydrolysis of the reaction mixture allows recovery of 65 and so 
its intermediacy is firmly established. 

B. Rearrangement of N-Nitroamides 

In a reaction analogous to the decomposition of iV-nitrosoamides, 

the iV-nitro derivatives of amides are known to rearrange to give 

similar products38. It is postulated that reaction proceeds through a 

diazoxy-ester intermediate to yield either an ester (path A, equation 
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12) or a carboxylic acid plus an alkene in addition to nitrous oxide 

(path B). The course of the reaction depends mainly on the nature of 

°W° 
N 

R—N—CR1 

o- O 

R—N=;N—OCR1 

(A) 

(§1 

O 
I! 

R—O—CR1 + NaO 

O 

RiCOH + Olefin + N20 

(12) 

the R group, with ester formation predominating when R is primary 

and alkene formation favoured when R is secondary. 

C. Rearrangement of N-Haloamides 

I. The Orton rearrangement 

The reaction of an iV-haloacetanilide, also referred to as the Orton 

rearrangement, can be generalized as in equation (13). 

O X 

CH,—C—N- (o and p isomers) (13) 

Most of the reported work involves the VV-chloro derivatives of 

acetanilides and the reaction can take place under three different sets 

of experimental conditions, namely: 

a) a free-radical process promoted by either heat or light, 

b) in protic solvents with specific halogen acid catalysis, and 

c) in aprotic solvents with carboxylic acid catalysis. 

The mechanism of this reaction under each set of conditions has 

been investigated. 

a. Free-radical mechanism. If iV-chloroacetanilide (66) is reacted in 

CC14 with a peroxide catalyst in the dark, smooth isomerization to a 

mixture of o- and />-chloroacetanilide is observed 39. 

(14) 

Preliminary investigation concerned itself with the question of 

whether the rearrangement was intra- or intermolecular in nature, 
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that is, whether the chlorine atom was ever removed from the reac¬ 

ting acetanilide molecule. Insight into this question was gained by 

observing that />-iV-chloroacetamidotoluene (67) yielded 4-aceta- 

mido-3,5-dichlorotoluene (68) in addition to the expected product, 
4-acetoamido-3-chlorotoluene (69). 

Ox 
\ch3 

1 
cch3 cch3 

NCI .NH NH 
jL ClX/CI AC 

9- - tJ + U 
ch3 ch3 

T 
ch3 

(67) (68) (69) 

This result suggested that rearrangement was occurring through an 
intermolecular pathway. 

Subsequently, it was demonstrated40 that if thermal rearrangement 

of JV-chloroacetanilide is carried out in the appropriate solvent, it can 

act exclusively as a chlorinating agent. Reaction of iV-chloroacetani- 

lide with o-nitroaniline in tetrachloroethane gave 4-chloro-2-nitro- 

amline as the only chlorinated product (equation 15). The 

O 

Cl 

mechanism for reaction (15), therefore can be formulated as the se¬ 
quence of equations (16)—(18). 

If another moiety is present which would form a more stable 

radical, chlorine abstraction could be effected by this radical as in the 
case of nitroaniline (equation 15). 

. b- Specific halogen acid catalysis. Rearrangement of JV-chloroacetani- 
lides can also occur in protic solvents by catalysis of a halogen acid. 

This work is well covered in a review by Hughes and Ingold41. Re¬ 

arrangement of JV-chloroacetanilide in aqueous hydrochloric acid yields 

a mixture of the o- and /?-chloroacetanilide isomers, similar to results 

obtained under free-radical conditions. The postulated mechanism 

in this instance involves the production of free chlorine and is therefore 
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(16) 

(17) 

an intermolecular reaction. The working hypothesis for the reaction 

was formulated as an initial reversible acidolysis (equation 19) and 

subsequent aromatic substitution by elemental chlorine (equation 20). 

CIO o 
III II 

C6H6NCCH3 + HCI --" C6H5NHCCH3 + Cla (19) 

o o 

C6H5NHCCH3 + Cl2 -> CIC6H4NHCCH3 (o and p isomers) (20) 

Evidence lending further support to this mechanism included the 

following: 

1) Orton42 observed that elemental chlorine was evolved from the 

reaction and if a more reactive substrate towards electrophilic sub¬ 

stitution was introduced, it was preferentially chlorinated. In this 

manner A/-chloro-2,4-dichloroacetanilide (70) chlorinated anisole. 

2) A series of rate studies involving substituted acetanilides and free 

chlorine43 (equation 21) demonstrated that the ratio of nitrogen to 
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carbon chlorination was independent of time, indicating that both 

reactions were of the same order and C-chlorination (path B) was not 

dependent on previous A-chlorination (path A) followed by rearrange¬ 
ment (path C). 

3) Experiments with 35Cl-labelled iV-chloroacetanilide 44 showed a 

dilution by the inorganic chloride present in the reaction mixture, 
again demonstrating an intermolecular transfer of chlorine. 

Kinetic studies of the reaction indicate the reaction to be third 

order; first order with respect to the chloroamide and second order 

with respect to hydrochloric acid. Hughes and Ingold41 conse¬ 

quently proposed a mechanism which can be classified as an 6'N2-type 

process, involving attack of chloride ion on the protonated chloro¬ 
amide as the first step in the reaction (equation 22). 

°^c/CH3 
1 

%/CH3 

CI-^CI^NH 1 —* ci2 + nh (22) 

o O 
c. Reactions in apcotic solvents. Rearrangement of iV-haloacetanilide 

to a mixture of o- and />-haloacetanilides can also be carried out in 

aprotic solvents such as chlorobenzene using either acetic acid or 

trichloroacetic acid as the catalyst. Under these conditions, the 

postulated mechanism first expressed by Soper45 involved a two-step 

process. Initial transfer of, in this case, bromine, to form a reactive 

acetyl hypobromite (equation 23) was followed by bromination of 

either acetanilide or some other reactive substrate such as anisole, 

which can be introduced into the reaction medium (equation 24). 
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Previous work by Bell46 had established the fact that the rate¬ 

determining step involves proton transfer. Subsequently, Dewar47 

introduced the possibility of a 77 complex and the two mechanisms 
can be summarized as depicted in equation (25). 

Br O 

O 

+ CH3COH + CH (23) 

? 
CH3COBr (24) 

Further work in this area indicated that these relatively simple 

mechanisms cannot explain all the experimental facts48. Experi¬ 

ments using 14C as a tracer element indicated that a rapid equili¬ 

brium is established prior to any subsequent rearrangement (equation 

26), and therefore, it is not possible to determine whether the re¬ 

arrangement is intra- or intermolecular. 

Dewar and Couzens48 also ruled out the Soper mechanism which 

involves the intermediacy of an acetyl hypobromite. When acetyl 

hypobromite and acetanilide are reacted together under experimental 

conditions similar to those employed in the rearrangement of N- 

bromoacetanilide (7-bromination of the aromatic ring occurs very 

rapidly. Since C-bromination by the hypobromite is extremely fast 

as compared to the lifetime of TV-bromoacetanilide in the radioactive 

exchange reactions (26), hypobromite intermediacy can be ruled out 

and the bromine transfer must be direct. If one includes the equili¬ 

brium reaction, then the Soper mechanism (equations 27-29) re¬ 

quires the carbon bromination step (29) to be a slow reaction, in 

contradiction with the results just described. 

In summary, the Orton rearrangement in aprotic solvents appears to 

be a complex reaction and not easily described by simple mechanistic 



o o 

cyclic transition state 

(Soper) 

O -OCCCI3 

II 
NHCCHg 

7T complex from rearrangement 

of ion pair (Dewar) 

(25) 

(26) 

268 
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O 

Br. /CCH3 ^ K ,CCH3 

V 

6 
o Fast \ / 

+ CHa 

o 

o 
II 

NH—14CCH3 O 

+ CH3COBr 

O 
II 

+ CH3C0Br 
(27) 

0' 

O 
II 

NHCCH, 
? 

+ CH3COBr 
Slow 

o 
II 

+ CHaCOH (28) 

O 
II 

+ CHaCOH (29) 

pathways. Perhaps this should be expected when polar molecules 

undergo reaction in non-polar media, a condition which promotes 

the formation of molecular aggregates and leads to complications in the 

study of reaction kinetics. 

2. Other rearrangements of N-haloamides 

a. Free-radical y-hydrogen abstraction. As stated previously, JV-halo- 

acetanilides undergo the Orton rearrangement on exposure to heat 

or u.v. radiation. Recently, it has been demonstrated49 that if the 

structure of the iY-haloamidc is altered, different courses of reaction 

are possible. Specifically, it was found that if y-phenylbutyramide 

(71) was photolysed in the presence of /-butyl hypochlorite and iodine, 

O O 

C6HsCH2CH2CH2CNH2 t-Bu°^l-> c6h5ch2ch2ch2cnh 
*2 

(71) 

/0X y\ 

CeH5—HCj C=nT -ICI 
/ 

h2c-ch2 

(72) 

C6H6-H(( C—O 

h2c-ch2 

(73) 
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the iodine chloride complex of JV-iodo-y-phenylbutyroiminolactone 
(72) was isolated, which on hydrolysis with sodium bisulphite yielded 
y-phenylbutyrolactone (73). 

The reaction is interpreted as involving initial iodination of the 

amide to give an JV-haloamide, followed by homolytic cleavage of the 

N—I bond to give a nitrogen radical (74), abstraction of a hydrogen 

through a possible six-membered ring transition state to give a carbon 

free radical (75) which reacts with iodine and undergoes cyclization by 

nucleophilic displacement to yield an iminolactone (76). Subsequent 
hydrolysis yields the final product, a lactone. 

? ft ft 
R—(CH2)3CNH2 -* R—(CH2)3C—NHI-- R—(CH2)3C—NH* -> 

(74) 

O 
• II i 

R—CHCH2CH2CNH2 —!»_* 
(75) 

xhc/H'-nh 
I I 

h2c^ c=o 
ch2 

q 
R—HC O H - 

/v-w /H 
H2Cx yC—NH 

ch2 

R^°x^NH*H1 

(76) 

H,0 

The yield of the reaction is limited to a maximum of 50% because 

free iodine is also liberated by the reaction of the iminolactone and the 
iv-iodoamide (equation 30). 

NH-HI 

O 

+ R(CH2)3C—NH 

O 
II 

+ R(CH2)3CNH2 + 

(30) 

Evidence for formation of the free-radical intermediate 75 was 

afforded by the fact that even when the y-carbon was asymmetric an 

optically active amide yielded a racemic product (equation 31) thus 

ruling out a mtrene intermediate which could have undergone an 
insertion reaction. 

H3c 

H5C2 

hv 

H 
H3C 

h5c. 5^-2 

r° 
nh2 (racemic) (31) 
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Similar results have been obtained from A-chloroamides50. 

Specific reactivity of the A^-haloamides has been noted if the amide is 

substituted with a f-butyl group51. Reaction of N-hromo-N-t- 

butylpentanamide (77) in benzene solution under photolytic condi¬ 

tions produced 2-£-butylimino-5-methyltetrahydrofuran hydrobromide 

(78) as the main product. Stability of 78 towards hydrolysis of the 

O n 
II /Br 

CH3(CH2)3CN^ 

Bu-t 

(77) 

imino group is attributed to the bulkiness of the i-butyl group. 

Support for the radical mechanism proposed above by Barton is 

provided by the iV-chloro derivative of A^-f-butylpentanamide (79), 

which was rearranged under the same conditions to the 4-chloro 

isomer (80). 

O Cl O 

CH3(CH2)3CN// hv > CH3CHCH2CH2CNH—Bu-t 

^Bu-t Cl 

(79) (80) 

In all reactions investigated, benzene was the solvent of choice. 

Investigation of some of the by-products formed indicated that the 

A^-chloroamide can act as a chlorinating agent by intermolecular 

reaction, similar to results concerning the Orton rearrangement 

of A-haloacetanilides. 
It appears that the photolytic rearrangement of Ar-haloamides that 

fulfils the requirement of an abstractable hydrogen in a y-position 

parallels the Hofmann-Loffer rearrangement of A-haloamines52 

(equation 32). 
Apparently, in the A-haloamides, the halogen-nitrogen bond is weak 

enough to undergo homolytic cleavage and does not have to be acti¬ 

vated by protonation, as in this case with haloamines. 

b. Formation of a-lactams. Reactions of A-haloamides under basic 

conditions will in most instances yield amines, which are products of 

the Hofmann rearrangement. However, in certain instances, varia¬ 

tions in reaction pathways are observed which are caused by some 

alteration of the reactants or reactant medium. 
In non-aqueous media, it is possible to isolate a-lactams from the 

reaction of a base and an A-haloamide. The formation and reactions 
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(32) 

of these cyclic derivatives, referred to as aziridinones has been re¬ 

viewed recently53. A representative example54 is the cyclization of 

A-^butyl-A-chlorophenylacetamide by reaction with potassium t- 

butoxide to yield l-f-butyl-3-phenyl-2-aziridinone (equation 33). 

O 

CeH5—CH2—C—N 
.Cl 

Cl o 

C6H5—CH—C—NH—Bu-t 

(33) 

The same lactam was formed under similar reaction conditions55 by 
starting with JV-^-butyl-a-chlorophenylacetamide. 

The isolation of a-lactams substantiated earlier postulations con¬ 

cerning the intermediacy of an aziridone in a number of rearrange¬ 

ments, such as those observed by Sarel and his coworkers. For 

instance56, reaction of a-chloro-a,oc-diphenylacetanilide (81) with 

Li p Cl o 

/C—C—N H—C(jH5 
H6Ce 

(81) 

'6n5 

P 
h6c^| 

X /‘-C.H, 
H5c6 c 

o 

O-s NH2 
yy 

HsV> 
/c N\ 

h5c6 c6h5 

NHa 

HsCe 

bsC6 
CH—N—C—NH, 

C6H5 

(82) 
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sodium amide in liquid ammonia yielded the benzhydrylurea 82. 

The reaction can be visualized as proceeding through an aziridinone 

intermediate and subsequent ring opening by attack with amide ion. 

c. Rearrangement of a, N-dihalo amides. Rearrangement of a, A-dihalo- 

amides in aqueous base yields alkylidene halides and sodium 

isocyanate as products (equation 34). The reaction is thought to 

proceed through intramolecular rearrangement of the conjugate base 

X O 
I II 

RCHC—NHBr 

O 
II 

\/Sv 
CH N- 

pf 
Br 

(83) 

RCH + NCO- 
\ 

Br 

(34) 

Support for this mechanism appears in the fact that rearrangement 

of optically active D-a-chlorohydrocinnamamide yielded a product 
indicative of retention of configuration57. Tracer studies employing 

82Br also supported an intramolecular pathway58. Reaction of a- 

chloro-A-bromoisobutyramide in base with an excess of 82Br_ ion 

present yielded 2-bromo-2-chloropropane with no incorporation of 

82Br. This was cited as exclusive evidence for pathway (A) over 
pathway (B) in equation (35). 

OH- 
Cl 

I 
C— Br 

/I 
HaC CH. 

(35) 

A similar reaction has been noted59 for the rearrangement of a- 

nitroacetamide to nitrodibromomethane in the presence of hypo- 
bromite ions (equation 36). 

o no2 o 

N02CH2C—NH2 ^ CH—C—NHBr + 20H~ 
/ 

Br 
(36) 

Br 
/ 

no2ch + nh3 + co2 
\ 

Br 
10 + C.O.A. 
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An exception has been noted for this mechanistic pathway if the a- 

halogen is fluorine60. A-Bromoheptafluorobutyramide did not react 

unless an excess of base was present. It exhibited complex reaction 

kinetics, and in the presence of oxygen yielded the heptafluorobutyrate 
(equation 37). 

O O 

C3F7CNHBr + 02 + OH" -> C3F7CO“ + NOz + Br~ + HzO (37) 

III. DEHYDRATION REACTIONS OF AMIDES 

A. Acid- and Base-catalysed Dehydrations 

I. Recent methods* 

The formation of nitriles by the dehydration of amides is one of the 

oldest known reactions in organic chemistry, dating back to the first 

synthesis of a nitrile by Wohler and Leibig’s dehydration of benz- 

amide to benzonitrile 61. This reaction occurred during an attempt to 

distill the amide over barium oxide and is typical of one type of amide 

dehydration reaction in which the amide is heated together with a 

catalytic agent such as alumina, silica, etc. This type of procedure is 

of relatively little use in the laboratory where it has been supplanted 
by the use of chemical dehydrating agents. 

Laboratory-scale amide dehydrations are most commonly effected 

by heating the amide together with the halide or anhydride of a 

mineral acid. This type of reaction, as well as the catalytic dehydra¬ 

tion reactions, have been extensively reviewed62-63 and therefore only 

recent, significant advances in this area will be discussed. 

Several new reagents and combinations of reagents for the dehydra¬ 

tion of amides to nitriles have appeared in recent years. The de¬ 

hydration of primary amides by arylsulphonyl chlorides in cold 

pyridine was reported by Stevens, Bianco and Pilgrim to afford the 

corresponding nitriles in good yield64. Thus, arylsulphonyl de¬ 

hydration appears to be more satisfactory than the corresponding 
procedure using acyl chlorides and pyridine. 

The reaction, which was shown to have the stoichiometry as in 

equation (38), was proposed to proceed by a mechanism which in- 

O 

Rc!nH2 + ArS02CI + 2C5H6N -> 

RC=N + ArSOj + CSH5NH+ + C5HSNHC|- (38) 

* See also Chapter 13, section IX.C. 
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volves oxygen, rather than nitrogen sulphonation (equation 39). 

This proposal is largely based on the observation that compounds of 

O 

R(!nH2 
ArS02CI 

RC—0S02Ar —-s- 

NH 

R_C-Cos02Ar 
IK 
In 

RC=N (39) 
4- 

ArS03“ 

the type RCONHSOsAr which would result from nitrogen sulphona¬ 

tion have been prepared from acyl halides and sulphonamides65 and 

are stable under the reaction conditions. 

Substituted and unsubstituted amides have been converted to 

nitriles by treatment with silanes66. 

The use of the complex formed between dimethylformamide (DMF) 

and thionyl chloride has been shown to be effective in cases where 

more conventional methods for amide dehydration have failed67. 

For example, pyromellitonitrile (85) has been obtained in good 

yield by adding SOCl2 to a stirred suspension of 84 in DMF at 0°. 

Under the same conditions, benzamide and phthalamide were 

quantitatively converted to benzonitrile and phthalonitrile. This 

reagent also brought about the cyclodehydration of dibenzoyl- 

hydrazide to a diphenyloxadiazole in 45% yield at 0° (equation 40). 

II || H5C6/OnC6H5 

C6HsCNHNHCC6H5 -> \\ // + H20 ' (40) 
N—N 

The conversion of amides to nitriles using basic reagents is much 

less common than procedures which involve acidic reagents or com¬ 

binations of acidic reagents and amines. However, basic reagents are 

useful alternatives to the acidic methods for molecules which contain 

groups prone to attack by acids, and several basic dehydration re¬ 

agents have been reported. 
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Newman and Fukunaga68 established that the widely used lithium 

aluminium hydride reduction of unsubstituted amides to primary 

amines actually proceeds through a nitrile intermediate. Addi¬ 

tionally it was demonstrated that both sterically hindered and non- 

hindered amides can be converted to nitriles in moderately good yield 

if a deficiency of lithium aluminium hydride, based on the amount 

required for reduction to the amine, is used (equation 41). The 

preparative value of this reaction, however, is limited both by the 

necessity of using a deficiency of the basic reagent, and to cases in 

which the rate of conversion of amide to nitrile (kx) is significantly 

greater than the rate at which the nitrile is converted to the corres¬ 
ponding primary amine (k2). 

r_C_NH2 R—C=N R—CH2NH5 
ki k2 

(41) 

The strongly basic reagent n-butyllithium in ether-hexane, or 

tetrahydrofuran-hexane solution has been shown to be an effective 
reagent for the conversion of phenyl-, diphenyl-69 and monoalkyl- 

phenylacetamides 70 to the corresponding nitriles. Treatment of the 

amides with three equivalents of n-butyllithium results in the forma¬ 

tion of a trilithio derivative of the amide, decomposition of which 

results in the formation of the nitrile (equation 42). Support for the 

O Li OLi 

C6H6CH2C—NH2 + 3 BuLi -C6H6CHC=NLi —H + > C6H5CH2C=N 

(42) 

trilithio intermediate was obtained from the observation that treat¬ 

ment of phenylacetamide with three moles of n-butyllithium followed 

by hydrolysis with DaO resulted in the incorporation of three deu¬ 
terium atoms into the molecule and the formation of 86. 

O 

c6h5chdcnd2 

(86) 

Cram and Haberfield have demonstrated that optically active 

amides can be converted to nitriles without significant loss of optical 

purity by a variety of acidic reagents71. Phosphorus pentoxide had 

previously been shown to be an effective reagent for this purpose72. 

Thus, optically pure ( + )-2-phenylbutyramide was converted to 

(~ )'2-phenylbutyronitrile of high optical purity by treatment of the 
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amide with P205. Similarly, optically active 2-methyl-3-phenyl- 

propionamide was converted to the corresponding nitrile by this 
reagent with very little isomerization73. 

An investigation of cis- and hmt-d-f-butylcyclohexanecarboxamides 
disclosed that these compounds can be dehydrated to the corresponding 

nitriles by phosphorus pentoxide and thionyl chloride without the 

occurrence of any geometric isomerization 74. Phosphorus oxychloride 

was found to be a less effective reagent for this purpose. However, 

in all cases more than 97% retention of geometric configuration was 
observed. 

2. von Braun reaction* 

The reaction of an JV-alkylbenzamide with phosphorus pentahalide 

to yield benzonitrile and an alkyl halide (equation 43) was first dis¬ 

covered by von Pechmann75, but bears the name of von Braun because 

of his extensive research in this area. 

O 

C6H5C—NHR + PX5 --» C6H5C=N + RX + HX 4- POX3 (43) 

The early research of von Braun has recently been reviewed, in¬ 

cluding a complete bibliography of his published work76. In spite 

of the apparent general synthetic usefulness of the reaction for con¬ 

verting amines to halides, little work has been carried out since the 

initial investigations of von Braun to determine either the mechanism 

or scope of the reaction. 

Leonard and Nommensen have made a number of experimental 

observations in an attempt to elucidate the mechanism77, von 

Braun78 obtained a 78% yield of 1,5-dibromopentane from the reac¬ 

tion of iV-benzoylpiperidine with phosphorus pentabromide (equation 

44). Similarly Ar-benzoyl-2,6-dimethylpiperidine (87) gave a 19% 

PBri-> Br(CH2)5Br + C6H6C=N + POBr3 (44) 

yield of 2,6-dibromoheptane while A"-benzoyl-2,2,6,6-tetramethyl- 

piperidine (88) gave no reaction. Obviously, steric bulk at the 

aN-carbon decreases the reaction rate and favours a bimolecular nucleo¬ 

philic substitution mechanism. Supporting this view is the fact that 

* See also Chapter 13, section IX.B.l. 
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V-benzoyl-( + )-j-butylamine reacts to yield ( —)-j-butyl bromide, 

corresponding to inversion of configuration in the substitution reaction. 

In an attempt to both extend the synthetic utility of the reaction and 

elaborate on the proposed mechanism of the reaction, Vaughan and 

c6h5—c=o 
(87) 

c6h5-c=o 

(88) 

Carlson79 substituted thionyl chloride for phosphorus pentachloride 

in the reaction. The reaction was limited to a variety of secondary 
amides (equation 45). 

O 
II 

RCNHR1 + SOCI2 -> R1CI + RC=N + SOz + HCI (45) 

Best results were obtained when the aN-carbon afforded a stable car- 

bonium ion. For example, the reaction of JV-benzhydrylbenzamide 

with thionyl chloride gave an 80% yield of benzhydryl chloride 
(equation 46). 

O 

C6H5C NH—CH(C6Hs)2 c6h5c=n + (C6H5)2CHCI (46) 

The reaction is visualized as proceeding through the attack of 

SOCl2 or PC15 yielding an intermediate structure 89 which can 

eliminate either S02 or POCl3 to form an ion pair which can collapse 

to the iminoyl chloride (90). Reaction of benzanilide with thionyl 

O ozci Cl 

RC-NHR1 gr-Sp<;'r2pci3> RC=NR1 -> R<i=NR1 + ZO 

(89) (90) 

chloride afforded V-phenylbenzimidoyl chloride which could be iso¬ 

lated and characterized. Two possible modes of reaction appear to be 

open for reaction of the iminoyl chloride. One pathway (equation 47) 

Cl R1 CI-^R1 
I I iT| 

RC=N -^ RC+=N -^ RC=N + RJCI (47) 

is based on the data of Leonard and Nommensen77 involving inversion 
of optically active R1, and is an ^N2 process. 
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An alternative mechanistic pathway (equations 48 and 49) is sup¬ 

ported by the fact that in the series where the A7-a lkyl group was 

benzyl, />methoxybenzyl, a-methylbenzyl and benzhydryl, the yield 

<*1 
C=N C.H. 

R A 
RC=N + Cl- + (48) 

ci- 
c\-C-c6h5 (49) 

of chloride was the highest in the case of benzhydryl. Furthermore, 

reaction of optically active (-)-iY-(a-methylbenzyl)acetamide pro¬ 

duced a chloride which had lost most of its optical activity. These 

results are interpreted as supporting a fragmentation process involving 

an ^1 -type mechanism. 

B. Amide Pyrolysis 

The formation of nitriles via the pyrolytic dehydration of amides is a 

relatively little used laboratory procedure. The reaction usually 

produces ammonia as well as other by-products. Dehydration to 

nitriles is normally brought about more cleanly by the chemical de¬ 

hydration procedures described in section 111. A. The pyrolytic reac¬ 

tion, however, has both historical and industrial significance and has 

been adequately covered in several review articles80,81. 

More recent evidence indicates the pyrolytic dehydration of pri¬ 

mary amides to proceed through an imide or isoimide82. Partial 

pyrolysis of propionamide led, for example, to the formation of a mix¬ 

ture of propionimide and propionitrile (equation 50). The imide was 

O 

c2h 

O \iH (50) 

C2H5CNH2 —^ c2h5c/ + C2H6C=N 
\ 

o 

readily isolated and, on further heating afforded additional nitrile. 

Imide formation is postulated to take place via a bimolecular deamina¬ 

tion to isoimide (equation 51), further decomposition of which resulted 

in the formation of imide, nitrile and carboxylic acid (equation 52). 
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Pyrolysis of variously substituted amides can form a number of 
products other than simple nitriles. Whereas the pyrolysis of un¬ 
substituted amides leads primarily to the formation of nitriles, pyroly¬ 
sis of A-alkyl- and iV-methyl-iV-alkylamides has been found to be a 

O 

o rI 
2RC—NH2 -> + NH, 

Rc/ 
L 

RC 
y 

o 

\ 
RC 
y 

o 

o NH + RC=N + RCOH 

RC RC 
\ \ 

NH O 

RC=N 

(51) 

(52) 

synthetically useful method for the formation of olefins. This elimi¬ 
nation reaction is at least in appearance similar to both the Cope 
pyrolytic elimination of amine oxides, and to the pyrolysis of esters. 
The reaction is synthetically useful only for amides which undergo 
reaction at temperatures below 500°. This essentially limits the use 
of this reaction to amides which are substituted with secondary or 
tertiary JV-alkyl groups83. Pyrolysis of compounds of this type has 
been found to take place at significantly lower temperatures than 
pyrolysis of iV-alkylamides in which the alkyl group is primary, 
generally requiring temperatures over 600°. These reactions nor¬ 
mally afford low yields of a wide variety of products. 

The similarity of the pyrolysis of Ar-a 1 kylamides to the highly stereo¬ 
specific W-oxide pyrolysis and to the less specific ester pyrolysis has 
been the subject of several investigations. The products obtained 
from pyrolysis of N- (1-methylcyclohexyl) acetamide (91) were com¬ 
pared to those obtained from the analogous amine oxide 92 and 1- 
methylcyclohexyl acetate (93) 84. 

Pyrolysis of the amide (91) was found to give a mixture of olefins 
(94, 95) and acetamide as the principal reaction products, with only 
small amounts of acetonitrile formed. Analysis of the olefin mixture 
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demonstrated that the more thermodynamically stable isomer 94 was 
predominating, approximately in a 4:1 ratio. 

These results compared closely with those obtained on analysis of 

the olefin mixture which resulted from pyrolysis of the ester (93); 76% 

endo isomer (94) and 24 per cent exo isomer (95), thus indicating a 

probable mechanistic and steric similarity between A-alkylamide and 
ester pyrolysis. 

In marked contrast to this similarity, pyrolysis of the amine oxide 

(92) resulted in the formation of 97% of the exocyclic olefin(95) and 

only 3% of endocyclic olefin (94) 85. 

The results of pyrolysis of 91 appear to be in agreement with an 

earlier postulation86 of a six-membered ring transition state (96). 

R\ /Ri 

A 
R —NJ ^ H v rv 

C—o 

R1 

(96) 

The pyrolytic reaction of A'-alkylamides appears to be of little 

synthetic value because the lack of stereospecificity results in a mixture 

of products. For example86, N-( 1,3-dimethyl)butylacetamide (97) 

CH, 

CHf 

CHCH 

CH3 O 

jCHNHO 

CH3 ch3 

ch3 A > ^CHCH2CH=CH2 + ^CHCH=CHCH3 
/ / 

ch3 ch3 

10* 
(97) (98) (99) 
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was pyrolysed at 590 c to give an l8°/0 yield of olefins which consisted 

of a mixture of 4-methyl-1-pentene (98) and both the cis and trans 
isomers of 4-methyl-2-pentene (99). 

A more useful synthetic reaction appears to be the pyrolytic de¬ 

composition of acetoacetamides87. Two routes are open for de¬ 

composition, producing either ketenes or isocyanates, depending on the 

reaction conditions (equation 53). For instance, where R is phenyl, 

(A) 
o o 
II II 

ch3cch2cnhr- 

(B) 

o 

RNH2 + 0=C==CHCCH, 

o 

RN=C=0 + CH3CCH, 

(53) 

at low temperature, approximately 190°c, path (A) was followed and 

no phenyl isocyanate was formed below 350°c. However, above 

500°c, phenyl isocyanate was the dominant product (path B) together 

with acetone. When the aromatic ring was substituted with electron¬ 

releasing groups, formation of isocyanate was facilitated while electron- 
withdrawing groups inhibited its formation, as shown in Table 1. 

Table 1. Substituent effects on isocyanate formation by pyrolysis of 

substituted acetoacetanilides. 

Isocyanate (%) 

O o 

CH3CC(2)H2C(1)NH 

no2 

ch3 

och3 

cooc2h5 

0 
50 
30 

0 

. The data of Table 1 were interpreted as indicating that the reaction 

nu onniT^ °n CaSe ^(2) Tl(i) bond cleavage to give 
CHfOCH and RNHCO+ fragments, with the anion then abstract¬ 
ing the NH hydrogen of the cation to yield products (equation 54). 

O 

R—N P 

VC~CH° 

CH2 
II 

RN-C=0 + C 

HCJ CH3 
(54) 
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Based on these results, the pyrolytic decomposition of trihaloacet- 

amides was attempted in anticipation of producing chloroform and 

isocyanate88. Instead, decomposition of 2,2,2-trichloroacetanilide 

at 520°c gave a 61% yield of benzonitrile and very little phenyl 
isocyanate (equation 55). 

O 

ci3ccnhc6h5 > c6h5c=n + c6h5n=c=o + Cl2 + HCI + COCI2 

(55) 

In this case, it appears that there are two reaction pathways after the 

initial bond cleavage (equation 56). Path (A) of equation (57), 

o o 
ll II 

RNHCCCIg -> RNHC+ + CCIg (56) 

(100) 

o 
II 

RNHC+ 

(100) 

(A) 

(B) 

RN—C=0 + H+ 

RNH+ + CO 

(101) 

(57) 

RNH + -+ CCIg" -► R—NH—CCI3 -► R—NC + Cl2 + HC! 

(102) (103) 

the anticipated route, does not occur to any great extent in this case. 

Therefore, cation 100 must decompose to the ion 101 which then com¬ 

bines with the triehloromethyl anion to yield 102. Elimination of 

chlorine and hydrogen chloride would yield an isonitrile (103) which 

has been demonstrated to rearrange under these conditions to the 

nitrile. Once more, as in the case with acetoacetamides, electron- 

withdrawing groups substituted on the aromatic ring R greatly de¬ 

crease the yield of nitrile. 

IV. ELIMINATION OF NR2 GROUPS* 

The Vilsmeier-Haack reaction89 involves the acylation of activated 

aromatic rings, using a complex formed between a substituted amide 

and phosphorus oxychloride as the acylating agent. The overall 

reaction involves the elimination of the NR2 group from the amide 

* See also section IX.A.3 of Chapter 13. 
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and the attachment of the acyl portion of the molecule to the ring. 

Typically, dimethylaniline, when treated with POCl3 and dimethyl- 

formamide (DMF) undergoes acylation to afford ^-dimethylamino- 
benzaldehyde in good yield90 (equation 58). 

h3cx /ch3 

N 

O 
o 

+ HCN 
/ 

CH, 

\ 
+ POCL 

CH, 

h3cx ch3 

N 

CH=Q 

(58) 

The reaction is not limited to the formylation of aromatic rings and 

has been applied to a wide variety of hydrocarbons91; oxygen-92, 

nitrogen-93, and sulphur-containing94 heterocyclic rings; phenols95 

and steroids 96. More recently, the formylation of unsaturated hydro¬ 

carbons has been shown to be possible by this reaction97,98. Addi¬ 

tionally, the reaction has been applied in a more limited number of 
cases with higher acylamides to form ketones93. 

The mechanism of the Vilsmeier-Haack reaction has been studied 

extensively and particular attention has been given to the structure of 

the reactive complex formed by the interaction between DMF and 

POCl3. This complex was originally 89 proposed to have a completely 

covalent structure. However, subsequent investigations have clearly 

shown the complex to be ionic and the structures 104 and 105 are most 
frequently postulated. 

h3c 

h3c 

\ 
I 
/ 

N' 
OPOCI2 

C Cl- 
'h3C Cll 

N—C 

HaC7 + XH 

(104) (105) 

po2ci2- 

Structure 104 has been proposed by a number of authors93,99,100 

and the infrared absorption spectrum of the complex has been inter¬ 

preted as supporting this structure101. However, the more recently 

acquired evidence mentioned below tends to support structure 105 
which was originally proposed by Lorenz and Wizinger102. 

Arnold studied the complex which results from the action of phos¬ 

gene on DMF (equation 59)105. He observed that C02 was liberated 

in this reaction and a complex having structure 106 was formed. 

By analogy, structure 105 was proposed for the DMF-POCl3 com¬ 

plex. More recently, a proton magnetic resonance study of the DMF- 
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POCl3 complex was conducted by Martin and Martin103. This in¬ 

vestigation failed to disclose the presence of the substantial P—H 

coupling which should be observed for the H—C—O—P bond in 

104104. Additionally, comparison of the p.m.r. spectrum obtained 

O CH, 
I! / 

HCN + COCL 
\ 2 
ch3 

H3C Cl 

N^cx 
h3c H 

(106) 

Cl- + CO, (59) 

from the DMF-POCl3 complex with the unambiguous structure 106, 
established their similarity and further supported the view that 

structure 105 best represents this complex. 

In a typical reaction, the complex is formed and then the compound 

to be formylated is added in a separate step. Electrophilic attack 

generally occurs only at activated ring positions and frequently 

results in the formation of an isolatable intermediate which, upon 

alkaline hydrolysis, can be converted to the corresponding aldehyde. 

The intermediate species formed in the formylation of indole was 

isolated as the perchlorate salt, investigated spectroscopically and 

assigned structure 107 ". Hydrolysis of this salt afforded 3-formylin- 

dole (108) in good yield. 

OH- 

h2o 

(108) 

Similarly, Jutz and Muller98 treated ^/-camphene with a DMF- 

POCI3 complex and obtained the cation 109 which, on alkaline 

hydrolysis, gave the unsaturated aldehyde 110. 

(110) 
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I. INTRODUCTION 

This chapter is concerned with the photochemistry of simple amides. 

Photochemical reactions of this class of compounds have not been ex¬ 

tensively investigated and the aim of the present review is to assemble 

and correlate the results that have been reported. 

A knowledge of the behaviour of simple amides towards light ir¬ 

radiation is a necessary first step in understanding the photochemical 

reactions undergone by more complicated systems, such as those de¬ 

rived from amino acids or purine and pyrimidine bases in a great 

variety of biologically important substances. The photochemical 

transformations undergone by proteins and nucleic acids have been 

extensively reviewed previously1. 
Further impetus in the photochemical study of simple amides has 

been provided by the interest shown in the effects of ultraviolet and 

visible light on polyamide plastics, for such reactions are of practical 

significance. 
289 
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Although the light-absorption process in amides is centred ex¬ 

clusively around the carboxamido group, subsequent chemical trans¬ 

formations do not necessarily take place in this part of the molecule 

and carbon—carbon and carbon—hydrogen bond cleavage may fre¬ 
quently occur at adjacent atoms. 

In particular the reactivity of the carbon-hydrogen bonds adjoining 

the amide chromophore has been reported. Such bond cleavage gives 

rise to free radicals which subsequently undergo further chemical 
reactions. 

Some few examples of the photochemical reactions of amides, in¬ 

duced by the presence of photoinitiators, such as ketones, have also 

been reported. These reactions were successfully used for synthetic 
purposes. 

Although much work has been conducted on model systems for 

complex biochemically significant compounds, there are relatively 

few publications concerned with the photochemical reactions of 

amides themselves, and there exists an obvious need for further in¬ 
vestigations in this promising field. 

II. LIGHT ABSORPTION OF AMIDES 

The main absorption bands of saturated amides, lactams and imides 

lie below 200 nm (1 nm = 10 a), the end absorption going as high as 

260 nm2-19. The maxima are reported to be around 170-190 nm 

(e ~ 10,000) and 130-160 nm. These high-intensity bands are 

attributed to N-> Vl5 Rydberg (2p, 3^), and NV2 electronic 

transitions14-16. The location and intensities of these maxima depend 

on the substituents attached to the carboxamido group. Thus, an 

absorption band which appears in formamide at 172 nm appears in 

dimethylformamide at 197 nm14, and in Ar-methylsuccinimide at 

204 nm17. In general, the presence of alkyl substituents at Ca in both 

amides and imides results in a progressive decrease in intensity of the 

191 nm band12 (ca. 175 nm in the amides). Further the effect of an 

iV-methyl group on the ultraviolet spectra of amides is that the 

maximum is shifted to a longer wavelength and the absorption is 

intensified17. This has been explained as deriving from the electron- 

repelling effect of the methyl group which facilitates the electronic 

transitions. Absorption bands of amides above 200 nm have also 

been reported. It is claimed that the long-wavelength tail of the 

N->Vi absorption may be interpreted as containing a separate 

e ectronic transition near 210 nm with e about 100 and designated as 
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n-> 7T transition6’10,15'16. A long-wavelength absorption band in 

amides at 280 nm has also been reported20,21, whose origin however 

is under dispute. This absorption band has been regarded as due to 

dissociated amide molecules, while an alternative suggestion22, 

assigns it to the RC(=0)N+HR1R2 structure, or to impurities. 

Recently it has been reported71,72 that a-lactams possess a distinct 

absorption in the ultraviolet [A^|xane 250 nm, e ~ 102l/molcm] 

which exhibits a hypsochromic shift on changing the solvent from 

n-hexane to ethanol, a characteristic of n -> n* excitations. 

III. PHOTOCHEMICAL REACTIONS OF AMIDES 

A. Photolysis of Amides and Lactams 

The photolysis of amides and lactams in gas phase and in solution 

has been reported by a number of groups23-28. Light of wavelengths 

A < 250 nm was usually employed. The gaseous products in the 

photolysis of acetamide in the vapour phase23 were CO, C2H6, ch4, 

NH3, CHgCN and HoO, together with traces of COa, N2 and H2. 

The experimental results obtained may be explained by Scheme 1 

ch3conh2 ——> ch3 + CONHJ 
^Primary processes 

ch3conh2 hv > CH3CN + h2oJ 

ch3 + ch3conh2-> ch4 + CH2CONH2 

CH3 + CONH2 ->■ CH4 + HNCO 

CH3 4- CH3 -> C2H6 

conh2-> CO + nh2 

R + CONHa --> RCONH2 

H2N + CH3CONH2 -^ NH3 + CHaCONHa 

NH2 + R1 -> R!NH2 

Scheme 1. 

where R and R1 are radicals, not necessarily different, which are 

present in the system. Photolysis of acetamide in aqueous solution 

has been reported25 to yield among other products, acetic acid 

(equation 1). 

> CHsCOOH + NH3 + C02 + CO + CH4 + Na (1) CH3CONH2 
H20 
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Irradiation of aliphatic amides in organic solvents such as dioxan 

or hexane24 led to carbon monoxide, hydrogen, amines and un¬ 

saturated hydrocarbons. Two different modes of decomposition can 

be advanced to account for these products (Scheme 2). 

CH3CH2CH2CONH2 -> CH3CH2CH2NH2 + CO Type I 

CH3CH2CH2CONH2 -hr > CH2=CH2 + CH3CONH2 Type II 

CH3CH2CH2NH2 -> CH3CH2CH2NH + H etc. 

CH3CONH2 -> CH3NH2 + CO 

CH3NH2 -> CH3NH 4- H 

Scheme 2. 

Both carbon—carbon and carbon—nitrogen bonds are cleaved in 
these reactions. It is proposed that either the C^=0 group or the 

CONH2 group as a whole, rather than the isolated NH2 group, con¬ 

trols the decomposition of amides 24. The u.v. degradation products 

of A-alkylamides in the absence of oxygen26 were CO, H20, hydro¬ 

carbons, carboxylic acid and JV-alkylamides with chain lengths 

differing from that of the parent compound; in addition there was 

some evidence for the formation of primary amines. A reaction 

mechanism involving homolytic dissociation of both NH—CH2 and 

bonds can explain the products in a way similar to the 

previous cases. The results of photolysis of gelatin24, show that the 

photochemical degradation of proteins occurs at least partially in a 
manner similar to amide photolysis. 

Recently, it has been shown by e.s.r. spectroscopy73, that the pri¬ 

mary free-radical producing step in the photolysis of formamide is the 

formation of H and CONH2, whereas the photolysis of acetamide 

produces CH3 and CONH2. Substitution of a methyl group on the 

nitrogen atom in these compounds does not change the primary step 

H or C G bond scission for A-methylformamide and A-methyl- 
acetamide respectively). 

The photoinduced decomposition of a-lactams has been re¬ 

ported71’72 to yield carbon monoxide and the corresponding imine 

(equation 2). This photochemical reaction is in contrast with the 

hv, pentane 

N ^ > 200 nm 
RCH=NR1 + CO 

(2) 
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thermal decomposition of these compounds74 which gives a carbonyl 
compound and an isocyanide (equation 3). 

R 
>=0 + R2—NC (3) 

R1 \ 

It has been shown78 that the j8-lactams may react in a similar way. 

R*x 
N- ✓ 

O 

R3 

■B 

'R2 

Thus a /3-lactam which is not substituted in position 4 undergoes 

photolysis according to pattern A like a-lactams. The presence of a 

substituent in that position, leads to fragmentation according to both 

patterns A and B; the contribution of the splitting according to 

pattern B increases with electron-attracting character of the R3 

substituent. 
The splitting of the CO—NH linkage has also been reported in the 

case of amides containing supplementary chromophoric groups where 

the light is absorbed by the latter. For instance, it was shown34 that 

stearic anilide, C17H35CONHC6H5, when irradiated as a monolayer 

with light of wavelength 235-240 and 248 nm was decomposed into 

stearic acid and aniline. In this experiment the benzene ring func¬ 

tioned as the light-absorbing group. Moreover, A-benzylstearamide 

and A- (/3-phenylethyl) stearamide which contain respectively one and 

two CH2 groups, interposed between the chromophore and the keto- 

imino linkage, undergo photolysis in a similar way36,37. From these 

results it was hoped36,37 that ultraviolet light might prove to be a 

useful tool for selective cleavage of protein molecule at CONH groups 

adjacent to the side-chain-bearing chromophoric groups. 

Photolysis of sulphanilamide in water led to the liberation of un¬ 

identified acids and ammonia35. 
Several instances in which reaction occurred at centres adjacent to a 

carboxamido group following absorption of ultraviolet light by such a 

group are known. Thus the photolysis of A,A-dimethacrylyl- 

methacrylamide in ether solution has been reported to give a photo¬ 

isomer in 61% yield29 (reaction 4). 
The photolysis of maleimide in an aromatic hydrocarbon solution, 
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O CH, 

CHj= C—C—N—C—C=CH2 

0= C 
I 

H2C = C 

CHo 

ch3 

c=ch2 
I 
c=o 

I 
0=C^Nv'C = 0 

H3C/^^CH3 

(4) 

in the presence of a triplet sensitizer like acetophenone, has been 
reported to lead to an addition product32 (reaction 5). 

(5) 

In these cases reaction occurred at a double bond conjugated with 

the carbonyl position of the carboxamido group. Such types of 

reactions are of great interest, since such systems are chemically similar 
to the biologically important pyrimidine bases1. 

Irradiation of a5j8-unsaturated amides in degassed solution gave, in 

each case, the cis- and £nz?w-/3-lactams in the yields indicated, together 

HsC'w° 
NHC.H, > , 

benzene 

hscb 

+ 
-N 

HkCi 
\ 

5^6 C6H5 

(37%) 

h5c 

/ 
,o 

-M 
+ 

C6H5- 

r 11 
(6) 
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with other products30,31. Thus, irradiation of m-a-phenylcinna- 

manilide in benzene gave trans-1,3,4-triphcnyl-2-azetidinone (2-3%), 

cis-1,3.4-triphenyl-2-azetidinone (37%) and 3,4-diphenyl-3,4-dihydro- 

carbostyril (5%), according to equation (6). Irradiation, of cis-a- 

phenylcinnamamide in degassed benzene for 70 hr gave a complex 

mixture from which it proved possible to isolate hms'-stilbene (2-5%), 

m-3,4-diphenyl-2-azetidinone (13%), frmy-3,4-diphenyl-2-azetidi- 
none (3%) and an unidentified product (reaction 7). 

O 

HC 1 115^-6 C 

Y ^NH„ to 
H QH5 

+ 

O KsCe 

—NH J 
rY° J X NH 

H5C6 H5C6 h 
H5C6 h6c8 

(2,5%) (13%) (3%) 

The photolysis ofnitroso amides has been reported33,75,76; thus, N- 

methyl-j'V-nitrosoacetamide irradiated in methanol solution yielded N- 

methylacetamide, nitrous oxide and formaldehyde. In isopropyl 

alcohol, the products were Ar-methylacetamide, nitrous oxide and 

acetone. The mechanism described in Scheme 3 was proposed. 

CH3C0N(N=0)CH3 ——> NO + CH3CONCH3 

CH3CONCH3 + CH3OH -> ch3conhch3 + ch2oh 

CH2OH + NO -> CH20 + HNO 

2HNO -> H20 + NsO 

Scheme 3. 

When cyclohexene was used as solvent, the products were JV-methyl- 

acetamide and cyclohexenone oxime, according to Scheme 4. 

The same reaction has been carried out with higher W-alkyl-A7- 

nitrosoacetamides when the abstraction of a hydrogen atom by an 

CH3CONCH3 + CH3CONHCH3 + 

Scheme 4. 
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amide radical can also take place iritramolecularly, as exemplified by 

iV-nitroso-iV-pentylacetamide (Scheme 5). 

CH3CON(NO)(CH2)3CH2CH3 

CH3CON(CH2)3CH2CH3 

CH3CONH(CH2)3CHCH3 + NO 

NO 

CH3CONH(CH2)3CHCH3 

hv 
-> NO + CH3CON(CH2)3CH2CH3 

-> CH3CONH(CH2)3CHCH3 

NO 

-> CH3CONH(CH2)3CHCH3 

NOH 

-> CH3CONH(CH2)3CCH3 

Scheme 5. 

Isolysergic acid amide in acid solutions afforded lumisolysergic 
acid amides on irradiation with ultraviolet light38. 

_ Irradiation of an a-diazoamide at 10° in methylene dichloride solu¬ 
tion has been reported to yield a ,8-lactam39. For example reaction 

(8) where the final product is methyl 6-phenylpenicillanate, such 
reaction appearing to offer an approach to penicillin synthesis. 

CH 

HaC-C-/ 
L ^N 

COOCH, 

xc=o 
c7 

HBef XN, 

ch3 
^COOCHg 

hv H3C—c-( 
- Qy 

ceHs 

(8) 

The photolysis of acetanilide and benzanilide led to a mixture of 

aminoacetophenones and -benzophenones, respectively40-41 (reaction 

9). A free-radical mechanism has been proposed for this rearrange- 

NHCOR NH„ 

d 
NH, 

COR 

+ d + d (9) 

COR 

ment (reaction 10). Other mechanisms probably operate in this reac¬ 

tion. It has also been shown that hydrogen-bonding effects may govern 

NHCOR NH- 

d + COR Products 

(10) 
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this rearrangement42. When salicylanilide was irradiated in metha¬ 

nol, the rearrangement took place only to a very small extent (4% 

conversion) to yield 2-amino-2'-hydroxybenzophenone and 4-amino-2' 

hydroxybenzophenone (reaction 11). The inactivity of salicylanilide 

+ 

nh2 

(11) 

was suggested as being due to a fast decay of the excited state in the 

form of a tautomeric shift via hydrogen bonding, involving a six- 

membered ring (reaction 12). The O-methyl ether of salicylanilide 

in which the intramolecular hydrogen bond to the carbonyl group is 

absent, was converted to products in up to 24% yield by irradiation, 

but the yields of defined products were very low, probably owing to 

side-reactions of the intermediates, leading to tarry material. 

The photoanilide rearrangement has also been extended to N- 

aryllactams77 (equation 13). 

Ultraviolet irradiation of benzanilide, the anilide of o-iodobenzoic 

acid, or the benzoyl derivative of o-iodoaniline led to phenanthridone 

in various yields43 (reaction 14). 

(14) 
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B. Photooxidation of Amides 

There are a number of reports in the literature on the photooxida¬ 

tion of amides. The photooxidation of 7V-alkylamides has been re¬ 

ported to yield aldehydes, acids, and amides44. For example, the 

major products yielded by iV-pentylhexanamide, which may be taken 

as representative of this class, were n-valeraldehyde and valeric acid 

from the amine part of the molecule, and hexanoic acid and hexan- 

amide from the carboxylic part of the molecule. Formation of these 

products indicates that photooxidation involves oxygen attack on the 

methylene group adjacent to nitrogen. The mechanism depicted in 
Scheme 6 was proposed for this process. 

Initiation 

RCONHCH2R1 RCO + NHCH2Ri 

RCO + RCONHCHaR1 -^ RCHO + RCONHCHR1 

R1CH2NH + RCONHCHaR1 -^ R1CH2NH2 + RCONHCHR1 

Propagation 

RCONHCHR1 + 02 

O—O. 

RCONHCHR1 + RCONHCHaR1 

OOH 

RCONHCHR1 

OH + RCONHCHaR1 

O- 

RCONHCHR1 + RCONHCHaR1 

Subsequent reactions 

0—0. 

> RCONH—CHR1 

O—OH 

RCONHCHR1 + RCONHCHR1 

O. 

-> RCONHCHR1 + -OH 

-> RCONHCHR1 + HaO 

OH 

-> RCONHCHR1 + RCONHCHR1 

OH 

RCONHCHR1 -^ RCONH2 + RJCHO 

RCHO + 02 -> RiCOOH 

Scheme 6. 

A S11jlllar oxldatlon Process using photoinitiators has also been re¬ 
ported . Thus, oxidation has been initiated photochemically by 

the use of disodium anthraquinone-2,6-disulphonate, 2-methyl- 
anthraquinone or di-f-butyl peroxide. In all cases iV-acylamides are 
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the major products, a fact not previously recorded. The reaction 

courses (15) were noted. 

RCONHCHaR1 
> RCONHCOR1 
» RCONHCHO 
» RCONH2 + RJCHO 

(15) 

Similar results have also been reported by other groups26. Such 

photooxidation reactions have potential significance due to the light 

they may shed on the photochemical degradation of the chemically 

similar polyamide material used in nylon manufacture. 

C. Photoamidation 

Amides and lactams have been shown to undergo light-induced 

addition reactions to unsaturated systems. The photoaddition 

reactions of formamide to olefins, acetylenes and aromatic systems 

have been extensively studied 46_54,57. These reactions, which are 

usually initiated photochemically by acetone, acetophenone or benzo- 

phenone, involve the addition of formamide to the double bond 

yielding higher amides. For example, in the case of terminal olefins 

the reaction is formulated as in (16)46. 

RCH=CH2 + H—CONH2 kethJne > RCH2CH2CONH2 (16) 

This addition reaction has been studied with a variety of olefins and 

the high yields obtained (up to 90%) may lead to its use for synthetic 

purposes. 
Photoamidation has been applied to non-terminal olefins47 and to 

reactive double bonds such as those of norbornene48 or a,/3-unsaturated 

esters49,79. The same reaction with terminal acetylenes, leads to 2:2 

adducts as the major products53 (reaction 17), whereas non-terminal 

conh2 

RC=CH + H—CONH2 ket^ne > RCH—CH—CONH2 (17) 

CH=CHR 

isolated acetylenes were found to yield 1:2 adducts, under similar 

reaction conditions50 (reaction 18). 

R02CC=CC02R + 2HCONH2 R = CH3h,‘'C2Hl> K02CCHCONH2 (18) 

ro2cchconh2 

With aromatic compounds substitution takes place at the aromatic 

nucleus as well as at the side-chain51 (reactions 19, 20). 
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The reaction with isolated dienes leads to 1:1 adducts54 (reactions 
21,22). v 

The photoamidation reactions of carbon-carbon unsaturated com¬ 
pounds are described as free-radical reactions involving a carbamoyl 

radical • CONH2, which is formed on hydrogen atom abstraction from 

iormamide by the excited ketone molecule (Scheme 7). This 

H—CONH2 -hv > CONH2 

H-CONH° ssb* conh2 

rch=ch2 + conh2 

rchch2conh2 + H—conh2 

rchch2conh2 + rch=ch2 

rchch2conh2 + H—conh2 
I . 
ch2chr 

■> RCHCH2CONH2 

> RCH2CH2CONH2 + CONH2 

-» RCHCH2CONH2 

ch2chr 

> rchch2conh2 + conh2 

ch2ch2r 

Scheme 7. 

mechanism has been confirmed by direct examination of the radicals 
using paramagnetic resonance techniques 55. 
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The lower-limit values of quantum yields for the photochemical 

addition of formamide to 1-hexene were reported to be 0-06-0-0857. 

In spite of these values it was suggested that side-reaction hindered 
the proposed chain mechanism. 

The addition of formamide to olefins and dienes could be also in¬ 
duced by y-rays and electron radiation57-59. 

In the absence of olefin the excited ketone was found to interact with 

formamide56 affording equal molecular amounts of NH2COCONH2 

and a-hydroxyisobutyramide, together with small amounts of cyanuric 

acid and H2NCOOGMe2CONH2. Acetone is proposed to yield 

biradicals on light absorption. These subsequently react with 

formamide, and the observed reaction products can thus be accounted 

for according to Scheme 8. 

Application of photoamidation to more complicated unsaturated 

systems has also been reported. Thus acetone-induced addition of 

formamide to longifolen62 affords two longifolen-a>-carboxamides in 

11% and 15% yields respectively. 

The reaction has been extended also to carbon-nitrogen double 

bonds. Thus, on irradiation of iminium salts in formamide with light 

of A ~ 250 nm, in the absence of oxygen and in the presence of 

benzophenone as sensitizer, primary photochemical addition products 

are formed which, however, undergo further reaction60. For 

example, cyclohexylidenepyrrolidinium perchlorate undergoes reac¬ 

tion (23). 

cio4- 

(23) 

A^-Methylacetamide has been found to react with olefins under 

ultraviolet irradiation in the presence of acetone to give substitution 

products, among which the one resulting from substitution at the 

A-methyl group predominates 61 (reaction 24). 

rch=ch2 + CH3CONHCH3 

CH3CONHCH2(CH2)2R + R(CH2)2CH2CONHCH3 
major product minor product 

(24) 
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O 

CH3—C-CH3 CH3—C—CHj 

o 

O- 

O. OH 

ch3—c—ch3 + hconh2-> ch3—c—ch3 + conh2 
• • 

OH 

i CH3—C—CH3 (or CH3—C—CH3) + -CONH2 -> 
OH 

3[0=C=NH] 

[O—C=NH] + CH3—C—CH3 (or i-PrOH) 

H 
N 

/ \ 
CO CO 

2CONHc 

ch5 

HN NH 
\ / 

CO 

conh2 
—> I 

conh2 

ch3 ch3 
I * I 

HO—c. + CONH2 -HO—C—CONH2 

CH3 CH3 

ch3 ch3 
I .1 

o=c + CONH2-> O—C—conh2 

ch3 ch3 

ch3 

•°—c—conh2 + hconh2-> HO—c—conh2 + conh2 

Cl -Hf OH? 

CH, 
I °\ CH3 

conh2 + 6—C—conh2-> ' c-o-c-conh2 

ch3 HoN^ q 13 H2N 

Scheme 8. 

:h5 

The photoalkylation of 2-pyrrolidone led to a 1:2 mixture of 3- 

alkyl-2-pyrrolidone and 5-alkyl-2-pyrrolidone in yields up to 60°/o 52 

(reaction 25). The presence of a ketone for initiating this reaction 

is vital, since in its absence no 1:1 adducts could be detected. This 
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O O O 

CH2CH2R 

reaction is described as a free-radical chain reaction initiated by the 

abstraction of a hydrogen atom from 2-pyrrolidone by an excited 

ketone molecule, according to equation (26). 

O 

+ [R2C = 0]* + 
HN 

O 

A, 
CH 

OH 
I 

4* R—CH—R 6tc« (26) 

D. Photochemical Reactions of Halo Amides 

Several photochemical reactions of halo amides have been described 

in the literature63-70. The iV-halogen bond in these compounds is 

fairly labile and is split during the photochemical processes. The free 

radicals produced in these reactions react further to give a variety of 

products. The use of JV-bromosuccinimide is common in organic 

chemistry and in some cases the fission of the N—Br bond is achieved 

by irradiation. The reactions of iV-bromosuccinimide have been 

reviewed and will not be dealt with here70. 

Synthesis of y-lactones by irradiation of JV-iodoamides has been 

reported67,68. The mechanism involves photolysis of the N—I bond 

followed by intramolecular hydrogen transfer and coupling of the 

resultant radical with iodine. Hydrolysis of the y-iodoamide so 

produced would give y-lactone via an intermediate y-iminolactone, as 

shown in reaction (27). Iodoamides can in fact be generated in situ 

(A 
\ 

/ 
c=o 

H NH 

hv \C A ' 
-\ 

H NH 
c=o V 

/• 

\ 

NHo 
C—O 

(27) 

C=NH O 
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by treatment of amides with iodine in the presence of lead tetraacetate 

or f-butyl hypochlorite. Thus, amides can be converted into lactones 

by photolysis in the presence of these reagents followed by alkaline 

hydrolysis. JV-Chloroamides and iV-chloroimides have been re¬ 
ported 66 to yield the same photochemical products. 

These reactions have been applied to steroidal amides67"69. Thus 

3/3-acetoxy-l l-oxo-5a-pregnane-20-carboxamide yielded the corres¬ 
ponding lactone, according to equation (28). 

Some aliphatic ./V-bromoamides and VV-chloroamides have been 

found to rearrange photochemically in a different way leading to the 

isomeric 4-halo amides64. The reaction is most efficient with N-t- 
butyl derivatives and takes place readily in benzene or carbon 

tetrachloride; the products are cyclized by heating to the correspond¬ 
ing immolactone salt in yields up to 71 % (equation 29). 

O 

RCH2CH2CH2CNHBu-t 
(1) t-BuOBr 

(2) hv 

Br O 
I II 

RCHCH2CH2CNHBu-t 

H,C-C 

O 

H,C- 
N —Br hv 

h2c-c 

o 

\ 
N. 

H2C—c. 
V 

o 

H2CCH2CNCO 

(29) 

(30a) 

O 
II 

ch2ch2cnco + 
H,C-C 

P 
o 

NBr 
HaC-C 

// 
,o 

H2C—c 
-> BrCH2CH2CNCO + 

\ 
N- 

V ^C-c7 

O 

(30b) 
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The isomerization of A-bromosuccinimide when irradiated in 
carbon tetrachloride65 leads to /3-bromopropionyl isocyanate. A 
possible mechanism would involve initial cleavage of the N—Br 
bond followed by ring opening of the resulting succinimide radical, 
according to equations (30). 

Ar-Bromoacetanilide undergoes halogen migration to the aromatic 
nucleus on ultraviolet irradiation63 leading to ^-bromoacetanilide as 
the major product (78%). The detailed mechanism of the reaction is 
given in Scheme 9. 

Scheme 9. 
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I. INTRODUCTION 

Gamma and x-rays are short-wavelength, high-energy, forms of 

electromagnetic radiation. The amount of radiation absorbed 

(dI) in passing through a small thickness of absorber (dx) is given by 

-d/ = I[jAx 

where 7 is the intensity of the incident radiation, and p is the linear 

absorption coefficient for the material of the absorber. On integra¬ 

tion this gives the exponential relation 

I — 70e_u,x 

The absorption coefficient is the sum of the individual absorption co¬ 

efficients of the atoms composing the material. The absorption co¬ 

efficients for hydrogen and carbon for 1 *24 Mev y rays, corresponding 

to a wavelength of 0*01 a, are 0T17 and 0*059, respectively. The 

values for oxygen and nitrogen are similar to those of carbon. The 

radiation is thus absorbed by all the atoms in the material. This is in 
309 
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contrast to the absorption of ultraviolet and visible light, where the 

radiation is absorbed by certain chromophoric groups (see Chapter 5). 

The absorption of gamma radiation occurs through three physical 

processes. The photoelectric effect, in which an atomic electron is 
ejected, occurs on the absorption of low-energy y rays. Medium- 

energy y rays produce Compton scattering in which an electron and a 

y ray of lesser energy are emitted from an atom. At energies of 1 -02 

Mev and above, the absorption of gamma energy gives rise to the 

production of an electron-positron pair. The positron is subse¬ 

quently annihilated by combination with another electron, and the 

annihilation energy is emitted as two y rays of 0-51 Mev. The com¬ 

monly used sources for y irradiations are cobalt-60. This radioisotope 

emits y’s of 1-17 and 1-33 Mev, which give rise mainly to Compton 

scattering in an absorbing material1-2. 

The absorption of electrons by material results from interaction 

with the atomic electrons. These atomic electrons are either excited, 

or ejected from the atom, leaving a cation. The ejected secondary 

electrons can themselves produce excitation of another atom. 

The absorption of neutrons occurs through an entirely different 

process involving interaction with the nuclei of the atoms of the ab¬ 

sorber. Fast and moderately slow (epithermal) neutrons undergo 

elastic scattering, in which part of their energy is imparted to the 

nuclei. The energy transfer is greater for light elements, such as 

hydrogen. Lower-energy neutrons undergo inelastic scattering, in 

which the incident nucleus is excited, and subsequently emits its ex¬ 

citation energy in the form of gamma radiation. In certain cases the 

nucleus may capture a neutron forming a new isotope as a result of the 

nuclear reaction. Hydrogen produces deuterium in the reaction 

H(re,y)2H. The cross-section for this reaction is 0-3 barn (1 barn = 

10 24 cm2) and the emitted y ray has an energy of 2-2 Mev. Nitrogen- 

14 affords carbon-14 through the reaction 14N(w,/>)14C. The cross- 

section is 1-5 barn, and the proton has an energy of 0-66 Mev. The 

carbon-14 formed is a ^-emitter, with a half-life of 5,760 years. 

Oxygen and carbon have only very low cross-sections for neutron 
capture (ieO < 0-00002, and 12C 0-003 barn, respectively). 

The absorption of ionizing radiation generally leads to the formation 
of excited molecules (equation 1) or of cations (equation 2). The 

secondary electrons emitted in the latter process can, in turn excite 

M -> M* 

M > M+ + e- 

(1) 

(2) 
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or ionize other molecules. However, the majority of the secondary 

electrons react with other cations to afford excited molecules. The 

energy of the excited molecules is largely lost in fragmentation pro¬ 

cesses, which proceed by homogeneous breakage of a bond, and result 

in the formation of two free radicals (or atoms). In the case of am ides, 

the present evidence (see below) is that bond rupture does not occur 

at the amide group, but elsewhere in the amide molecule. 

The radicals formed on irradiating solid amides are usually stable 

and can be detected by their electron paramagnetic (spin) resonance 

(see section II)3. The radical yields are expressed as G values, which 

are the number of radicals formed per 100 ev of energy absorbed. In 

dilute solution, the radicals initially formed are from the solvent mole¬ 

cules, and these radicals then attack the amides present in the solution 

(see section III). The majority of the studies on amides have been 

on derivatives of amino acids and on peptides in relation to the radio¬ 

lysis of proteins, and these topics are discussed separately (see section 

IV). The reactions resulting from neutron bombardment involve the 

excited radioactive atoms formed in the nuclear transformations and 

are the so called hot-atom reactions. These reactions are different 

in nature from the radical processes caused by ionizing radiation, and 

are not usually considered a branch of radiation chemistry. However, 

free radicals probably play a role in the recombination processes 

which follow the nuclear recoil, and the hot-atom chemistry of amides 

is considered in a separate section (see section V). 

II. SOLID AMIDES 

The e.s.r. spectra of x-ray-irradiated acetamide showed the presence 

of the GH2CQNH2 radical4, and Ar,V-dideuteroacetamide 

(CH3COND2) gave an identical spectrum5. The spectra of propion- 

amide and acetanilide indicated the presence of GH3CHCONH2 and 

GH2CONHC6H5 radicals, respectively. The spectra of radicals from 

butyramide and formamide at 77°k were also reported. The spectrum 

from thioacetamide was entirely different from that given by acet¬ 

amide4. ' 
The e.s.r. spectra of acetamide irradiated with 1 Mev electrons also 

indicated the presence of the CH2CONH2 radical6. Propionamide 

similarly formed the CH3CHCONH2 radical, whereas isobutyramide 

apparently afforded both (CH3)2GCONH2 and CH3CHCONH2 
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radicals. However, on aging or warming, only the latter radical dis¬ 
appeared7. Trimethylacetamide, which has no free hydrogen on the 

/3-carbon atom gave a (CH3)3C radical. X-ray-irradiated single 
crystals of monochloroacetamide gave an e.s.r. spectrum due to the 

CHClCONH2 radical8. When caproamide (1) was irradiated at 
— 80°, the crystals developed a colour which was stable at room 
temperature in the absence of air, and had an absorption maximum 
at 3850 a9. The radical formed was that resulting from the loss of an 
“-hydrogen atom. The A-deuterated amide gave the same radical. 
Irradiation of caprolactam (2) gave a complex e.s.r. spectrum, which 
could not be interpreted9, while irradiated single crystals of succin- 
amide and A, A,A',A'-tetradeuterosuccinamide showed e.s.r. spectra 
of the radical 310. 

C=o 
CH3(CH2)4CONH2 (CH2)s I 

\^_nh 

(!) (2) 

NH2COCH2CHCONH2 

(3) 

A number of studies have been reported on A-alkylamides, and 
radicals were detected in irradiated crystals of iV-methyl-, N,N- 
dimethyl-, A,A-diethyl-, iV,Ar-di-n-propyl, A'-isopropyl- and A,A- 
diisopropylacetamide, A-methyl- and A,A-dimethylpropionamide, 
A,Ar-dimethyl- and A,A-diethylacrylamide, A-ethyl- and A,A- 
diethylformamide, A,A-dimethyl- and A,Ar-diethyl-n-butyramide, 
A, A-methyl- and A-ethylisobutyramide and A7A-diethylchloroacet- 
amide6. In all these cases the radicals were formed by loss of a hy¬ 
drogen atom from carbon, and the loss occurred from an Ar-alkyl 
group in preference to the acyl group7. When crystals of A-ethyl- 
propionamide were irradiated with 2 Mev electrons, the e.s.r. spectra 

showed the presence of the GH3GH2CONHGHCH3 radical, and the 
same type of radical was formed on irradiating Ar-ethylbutyramide 
and A-ethylhexanamide. Ar-n-Propylpropionamide, A-n-propyl- 

butyramide and A-n-hexylpropionamide gave a CONHGH type 
radical. The radical yield (G^) was 4-7 ± 1-4 for A-n-propvl- 
propionamide. A7-GAmylpropionamide and A-Gamylbutyramide 
gave a radical on the /3-carbon atom attached to the nitrogen atom 

(GONHG (CH3) 2CH2). However, A-neopentylpropionamide gave 
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rise to two radicals (4 and 5). The evidence was that these radicals 

were formed directly and not by initial formation of a radical at some 

other site followed by migration along the chain. This was because 

iV-(n-propyl-2,2-<4)-propionamidegave a radical spectra which showed 

CH3CH2CONHCHC(CH3)3 CH3CHCONHCH2C(CH3)3 

W (5) 

interaction with only one hydrogen atom indicating that the two 

deuterium atoms on the carbon atom were still in their original position 

in the radical (6)11. 

CH3CH2CONHCHCD2CH3 RCONHCHR1 

OOH 

(6) (?) 

Another study of the e.s.r. spectra of irradiated crystals of N-n- 

butylpropionamide and TV-n-butylbutyr amide has indicated the pres¬ 

ence of RCONHCHR1 radicals. The spectra were resolved into 7 

lines at — 196°, which passed into a 4-line spectra at — 130 to —90°. 

The yields of hydrogen, carbon monoxide and methane were inde¬ 

pendent of the presence of oxygen. However, oxygen reduced the 

yields of propane and propylene, producing carbon monoxide. The 

liquid products were organic peroxide, hydrogen peroxide, aldehydes 

and alcohols. n-Butyraldehyde was the principal aldehyde and was 

probably formed via the hydroperoxide 712. 
The e.s.r. spectra of gamma-irradiated perfluoroacetamide indicated 

the presence of a CF2CONH2 radical13,14, and a study of the fluorine 

hyperfine spectra of irradiated single crystals15 showed that in this 

radical, which was stable in air, the CF2CON partial structure was 

planar. Difluoroacetamide gave equal amounts of CHFCONH2 and 

CF2CONH2 radicals, of which the latter were more thermally stable. 

Monofluoroacetamide, only afforded the CHFCONH2 radical14. 

Irradiated crystals of pentafluoropropionamide showed the presence of 

the GF3CFCONH2 radical stable at 300°k13-16. The free rotation 

of the trifluoromethyl group was stopped by cooling to 77°k. At room 

temperature the radical was attacked by oxygen to produce a ROO 

type radical, together with another radical which was probably 

CF3CF2CONH, and was formed by rupture of an N—H bond14. 

Perfluoro-n-butyramide similarly gave a CF3CF2CFCONH2 radical13, 

ll* 
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Gamma-irradiated monomeric acrylamide and methacrylamide 
gave an e.s.r. signal which decayed on heating17-18. The spectrum 

of the radical from acrylamide was also changed on exposure to 

sulphur dioxide, and that from methacrylamide was destroyed on ex¬ 

posing the crystal to nitric oxide19. Other studies of the e.s.r. spec¬ 

trum of irradiated acrylamide suggested that radical polymerization 

involved the + CH2CHCONH2 radical-ion formed in the following 
sequence of reactions20,21. 

CH2==CHCONH2 —> [C3H6NO] + + e- 

[C3H5NO] + -> CH2CHCONH2 

This radical-ion apparently scavenged hydrogen below - 125° to 

give the same radical formed in the radiation of propionamide. On 

warming from - 125° to - 30° polymerization began17-21. The e.s.r. 

spectra of irradiated acrylamide, AjA'-methylenebisacrylamide (8), 

iV-methylolacrylamide (9) and TV-Z-butylacrylamide have also been 
measured22. 

(CH2=CHCONH)2CH2 ch2=chconhch2oh 

(8) (9) 

Measurements of the yields of hydrogen, carbon monoxide and 

methane formed in the radiolysis of solid solutions of acrylamide and 

propionamide indicated energy-transfer reactions and scavenging of 

hydrogen atoms23. The radiation-induced polymerization of N- 

vinylsuccinimide has been studied in the liquid24 and solid state25. 

The infrared spectra of gamma-irradiated urea inclusion complexes, 

and of mixtures of urea with various compounds have been measured 26, 
but no general conclusion could be drawn. 

A-Acetylamino acids serve as convenient models for the peptide 

linkage. The spectra of irradiated JV-acetylglycine showed the pres¬ 

ence of the GH3G0NHCHC02H radical, and the deuterated com¬ 

pound 10 gave an identical doublet, which was also due to the 

ch3condch2co2d 

(10) 
• 

radical27. Acetylglycine, glycylglycine, diglycylglycine and 
triglycylglycine showed similar radical spectra28. The spectra of 

y-irradiated single crystals of glycylglycine indicated the presence of 

the radical 11 on the carbon atom, since there was coupling from the 
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single hydrogen atom remaining on the carbon5 and hyperfine 

splitting from the 14N atom29,30. The doublet of the glycylglycine 

radical was broad at room temperature, but could be resolved into a 

four-line spectrum at liquid nitrogen temperature31. Glycylglycine 

hydrochloride formed a similar radical 1232. 

NH3CH2C0NHCHC02 ci-nh3ch2conhchco2h 

(11) (12) 

The zero-field electron spin resonance spectra of irradiated acetyl- 

glycine and glycylglycine showed the presence of four groups of lines, 

due to two different but similar radicals33. These resulted from the 

removal of one or the other of the non-equivalent hydrogen atoms on 

the a-methylene group. In the case of glycylglycine, the radical must 

be formed from the group nearest to the carboxylic acid end of the 

molecule, since the spectrum was very similar to that of acetylglycine. 

The spectra of JV-deuteroglycylglycine was also similar to that of the 

undeuterated compound5,33. Nitrogen-15 labelled acetylglycine gave 

a similar spectrum to the normal compound, indicating that there was 

no interaction between the nitrogen nucleus and the unpaired elec¬ 

tron in the radical. The zero-field spectrum of irradiated glycyl¬ 

glycine hydrochloride also indicated the presence of the radical on the 

a-carbon atom, at the acid end of the molecule33. 

The free radical yield (Gr) for x-ray-irradiated crystals of gly¬ 

cylglycine was 7-0. Mixtures of glycylglycine with L-tyrosine and 

L-tryptophane showed a decrease in the G value. Furthermore, 

glycyl-L-tyrosine and glycyl-L-tryptophane had Gr values of 3-1 and 

3-3, respectively, indicating radiation protection by the tyrosine and 

tryptophane units34. The e.s.r. spectra of polycrystalline glycyl¬ 

glycine, glycylleucine, glycylvaline, glycylleucylvaline and glycyl- 

glycylleucylglycine have been measured35-36. The radical yields 

Gr of a number of di- and tripeptides at - 196° were reported to be: 

glycylglycine (2-5), glycylproline (13) (3-3), a-alanyl-cc-alanine (0-5), 
/3-alanyl-^S-alanine (0-4), glycylglycylleucine (14) (1-6), glycylleucyl- 

glycine (0-7) and glutathione (15) (4-4)37. 
When JV-acetylglycine and Ar-acetylalanine were irradiated, the 

e.s.r. spectra showed the presence of radicals (16 and 17, respectively), 

which were stable to oxygen38. On dissolving the irradiated crystals 

of acetylglycine in water in the absence of oxygen, bis(acetylamino)- 

succinic acid (18) (resulting from the dimerization of 16) was formed 

(G 0-60), together with ammonia (G 2-0). If the crystals were ir¬ 

radiated in vacuo and then dissolved in water in the presence of oxygen, 
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NH2ChJ2C0NHCH2C0NHCHC02H 

CH2CH(CH3)2 

(14) 

H02CCH(CH2)2C0NHCHC0NHCH2C02H 

nh2 ch2sh 

(15) 

ch3conhchco2h CH3C0NHC(CH3)C02H 

(16) (17) 

less bis(acetylamino)succinic acid (G 0-12) and more ammonia (G 3*2) 

were formed, since the radical 16 was scavenged by oxygen. Irradia¬ 

tion in oxygen and dissolution in the presence of oxygen further de¬ 

creased the yield of 18, while increasing G'NH3. The solution of 

irradiated acetylglycine contained glyoxylic acid (Gtotal carbonyl 0-65) 

ch3conhchco2h 

ch3conhchco2h 

(18) 

and direct nitrogen-carbon bond cleavage must have occurred 

(equation 3). However, since the GNHa was higher than the Gcarbonyl, 
cleavage following equation (4) must also have taken place. 

CH3C0NHCH2C02H-► CH3CHO + NH=CHC02H (3) 

CH3C0NHCH2C02H-► CHgCONH + CH2C02H (4) 

The carbobenzoxy_ derivatives (19) of eleven amino acids were ir¬ 

radiated in the solid state, as were carbobenzoxyserylalanylala- 

nine ethyl ester, carbobenzoxyprolylglycylphenylalanine ethyl ester 

and carbobenzoxyprolylglycylphenylalanine methyl ester39. Carbo- 
benzoxyserylalanylalanine ethyl ester afforded a new unidentified 

amino acid on hydrolysis subsequent to irradiation, while proline and 

hydroxyprohne were destroyed on irradiating their respective deriva¬ 

tives. The Gcq2 values were also measured and found to be 0T0-0-30 

indicating that protection of the amino group rendered the amino acid 

more resistant to radiation. Typical values were Gco 0-25 for 

carbobenzoxyglycine, and 0-14 for the derivatives of phenylalanine and 
arginine, with 0-18 for those of glutamic acid and tryptophane. The 

radical yields were from 0-6 x 10~6 to 2-1 x IQ-6, except for carbo- 
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benzoxyglycine and carbobenzoxyaspartic acid, which had G^ values 

of 10“5 and 4-9 x 10~5, respectively. Carbobenzoxytryptophane 

(20) formed stable radicals, which could not be identified40. The 

chemical destruction of the compounds was determined by dissolving 

the crystals and then hydrolysing the derivatives. The G_ M values (for 

destruction of the original carbobenzoxy compound) were 2-11, being 

respectively 3-8 and 1 TO for the derivatives of glycine and tryptophane 
(20)40. 

PhCH2OCONHR 

(19) 

ch2chco2h 

NHCOOCH2Ph 

(20) 

Crystalline peptides have been irradiated with x-rays to doses of 

0-5-150 Mrad, and then dissolved and hydrolysed41. Glycylglycyl- 

glycine afforded glycylglycylmethylamine, formed by decarboxylation 

of the C-terminal amino acid, and also some glyoxylic acid, y- 

Glutamylalanine (21) formed glutamic and pyruvic acid, and am¬ 

monia, presumably via the a,)S-unsaturated compound 22. Gly- 

ch3 

H02CCH(CH2)2C0NHCHC02H 
I 
nh2 

(21) 

ch3 

H02CCH(CH2)2C0N=CC02H 

nh2 

(22) 

cylvalylalanine also gave glycylvaline and ethylamine, after irra¬ 

diation and hydrolysis, whereas glutathione (15) was converted to 

y-aminobutyrocysteinylglycine (23) and y-glutamylcysteinylmethyl- 

amine (24). 

nh2(ch2)3conhchconhch2co2h H02CCH(CH2)2C0NHCHC0NHCH3 

ch2sh nh2 ch2sh 

(23) (24) 

Recently, the radiolysis of acetamide in the stable rhombohedral 

crystal form, in the metastable orthorhombic form and in the molten 

state has been studied 42. The more stable crystal form was less stable 

to radiolysis and formed more acetonitrile (G T0-T2). This may be 

due to stronger hydrogen bonding in the crystal, resulting in the forma¬ 

tion of the enol form (equation 5). The principal reaction, however, 

CH3CONH2 -> CH3C(=NH)OH * ch3cn + h2o (5) 
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was breakage of carbon-hydrogen bonds, giving CH2CONH2 

radicals, which afforded succinamide (25) on melting the crystals. 

Some malonamide (26) was also formed, and must have arisen from 

CH2CONH2 CH2(CONH2)2 

ch2conh2 

(25) (26) 
• 

CONH2 radicals. In the liquid phase carbon-carbon bonds were 

broken on radiolysis, giving methyl radicals. These radicals ab¬ 

stracted hydrogen from N—H and C—H bonds forming methane. 

The abstraction occurred from neighbouring bonds in the crystal and 

CH3COND2 gave nearly equal amounts of methane and deutero- 

methane (CH3D). However, in the liquid state, abstraction took 

place from weaker C—H bonds and the ratio CH4:CH3D became 10. 

III. AMIDES IN SOLUTION 

A. Non-aqueous Solution 

The y radiolysis of pure dimethylformamide resulted in the forma- 
tion of carbon monoxide (G 2-6), hydrogen (G 0-14), methane (G 

U-yd) and dimethylamine, resulting from the breaking of GO_N 

and N CH3 bonds43. The mechanism shown in Scheme 1 was 

HCON(CH3)2 -=► HCO + N(CH3)2 

HCON(CH3)2 -> hconch3 + ch3 

HCONCH3 -> H + CH3NCO or CH3 + HNCO 

Scheme 1. 

suggested. The addition of acrylonitrile suppressed the formation of 

hydrogen. The hydrogen formed must then result from decomposi¬ 

tion of the HCO radical at nearly thermal energies and cannot result 

from direct abstraction from dimethylformamide (equation 6). 

HCON(CH3)2 -> H + CON(CH3)2 
(6) 

Acrylonitrifo also depressed the formation of carbon monoxide by 

dU/0, and this amount must have been formed through secondary 

reactions of thermalized HCO radicals. Dissolved ferric chloride had 
no effect on the carbon monoxide yield and G(_FeCl3) was 12-4 + 1-0, 
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which probably represented the true radical yield43. The poly¬ 

merization of acrylonitrile in dimethylformamide has also been 

studied 44. 

Acrylamide has been used as a scavenger of the precursors of mole¬ 

cular hydrogen, in studies on the yields of the radical and molecular 

products formed in the radiolysis of both ordinary and heavy water45. 

The unsaturated amide served as a convenient water-soluble reactive 

olefin. The yield of deuterium gas from x-ray-irradiated heavy water 

has been measured with added acetamide, and glycylglycine46. 

The GD2 value in pure heavy water was 0-49 ± 0-02, and decreased to 

0-40 + 0-02 in the presence of the amides. Thus the deuterium 

atoms formed on radiolysis cannot abstract a second deuterium atom 

from either the COND2 or COND groups, which were formed by 

exchange with the heavy water. 
When a 4% solution of 1-octene in a 1:1 mixture of formamide and 

f-butanol was irradiated with y rays or electrons, a 53% yield of non¬ 

amide was formed47. 1-Heptene, 1-dodecene and cyclohexene also 

gave the corresponding higher homologous amides in yields of50-78%, 

with G values of 3 to 3-5. Norbornene formed exo-norbornanecarbox- 

amide in 80%, yield, and the G value was 2-5. The mechanism sug¬ 

gested involved the formation of formamide radicals (equation 7), 

which then added onto the double bond of the olefin (equation 8). 

hconh2 — -> H + CONH2 

(27) 
(7) 

rch=ch2 + conh2 — -> RCHCH2CONH2 

(28) 

(8) 

rchch2conh2 + hconh2 — -> rch2ch2conh2 + conh2 (9) 

Evidence for the mechanism was that oxamide (29) was a biproduct 

of electron irradiation, and can arise through dimerization of the 

formamide radical obtained as shown (equation 9). Alkylsuccin- 

amides, 30, were also isolated, resulting from combination of the 

intermediate carboxamide radical 28 with a formamide radical 2/. 
Other amides have also been reported to add to the double bond of 

olefins48. 

conh2 rchch2conh2 

conh2 conh2 

(29) (30) 
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The formation of hydrogen chloride during the y radiolysis of 5 

mole °/0 solutions of amides in carbon tetrachloride has been studied 49. 

Other products were chloroform, tetrachloroethylene and hexachloro- 

ethane. The amides used were formamide and acetamide, and their 

TV-methyl, and iV-phenyl derivatives. GHC1 was 8-46 to 23-29 and the 

JV-methylated compounds generally gave higher G values, up to 106 

for A^TV-dimethylacetamide. The reaction sequence suggested in¬ 

volved Ar-chloromethylamides (31) formed by hydrogen abstraction 

from the methyl group of the amide, by trichloromethyl radicals 
(Scheme 2). 

ecu-> ci + cci3 

RCONFCCHg + CCI3  -> RCONR1CH2 + CHCI3 

RCONRiCHa + CCI4 --> RCONR1CH2CI + CCI3 

(31) 
Scheme 2. 

B. Aqueous Solution 

The majority of the ionizing radiation absorbed by a dilute aqueous 

solution is absorbed by the water molecules. In the absence of oxy¬ 

gen, the solvated electrons (eaq) and the hydrogen atoms cause re¬ 

duction of any organic molecules present. However, in an oxygenated 

solution the solvated electrons or the hydrogen atoms react with 

oxygen to form hydroperoxyl (H02) radicals (equations 10 and 11). 
These are both oxidizing species50. 

^aq "R 02 > 02 

Oa + H+ -^ HOa (10) 

H + 02 -> H02 (11) 

The rates of reaction of hydrated electrons with JV-acylamino com¬ 

pounds have been measured by competition with chloroacetic acid. 

The effect of the acylamino compounds at varying concentration in 

reducing the G value for the radiolysis of chloroacetic acid, leads to a 

value for the ratio of the rate constants. Since the rate constant for 

the reaction of chloroacetic acid with solvated electrons has been 

independently determined, the rate constants (in units 1/mole sec) for 

the acylamino compounds follow. For iV-acetylalanine, the rate con¬ 

stants were 2-3 x 108 and 5-7 x 106 at pH 3 and 7, respectively. 
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The rate constant for JV-ethylacetamide was 5-7 x 106 at pH 351. 

Similar rate constants have been determined directly by pulsed 

radiolysis52-54. N-Acetylglycine showed a rate constant of 2 x 107 
at pH 5-95, and iV-acetylalanine gave a value of 107 pH 8’6 — 9-0. 

These values were lower than those of the corresponding free amino 

acids. However, the acylamino acids exist in solution as negative 

ions (CHgCONHRCOj). The decrease in reactivity was due to the 

decrease in the collision frequency because of the repulsion by the 

negative charge, and also to the absence of the attractive force of the 

protonated amino group. The rate constants for reaction with 

acetamide at pH 10-9 were 1*7 x 10755, for acylamide (pH 7) 3-3 x 

101056, formamide (pH 11) 4-2 x 10755 and succinimide (pH 8-0) 

7*2 x 10957. The rate constant for reaction of hydrogen atoms with 
acetanilide at pH 7 has been determined to be 6-7 x 108 by using 

isopropanol as scavenger58. Similarly the rate constants for the reac¬ 

tion of hydroxyl radicals at pH 9 with acetamide, acetanilide and 

benzamide were found to be 7-8 x 10659, 3-0 x 1096° and 2-6 x 

10960, respectively, by employing //-nitrosodimethyl aniline as 
scavenger. 

While most of the studies of the radiolysis products of amide com¬ 

pounds in aqueous solutions have been with polypeptides61, some 

studies have been carried out using JV-acctylamino acids as models for 

the peptide linkage. In oxygen-free solution the major product 

formed in the radiolysis of iV-acetylglycine was identified as a,a- 

diaminosuccinic acid (G T6) after hydrolysing the solution. This 

compound was formed, as its diacetyl derivative, through the dimeri¬ 

zation of two radicals. The other products were ammonia (G 0-90), 

glyoxylic acid together with other carbonyl compounds [G 0-65) and 

aspartic acid (32) (G 0T3)38. Reductive cleavage of the nitrogen- 

H02CCH2CH(NH2)C02H 

(32) 

carbon bond (equation 12) was not important, since the yield of 

aspartic acid, formed by attack of the CH2C02H radical on acetyl¬ 

glycine, was low and only very small amounts of acetic acid (from 
• • 

CHgCO or CH2C02H), glycine (equation 13), and succinic acid 

CH3CONHCH2COaH + H -> CH3CONH2 + CH2C02H (12) 

ch3conhch2co2h + H -> CH3CO + nh2ch2co2h (13) 
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(from the dimerization of CH2C02H) were formed. In oxygenated 

solution, the intermediate radicals reacted with oxygen to form peroxy 
radicals, which break down according to Scheme 362: 

ch3conhch2co2h + OH-^ ch3conhchco2h + h2o 

CH3C0NHCHC02H + 02 -> CH3C0NHCH(02)C02H 

ch3conhchco2h + o2-^ ch3con=chco2h + ho2-=* 

ch3conh2 + choco2h 

or CH3C0N=CHC02H + H20 -> CH3C0NHCH(0H)C02H -=>- 

ch3conh2 + choco2h 

Scheme 3. 

The GNHa for acetylglycine and acetylalanine was about 3 in 

oxygenated OT m solution63. This corresponded to Gon6i and sug¬ 

gested that all the hydroxyl radicals were being scavenged. The yield 

of carbonyl compounds, however, was 0-8. When ferric ion was used 

instead of oxygen to scavenge radicals, the GNH3 value for acetylalanine 

increased from 0-7 to a limiting value of 3*3, and equal amounts of 

pyruvic acid were formed. Acetylglycine similarly gave equal 

CH3C0NHCHC02H + Fem + HaO -> CH3C0NHCH(0H)C02H + Fe11 + H + 

(14) 

amounts of ammonia and glyoxylic acid. The scavenging reaction 

involved the reduction of the radical to the hydroxy amide (equa¬ 

tion 14). At high Fe111: peptide ratios the following relation existed 

— Gamlde = GNh3 = GROoco2H ~ 3.2 x G0B + GH2o2 

since the ferric ion scavenged the solvated electrons and hydrogen 

atoms. At lower ratios the hydrogen atoms were not scavenged and 

- Gamlde = GNH3 = Gbcoco2n ~ 4.0 X GOH + GH2o2 + G& 

The low yield of carbonyl compounds in the presence of oxygen again 

indicated that the peroxy radical underwent complex reactions63 

At concentrations of acetylalanine above 0-1 m, the GNH3 value in¬ 

creased, reaching a value of 3 in 2-3 M oxygen-free solution65. The 

increase in ammonia yield was not accompanied by a corresponding 

increase in the yield of carbonyl compounds, which remained at 

G - 0-7. Formate ion did not reduce the GNHa value, which cannot 

arise from reactions of OH. The major organic product found was 

propionic acid, formed with G 1-6 in 2 m solution. However, no 
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propionic acid was detected in 0-5 m acetylalanine solution. Pro¬ 

pionic acid was not formed through a direct reaction with hydrated 

electrons (equation 15), since the addition of chloroacetate did not 

reduce G'NH3. However, naphthalene sulphonic acid, which is an 

effective quencher of exicted states, decreased GNHa to 1-0 at only 0-025 

M concentration. Apparently excitation of acetylalanine was caused 

by low-energy electrons, and the excited species that reacted with 

another molecule (equation 16). 

eiq + CH3C0NHCH(CH3)C02H -> (CH3C0NHCH(CH3)C02H)7 -> 

CH3CONH- + CH(CH3)C02H (15) 

CH3C0NHCH(CH3)C02H* + CH3C0NHCH(CH3)C02H -> 

CH3C0NHC(CH3)C02H + CH3CONH2 + CH(CH3)C02H (16) 

An early study of the effect of x-ray on the ultraviolet light absorp¬ 

tion of iV-acetyl-Ar-methyl-a-aminobutyric acid and A-benzoyl-a- 

aminoisobutyric acid66 had shown that the absorption was displaced 

to longer wavelength. Ammonia was liberated, indicating that 

hydrolysis had occurred. In more recent studies67, the irradiation of 

alanine anhydride (33) in oxygen-free solution did not alter the ultra¬ 

violet spectra. However, in the presence of oxygen a maximum at 

3200 a developed, and this was accelerated by adding either acid or 

base. The absorption was shown to be due to 2-hydroxy-3,6- 

dimethylpyrazine (34), which was formed with a G value of 0-468. 

CH3— H' r ^c=o 
0=C\^-CH—CHa 

H 

(33) 

H 

Further studies have shown that glycine anhydride and the mixed 

glycine-serine (35 a) and alanine-serine (35b) anhydrides, on irradia¬ 

tion in the solid state and dissolution in oxygen-free water, showed no 

R 
I 

CH 

0=C\/NH 
CH 

CH2OH 

(35a) R = H; 
(35b) R=CH3 
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ultraviolet absorption. However, the addition of 0-02 m sodium 

hydroxide resulted in rearrangement of the dehydropeptides (e.g. 36) 
with the formation of the dihydroxypyrazines (37a,b) with maxima at 

CH2 
II 

HN''^"''C=0 

0=c^ ^NH 
CH 

I 
ch2oh 

(36) (37a) R = H; 

(37b) R = CH3 

3700 a. The anhydrides of phenylalanine-glycine (38a) and phenyl- 

alanylalanine (38b) under the same conditions formed 3-benzylidene-2, 

5-diketopiperazines (39), which existed in the enol forms (40) in basic 
solution, and showed a maximum at 3250 A69. 

Nicotinamide (niacinamide) (41) was reported to be destroyed on 

radio lysis in aqueous solution70. iV-Alkylnicotinamides were re¬ 

duced in air-free solution71, and nicotinamide JV-methyl chloride72 

and A-propyl iodide73 gave dihydro compounds, which were not the 

1,4-dihydro derivatives, but appeared to be dihydro dimers74. 

CH2Ph 

ru 
HN"" ^C=C> 

0=C\ /NH 
CH 

I 
R 

(38a) R=H; 
(38b) R = CH3 

CHPh 
II 
C 

HN ^C=0 

0=C\ /NH 
CH 

I 
R 

(39) 

OH- -> 

CHPh 
II 

HN/C^C—Cr 

°=C\/N 
CH 

I 
R 

(40) 

IV. PEPTIDES AND POLYMERIC AMIDES IN SOLUTION 

The rate constants for the reactions of a number of peptides with 

hydrated electrons have been measured in pulsed radiolysis experi¬ 

ments, or by competition with monochloroacetic acid (see Table 1) 

The peptides generally react at rates 10 times higher than those of their 
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Table 1. Rate constants for reaction of peptides with 
hydrated electrons. 

Compound PH Method0 
io-% 

(1/mole sec) Ref. 

Glycylglycine pr 3.4 75 
3 ca 8-9 52,76 
6-38 pr 2-5 54,75 
6-7 ca 1-0 76 
7 ca 1-9 51 

Glycylalanine 
11-75 pr 0-5 54,75 
6-22 pr 2-9 75 

Glycylleucine 5-9 pr 1-5 75 
6-46 pr 2-8 54 
8-74 pr 0-7 54 
8-94 pr 0-65 54 

Glycylvaline 5-97 pr 2-6 75 
Glycylasparagine 5-33 pr 5-4 54 

11-41 pr 0-8 54 
Glycylproline 6-66 pr 11 54 
Glycylphenylalanine 6-7 pr 1-6 75 
Glycyltyrosine 6-13 pr 4-1 54 
Glycyltryptophane 6-37 pr 4-5 54 
Alanylglycine 6-22 pr 2-1 75 
Alanylleucine 6-46 pr 1-3 54 
Alanylalanine 6-27 pr 1-3 54 
Leucylglycine 6-09 pr 1-1 54 
Leucylalanine 6-1 pr 1-5 54 
Leucylleucine 5-97 pr 0-9 54 
Phenylalanylphenylalanine 5-66 pr 4-5 54 
Histidinylhistidine 5-51 pr 79-2 54 

6-83 pr 24-3 54 
7-3 pr 13 75 
8-37 pr 2-85 75 

11-0 pr 0-51 75 
Glycylglycylglyci ne 3 ca 30 76 

6-0 pr 9 54,75 
6-7 ca 7-2 76 
6-7 pr 9 52,54 
7-0 ca 7-2 51 

11-1 pr 0-9 54,75 
Leucylglycylglycine 6-0 pr 2-0 54 

9-5 pr 0-5 54 
Glutathione pr 32 75 
Glutathione oxidized pr 46 75 

pr = pulsed radiolysis; ca = competition with chloroacetic acid. 
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constituent amino acids. The protonated amino group had a larger 

rate constant when the proton was less tightly bound and was the 

reactive site for hydrated electrons. The higher reactivities of the 

protonated peptides can be related to their lower p^Ta’s as compared to 

the amino acids52, and a linear relation generally existed between the 

p^a and the logarithm of the rate constant54. The rate of reaction 

of hydrated electrons with the peptide bond itself was less than 

2 x 107 1/mole sec. Peptides with side-chain amino acids, such 

as glycylaspartylglycyltyrosine, were more reactive. The rate of 

reaction of histidinylhistidine varied greatly with the pH, and the 

changes in rate could be correlated with the various states of protona¬ 

tion of the imidazole groups54. The rate constants for reaction of 

peptides with hydroxyl radicals have also been determined by com¬ 

petition with thiocyanate ion (see Table 2). 

Table 2. Rate constants for reaction of peptides with hydroxyl 
radicals. 

Compound PH 
io-% 

(1/mole sec) Ref. 

Glycylglycine 2 0-95 77 
6 1-3 77 
7 1-6 78 

Glycylalanine 2 1-1 77 
6 2-1 77 

Glycylleucine 2 15 77 
Glycylisoleucine 2 14 77 
Glycylvaline 2 7-0 77 
Glycylserine 2 3-4 77 
Glycylmethionine 2 0-65 77 

5 1-3 77 
Glycylphenylalanine 2 5-1 77 
Glycyltryrosine 2 56 77 
Glycylproline 2 8-4 77 
Histidinylhistidine 6 54 77 

7 31 79 
Glycylglycylglycine 2 0-88 77 

3 1-5 77 
6 2-0 77 
8-6 M 77 

T r igly cylglycine 2 1-4 77 
2-5 2-1 77 
6 2-7 77 
7-8 7-1 77 
9-6 18 77 

\ 
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The simplest dipeptide is glycylglycine, and in early studies80 it 

was noted that this compound formed about 50% more ammonia on 

radiolysis than glycine, whereas diglycylglycine gave slightly less than 

the amino acid. Glycylalanine and glycylserine afforded 12 and 18% 

ammonia, respectively81, and glycylleucine formed glycine (G 0-97), 
but no leucine on radiolysis in aqueous solution82. The G_u value 

for glycylglycine has been variously reported to be 4-02 at 0-2 Mrad82, 
2-0 at zero dose83, and 2.79 at 10 Mrad84-85. The G_M value has also 

been reported to decrease with increasing dose82-86. The GNHa value 

for glycylglycine increased with the concentration of solute and ap¬ 

proached a limiting value of 3-0, when all the reactive water species 

(OH, H and e~J were scavenged76. The addition of formate ion, 

which preferentially scavenges hydrogen atoms, decreased the GNH3 

value to 2-5. Since the Ge-q in water was 2-8, the difference (of 0-3) 

may be due to the conversion of solvated electrons to hydrogen atoms 

by the glycylglycine. When chloroacetic acid was added to an oxygen- 

free solution the GNHa value decreased to 0-5. Since chloroacetic 

acid scavenges hydroxyl radicals, the principal reaction liberating 

ammonia from glycylglycine was due to these radicals. 

In early studies of the effect of x-rays on the ultraviolet spectra of 

peptides and derivatives in solution66, the following compounds were 

investigated: glycylleucine, acetylalanyl-a-aminoisobutyric acid and 

acetylglycylleucylanilide in water, and acetylphenylalanylglycine, 

acetylphenylalanylalanine, acetylphenylalanylvaline, acetylphenyl- 

alanylaminoisobutyrylamide, acetylphenylalanylalanylanilide, and 

acetylglycylleucylanilide in ethanol. The absorption curves of the 

acetyl dipeptides were displaced to longer wavelength, although the 

effect was smaller for the anilides than for the compounds with a free 

carboxyl group. All the dipeptides liberated ammonia, suggesting 

that the compounds hydrolysed to simple amino acids, which were 

then dehydrogenated to NH=CR2-type intermediates. 

More recent work has included the analysis of the products formed 

on radiolysis87-88. The G_M values in oxygen-free solution of leucyl- 

glycine and glycylleucine were 2-4 and 2-9, respectively87. Leucine 

and glycine individually had G_M values of 2-1 and 1 -57, whereas when 

a mixture was radiolysed the leucine was destroyed preferentially 

(G_Leu 3-0, G_Gly 0-9). Leucylglycylglycine showed G_M 2-2, with 

GNh3 T25 and GCOz 0*15. Traces of carboxyl compounds and volatile 

acids were also formed (each G 0-1). However, the main products 

were monoamino- and diaminodicarboxylic acids (G 0-7 and 0-55, 

respectively). The monoaminodicarboxylic acids were identified as 
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2-amino-3-methyladipic acid (44) formed by reaction of radical 42, 

derived from leucine, with the glycyl radical 43, and 2-amino-4- 

ch3 
.1 

ho2cch2ch2ch + chco2h 
I 
nh2 

(42) (43) 

CH3 

-> ho2cch2ch2chchco2h 
I 
nh2 

(44) 

methylpimelic acid (47) formed by reaction of the radical (45) from 

leucine with the radical 46 from glycine. The diaminodicarboxylic 

ch3 
. I 
ch2chch2chco2h + ch2co2h 

nh2 

ch3 

-> ho2cch2ch2chch2chco2h 

nh2 
(45) (46) (47) 

acids were diaminosuccinic acid (dimer of 43), 2,5-diamino-3,4- 

dimethyladipic acid (48) and 2,9-diamino-4,7-dimethylsebacic acid 
(49) (dimer of 45). 

CH3 ch3 

ho2cchch—chchco2h 

nh2 nh2 
(48) 

ch3 ch3 

ho2cchch2chch2ch2chch2chco2h 
I I 
nh2 NH2 

(49) 

An analysis of the products formed in the radiolysis of dipeptides 

derived from glycine, alanine and leucine 88 has shown that the princi¬ 

pal reactions in oxygen-free solution resulted from recombination of 

these radicals. Recombination of the acyl radical (e.g. 46) with the 

original peptide gave a new peptide linked by a monoaminodicarboxy- 

lic acid. Two radicals (such as 43) also recombined to form a peptide 

linked by a diaminodicarboxylic acid, and this accounted for 40 7, of 

the products from leucylglycine. Reductive deamination of the N- 
terminal amino acid gave ammonia and a radical on the end carbon 

atom, which formed an acyl peptide, and amounted for 107, of the 

reactions. Decarboxylation of the C-terminal amino acid also 

occurred. In the presence of oxygen oxidative deamination afforded 

an imino compound, which hydrolysed to ammonia and an aldoacyl 

or ketoacyl peptide (equation 17). Direct cleavage of the peptide 

also occurred giving an amide and a keto acid (equation 18). Methyl 

NH2CHR1COR —2H > NH=CR1COR -+H2°> NH3 + C^CRiCOR (17) 

RCONHCHRiCOaH -^ RCON^R^OaH -^ RCONH2 + OCRiCOaH 
(18) 
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and methylene groups in the side-chain were also hydroxylated. 

Thus, 3-, 4- and 5-hydroxyleucine were found in a radiolysed solution 

of leucylglycine after hydrolysis. The scission of the carbon chain also 

occurred, since y-methylglutamylglycine (50), aspartylglycine (51) 
and homoserylglycine (52) were formed. Terminal decarboxylation 
was a minor reaction in the presence of oxygen88. 

ch3 

ho2cchch2chconhch2co2h ho2cch2chconhch2co2h 

nh2 nh2 

(50) (51) 

hoch2ch2chconhch2co2h 

nh2 

(52) 

Glycylglycyltyrosine was found to afford 3,4-dihydroxyphenylalanine 
(dopa) on hydrolysis following radiolysis. However, glycylleucyl- 

tyrosine and leucyltyrosine did not form dopa89. The radio¬ 

lysis of 0-01 m solutions of glycylmethionine and alanylmethionine to a 

dose of 5T Mrad destroyed one half of the methionine. However, a 

dose of 7-3 Mrad was required to destroy one half of the glycine or 

alanine moiety90. Sulphur compounds and other amino acids also 

protected glycylglycine from radiolysis84. 

The radiolysis of frozen 1m aqueous solutions of glycylglycine, a- 

alanyl-ce-alanine and /3-alanyl-/3-alanine resulted in the formation of 

radicals91, and these had the same structure as those formed in the 

solid state92. The radiolysis of glycylglycylglycine has also been 

studied93. The G_M value for synthetic poly-a-L-glutamic acid has 

been found to be 3'5 in oxygenated solution94. On hydrolysis, 

amide groups (G 2-3) were formed. The glutamic acid liberated was 

found to have racemized (G 0-45), and the interpretation given was 

that the initial radical formed, recombined with a hydrogen atom. 

The monolayer properties of poly-D,L-alanine and poly-L-tyrosine 

were affected by irradiation, since there was a reduction in their areas. 

However, this was apparently due to crosslinking and not to attack on 

the peptide bond95. 

V. HOT-ATOM REACTIONS 

The majority of recoil studies involving carbon-14 and organic com¬ 

pounds have employed amines or other nitrogen-containing compounds 
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as external sources of nitrogen-14 for the 14N(/z,^)14G reaction. The 
amide group, however, provides a convenient internal source for the 
recoil reaction. The carbon-14 recoil atom chemistry of several 
amides has been studied. Only the carbon-14 products can be 
analysed, although other non-radioactive compounds must also be 
formed. 

Acetamide was activated and after hydrolysis, 6-4 to 8-1% of the 
total activity was in the form of acetic acid. This acid had 62 % of 
its activity in the methyl group, although only half the activity was 
expected, on the basis of equal ‘reentry’ into the parent molecule. 
Another product was propionic acid formed in a radiochemical yield* 
of 4-8 to 6-5%. The propionic acid had 52% of its activity in the 
methyl group, and 24% in both the methylene and carboxyl groups. 
The major reaction was then insertion of a carbon-14 atom into a 
carbon-hydrogen bond of the original acetamide. A trace of labelled 
acetone (0-13%) was also formed. This had 407o of its activity in 
each methyl group. A direct replacement of nitrogen for carbon-14 
(‘knock-on’ process) would have resulted in a 50% distribution. 
Labelled acetonitrile was detected as a product of radiation damage 
prior to activation96. 

A more detailed analysis of the products from acetamide97 has 
given the following radiochemical yields: formaldehyde (1-4), acet¬ 
amide (3-6), acetic acid (2-0), propionamide (5'0), propionic acid 
(1-0), acetone (0-5), diacetamide (53) (3-0), acetylacetone (54) (4-2), 
malonamide (6-1) and succinamide (7-1%). 

CH3CONHCOCH3 CH3COCH2COCH3 

(53) (54) 

In other recoil atom studies acetamide was activated with epi¬ 
thermal neutrons in a reactor, producing carbon-14 compounds, and 
also activated with rapid neutrons from an accelerator target, giving 
carbon-11 labelled compounds, via the reaction 12C(n,2n)11C. The 
samples suffered radiation damage. However, the true recoil yields 
in the absence of radiation damage could be calculated by extra¬ 
polating the data. Labelled acetamides formed by replacement 
amounted to 0-5% of the total radioactive products, A-methylacet- 
amide and propionamide, formed by insertion, amount to less than 
5% each, and 2% acetone was also formed by replacement of nitrogen 
by carbon. The other radioactive products were gaseous. The re- 

*The radiochemical yield is the yield of a labelled compound based on the 
total yield of radioactive products. 
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placement of the carbon atoms of the carbonyl and methyl groups was 
in the ratio of 65 : 35 98. 

The activation of propionamide afforded the labelled parent com¬ 

pound (3-3% radiochemical yield), n-butyramide (2T%), isobutyr- 

amide (T7%) and a trace of labelled ethyl methyl ketone. The 

individual products were not degraded in order to determine the extent 

of labelling in each position. However, the four products were 

formed in the ratio 4-2:2T:2*7: TO. Propionamide and n-butyr¬ 

amide again resulted from reentry and insertion into a carbon- 

hydrogen bond of the methyl group of propionamide. Isobutyramide 

also resulted from insertion into a carbon-hydrogen bond of the methy¬ 

lene group, while ethyl methyl ketone was formed by a ‘knock-on’ 

reaction of carbon-14 on nitrogen. The gamma radiolysis of solid 

propionamide also afforded n-butyramide and isobutyramide in the 
ratio 2-0:3-1". 

Another study showed that the yields of reentry and synthesis for 

propionamide and malonamide depended on the number of carbon 

hydrogen atoms involved. Oxamide afforded 14C-labelled oxamide 

and as much labelled malonamide, formed by insertion of a 14CH2 
group 10°. 

Benzamide gave labelled benzoic acid (3-8%), after hydrolysis101, 

with 87% of the activity in the ring compared to the theoretical 

amount of 85-7% (f) based on a random ‘knock-on’ process. 

Another study indicated 4-1% benzamide and 0-7% acetophenone102. 

Benzanilide (T5%) has also been reported as a labelled product103. 

Nicotinamide afforded benzoic acid (0-4%), as well as the labelled 

parent compound (3-4%)104. 
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I. INTRODUCTION 

The imide group is considered here as an amino group flanked by two 

carbonyl groups (1). This functional group occurs in acyclic di- 

acylamines (2), such as diacetamide (2, R1 = R2 = CH3), or as 
335 
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—CONHCO— F^CONHCOR2 

(1) (2) 

mixed imides, such as iV-acetylpropionamide (2, R1 = C2H5, R2 = 

CH3). The imide group is also present in the 4-, 5- and 6-membered 

ring compounds, malonimide (2,4-azetidinedione, 3), succinimide 

(2,5-pyrrolidinedione, 4) and glutarimide (2,6-piperidinedione, 5). 

CO CHo—CO CH2—CO 
/ \ \ / \ 

H2C NH NH h2c 
\ / / \ / 

CO CH2—CO ch2—CO 

(3) (4) (5) 

The unsaturated imide, maleimide (2,5-pyrroledione, 6) and the 

aromatic imide, phthalimide (1,3-isoindoledione, 7) are important 

compounds. Other imides are named as derivatives of the dicar- 

HC'^C\) 

H Vo 
(6) 

NH 

boxylic acids by adding imide to the root name instead of ic. Thus 

compound 8 is cyclohexane- 1,2-dicarboximide (hexahydrophthali- 

mide) and compound 9 is naphthalene 2,3-dicarboximide (2,3- 

benz[/] iso indole-1,3-dione). More complex compounds are named 

systematically from the corresponding ring system. Thus, compound 

10 is 4-(4-methyl-2,6-dioxo-l-phenyl-4-piperid-4-yl) butyric acid. 
The presence of other functional groups can modify the properties 

of the imidic group. The chemistry of hydantoin (11) and isocyanuric 

NH—CO NH—CO 
\ / \ 

NH CO 
/ \ / 

CH2—CO NH—CO 

(11) (12) 

acid (12) is vastly different from that of the imides and is not con- 
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sidered in this chapter. The carbodiimides (13) are not imidic com¬ 

pounds. The reactions of the isoimides, such as iV-alkylph thalisoimide 

(14) are only considered in relation to those of the corresponding 
imides. 

II. SYNTHESIS 

A. Synthesis from Amides and Amidic Acids 

The diamides of some dicarboxylic acids can be converted to the 

corresponding imides by heating. Thus maleic acid diamide 

(maleamide) gave maleimide1. Diglycollamide (15) also afforded 

diglycollimide (16) when heated. Maleamide was also converted 

CH2CONH2 

°X 
CH2CONH3 

(15) 

to maleimide by heating with zinc chloride 2, and treatment of succin- 

amide with sulphur monochloride gave succinimide3. Phthalamide 

(17) lost ammonia on melting at 222° to form phthalimide4. 

Diacetamide was formed by treating acetamide with acetyl chloride 

in benzene5. Propionamide when heated under reflux with tri- 

phenylmethyl chloride gave dipropionamide (18). Heating isobutyr- 

amide with triphenylmethyl carbinol also afforded diisobutyramide 

(19) and N-(triphenylmethyl)isobutyramide (20)6. 

(EtCO)2NH (i-PrCO)2NH i-PrCONHCPh3 

(18) (19) (20) 

Amides react with the acid anhydrides in two ways to form either 

imides or nitriles. The uncatalysed reaction produces nitriles, while 

strong acid catalysis produces the imides7. Thus, the uncatalysed 

reaction of propionamide with propionic anhydride resulted in a high 

yield of propionitrile8. 

Since dipropionamide did not form propionitrile under the same 

12+g.o.a. 

CH. CO 

°\ /NH 
ch2co 

(16) 

CONH, 

CONH2 

(17) 
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conditions, it follows that the imide cannot be considered an inter¬ 

mediate in the formation of propionitrile. The primary product of 

the attack of an anhydride on an amide may be the isoimidinium 

carboxylate (21). This can decompose into a nitrile or rearrange 

RCONH2 V- - rc=nh2.r1co2 

OCOR1 

(21) 

RCN + IR'COaH 

into an imide, but the rate of decomposition is much greater than that 

of the uncatalysed rearrangement. The decomposition reaction is of 

the six-centre type (22) and not subject to acid catalysis, while the re¬ 

arrangement is an intramolecular acylation susceptible to acid 
catalysis. 

This mechanism explains why benzamide and acetyl chloride 

produced an imide (equation 1), while acetamide and benzoyl 

chloride gave a nitrile (equation 2). The inductive effects of the 

RC=NH + R1C02H 
I 

OCOR1 

R— 
I : 

O^ *o 
c 

I 
R1 

(22) 

RCONHCOR1 

H 

N + 
Ph— 

| : Ph— 

°'c*° ' 

ch3 
1 

CH; 

(23) (24) 

PhCONHCOCH3 

(25) 
(1) 

l 
h3c-cOh 

o ̂  Co 
c 

I 
Ph 

(26) 

CH3CN + PhC02H + H+ (2) 

phenyl and methyl groups in the intermediate 23 formed from benz¬ 

amide, promoted proton transfer to the tautomeric form 24, which 
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readily rearranged to the imide (25) by attack of the activated car¬ 

bonyl group on the tertiary nitrogen atom8. However, in the inter¬ 

mediate from acetamide (26), the interchange of the groups results in 

inhibiting the proton transfer sufficiently to allow the six-centre 

reaction to predominate, and this then breaks down into the nitrile 
and carboxylic acid. 

The catalysed reaction has been used to prepare dipropionamide 

in good yield from propionic anhydride, propionamide, and sulphuric 

acid9. Such catalysts as hydrogen chloride, acyl chloride, or sul¬ 

phuric acid are helpful with acid anhydrides; and pyridine has been 
used for acyl halides. 

Benzamide reacted with acetic anhydride to produce iV-acetyl- 

PhCONH2 + (MeC0)20 -> PhCONHCOMe 

(25) 

benzamide (25). Similarly a 52% yield of A7-benzoyl-A7-phenyl- 

acetamide (27) was obtained when a mixture of phenylacetic 

anhydride and benzamide was heated in the presence of sulphuric 

acid. When two equivalents of phenylacetic anhydride were used, 

bis-phenylacetimide (28) was produced in 60% yield. The same com¬ 

pound was obtained in 96% yield when benzamide was heated with an 

excess of phenylacetyl chloride. This behaviour was explained by a 

mechanism involving the formation of phenylacetamide (29) from 

the protonated form of 279. The fact that the imide 28 was formed 

PhCONH2 + PhCH2COCI -s* PhCH2CONHCOPh PhCH3C°^-> PhCH2CO 
\ 

NH 
(27) / 

PhCH2CO 

(28) 

from either phenylacetic anhydride or phenylacetyl chloride is evi- 

PhCH2C = 0 + + 
PhCONH2 k — ± PhCONH2COCH2Ph --± PhC=0 + PhCH2CONH2 

(29) 

+ 

PhCHaC = o> phCH2CONHCOCH2Ph 

(28) 

dence for the phenylacetyl carbonium ion acting as intermediate, since 

it is common to both the anhydride and chloride. The greater 

reactivity of the phenylacetyl carbonium ion over the benzyl 
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carbonium ion explains why the reaction produced the symmetric 
imide 28. 

In pyridine, the reaction of imides with acid chlorides yields a 

mixture of the triimide, diimide and a nitrile. Since the isoimide (31) 

is a stronger base than the original amide (30), it follows that it is 

RCONH2 + RCOCI ■ QH5N 

(30) 
OCOR 

(31) 

RCOCI 

C5HsN 
R—C=NCOR 

I J 
OCOR 

(RCO)3N 

acylated in preference9. A-Acetylpyrrolidone (32, n = 3), JV-acetyl- 

caprolactam (32, n = 5) and similar compounds were formed directly 

from the cyclic lactam and acetic anhydride10. Succinimide, phthal- 

imide, tetrahydrophthalimide and naphthalimide have been N- 

acetylated using ketene in the presence of acetic acid in carbon 
tetrachloride11. 

The reaction of thioacetamide with acetyl chloride in acetonitrile 

in the presence of pyridine produced A-acetylthioacetamide (33), and 

:=o 

NCOCH3 CH3CSNHCOCH3 

(32) (33) 

phthaloyl chloride reacted with thioacetamide under similar condi¬ 
tions to produce A-thioacetylphthalimide (34)12. 

The amide and carboxylic groups in amidic acids react internally 

to form cyclic imides. Thus, glutarimide can be synthesized by dis¬ 

tilling glutaramic acid13. Phthalamic acid (35, R = H) also cy- 

clized to phthalimide when heated to 155 °14, and phthalanilic acid 

(35, R = Ph) gave phthalanil (36) when melted at 170°15. How¬ 

ever, treatment of phthalanilic acid with acetyl chloride produced 

3-phenyliminophthalide (^-phthalanil, 37)16. This compound re¬ 

arranged to phthalanil (36) when shaken with concentrated potassium 
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NPh 

(37) 

HCCONH2 RCCONHR1 

hcco2h hcco2h 

(38) (39) 

carbonate1'. Maleamic acid (38) cyclized to maleimide18; A^-alkyl- 

maleamic acids (39, R = H) and AAilkylcitraconamic acids (39, 

R = CH3) ring-closed to the corresponding substituted maleimides19. 
iV-(^-Anisyl) maleamic acid, was converted to iV-(/>-anisyl) maleimide 

when heated with phosphorus pentoxide in toluene20. Similarly, 

yV-phenylmalearnic acid gave A-phenylmaleimide when heated with 

phosphorus pentoxide or with sodium acetate and acetic anhydride. 

Ar-«-Naphthylmaleamic acid also formed the corresponding male¬ 

imide, but A7- (/>-carboxyphenyl) maleamic acid (40) and Ar-carbcth- 

oxymaleamic acid (41) could not be cyclized21. Oxanilic acid (42) 

HC02CH=CHC0NHCeH4C02H-p HC02CH=CHC0NHC02C2H5 

(40) (41) 

has been reported to give oxanil (43, R = C6H5) when treated with 

CO CO—CO 
CONHC6H5 \ / \ 

NR RN 1 
>2H / \ / 

CO CO—CO 

(42) (43) (44) 

thionyl chloride23. However, the product was shown to be 1,4- 

diphenyl-2,3,5,6-tetraketopiperazine (44, R = C6H5)24. Attempts 

to form oximide (43, R = H) also resulted in the formation of tetra- 

ketopiperazine (44, R — H) 25. 
3,3-Diaryl- and dialkyl-2,4-azetidincdiones have been synthesized 

in a series of reactions in which the disubstituted cyanoacetic esters 

(45) were partially hydrolysed with concentrated sulphuric acid to the 

ester monoamides. These were then hydrolysed with alcoholic 

potassium hydroxide to the malonic monoamides (46), which were 

cyclized by treating with thionyl chloride in pyridine26. Ethyl 

cyclohexyl-n-propylcyanoacetate (45, R = CgH^; R1 = n-Pr; R2 = 

Et) was similarly converted to 3-cyclohexyl-3-n-propylmalonimide27. 

The hydrolysis of 3-carbethoxy-2-phenylsuccinamic acid (47) with 

sodium hydroxide gave a-carboxy-a'-phenylsuccinimide (48) 28. 

Succinamic acid azide (49) afforded succinimide when treated with 
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R COzR2 R COzH 
\ / \ / 

c C 
/ \ / \ 

R1 CN R CONH2 

(45) (46) 

Ph—CH—COaH 

CHC02Et 
I 
conh2 

(47) 

ho2c 
\ 

CH—CO 
\ 

NH 

CH—CO 
/ 

Ph 

(48) 

0-2 N sodium hydroxide29. The hydrochloride of 5-cyanovaleramide 

NH2COCH2CH2CON3 

(49) 

OH 

NC(CH2)4C 
\+ 

nh2ci- 

(50) 

(NC(CH2)4CO)2NH 

(51) 

(50) gave 2570 adipimide and 23% bis(5-cyanovaler)amide (51) on 

heating to 180° for 1 hr. The hydrochloride of benzamide (52, 
R = Ph) afforded dibenzamide (53), benzonitrile and benzoic acid 

OH 
/ 

R—C 
\+ 

nh2ci- 

(PhCO)2NH 

(52) (53) 

on heating, and acetamide hydrochloride (52, R = CH3) formed di¬ 
acetamide, acetyl chloride and acetic acid30. 

The rate of cyclization of the iV-arylmaleamic acids to imides in 

the solid phase below their melting points has been studied. N-(p- 

Aminophenyl)maleamic acid was 7% cyclized in 199 min at 214°. 

The iV-p-chlorophenyl compound was 96% cyclized in 40 min 

at 143°, and N-(/>-tolyl)maleamic acid gave 76% imide at 160° and 
92% at 205° min31. 

A number of cyclic amino acids (54, n = 2-4, 55, 56, and 57) 
could not be cyclized to bicyclic amides or imides, because of the 

strain which would be introduced in the intermediates leading to the 
bicyclic compounds (Bredt’s rule)32. 
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ch2—ch2 
/ \ 

NH CH(CH2)„0O2H 

CHa—ch2 

(54) 

CO—CH2 
/ \ 

NH CH—CH2C02H 
\ / 

CO—ch2 

(55) 

CO—ch2 ch3 co—ch2 ch3 
/ \ / / \ / 

NH C NH C 
\ / \ \ / \ 

co—ch2 ch2co2h co—ch2 ch2ch2co2h 

(56) (57) 

B. Synthesis from Carboxylic Acids and Derivatives 

The reaction of an acid or acid derivative with amines or ammonia 

has been extensively used in the preparation of imides. 

A comparison has been made of the yields of JV-substituted succini- 

mides and glutarimides formed by heating primary amines with 

succinic or glutaric acid, either at 230-260° for 8-10 hr in a sealed 

tube, or at 125-175° for 3-5 hr distilling off the water, or by azeo¬ 

tropic distillation of water with /;-cymene33. The latter method gave 

better yields. Glutaric acid formed some glutaric acid diamide, 

although no succinic diamide was formed. 

When succinic anhydride was heated with ammonia, succinimide 

as well as succinamic acid and succinamide were formed34. Glutar- 

imide was obtained when glutaric acid and ammonium hydroxide 

were refluxed and then heated to 170-180°35. m-Cyclohexane- 

1,3-dicarboximide was also prepared by distilling a mixture of 

the corresponding dicarboxylic acid and ammonium hydroxide36. 

Cyclopentane-1,2-dicarboximide was similarly prepared from the 

corresponding anhydride 37. N- (n-Dodecyl) -m-cyclohexane-1,2-di- 

carboximide resulted from heating the anhydride with n-dodecylamine 

in xylene38. N-(2-Hydroxyethyl)camphorimidc (58) was prepared 

by heating camphoric anhydride with ethanolamine. This compound 

was converted to the A-vinylimide (59) by heating in a sealed tube to 

500°39. Aniline maleate formed Ar-phenylmaleimide on heating1, 

NCH=CH„ 
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and maleic acid and aniline formed the same compound when heated 
with phosphorus pentoxide in dioxan22. 

Acetic anhydride formed diacetamide, and propionic anhydride 

afforded dipropionamide when heated with cyanamide in xylene. 

A 2:1 mixture of acetic and propionic anhydrides gave 19-5% 

diacetamide and 22‘5% dipropionamide40. Tetrahydrophthalic 

anhydride and hexahydrophthalic anhydride were converted to 

hexahydrophthalimide on heating with ammonia and hydrogen in 
the presence of Raney nickel41. 

Phthalimide was formed by heating ammonium phthalate or 

phthalic anhydride and gaseous or aqueous ammonia to 300°42. 

Heating phthalic acid or phthalic anhydride with ammonium car¬ 

bonate or urea also gave phthalimide43. Phthalic anhydride also 

reacted with hydrazine in ethanol to form A-aminophthalimide 

(60, R = H). However, on heating with an excess of hydrazine or on 

OH 

OH 
(60) (61) 

treatment with acid or alkali this compound transformed to 

1,4-dihydroxyphthalazine . (61) 44. Phthalic anhydride and phenyl- 

hydrazine yielded A-anilinophthalimide (60, R = C6H5)45. 4- 

Amino-A-arylphthalimides (63) have been prepared by reacting the 
dimethyl/>-aminophthalate (62) with anilines46. 

Disubstituted malonic acids were converted to the substituted N- 
aminomalommid.es (64) by reaction with hydrazine or substituted 

y razines . Thus, 1-ammo-3,3-diethyl-2,4-azetidinedione (64, 

R CO 

NNHR1 

CO 

(64) 
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R = Et; R1 = H) was synthesized by reacting diethylmalonyl 

chloride with acetone hydrazone in methylene chloride in the presence 

of triethylamine, followed by treatment with cold hydrogen chloride 
in ethanol48. 

Phthalic anhydride reacted with amino azides to form A’-azido- 

alkylphthalimides49. In addition, azidoacetamide (65, R = H) con- 

RCH(N3)CONH2 + N3CH2COCI -> RCH(N3)CONHCOCH2N3 

(65) (66) (67) 

densed with azidoacetyl chloride (66) in boiling xylene to form bis- 

(azidoacetyl)imide (67, R = H). The azidoimide was converted to 

diglycylimide (68, R = H) on reaction with hydrogen bromide in 

RCH(NH2)CONHCOCH2NH2 RCH(NH2)C0NHCH2C02H 

(68) (69) 

acetic acid and acetone. Diglycylimide rearranged on treatment with 

a trace of triethylamine in 85% ethanol to glycylglycine (69, R = FI). 

Other azidoamides (65, R = Ale, i-Pr etc.) were subjected to the same 

series of reactions, and the asymmetric imides (68) rearranged to a 

mixture of dipeptides50. 

a-A-Phthalimidoglutarimide (thalidomide, 71) has been syn¬ 

thesized by first reacting phthalimide with glutamic acid to form 

a-(Ar-phthalimido)glutaric acid (70). This compound was con¬ 

verted successfully to the anhydride and the glutaric acid amide, 

which was cyclized to 71 by heating to 200° 51. The 3- and 4-hydroxy- 

phthalimide derivatives, which are metabolites of thalidomide were 

prepared in an analogous fashion52. 

A general route for the preparation of imides is the reaction of a 

carboxylic acid with a nitrile (equation 3)53. This reaction, pre- 

RCN + RCOaH -> (RCO)2NH (3) 

ArC02H + RCN -> RCOaH + ArCN (4) 

viously considered purely thermal, is acid catalysed. Aromatic car¬ 

boxylic acids give apparent metathesis (equation 4), while acid 

anhydrides form triamides (72). Cyclic imides can be synthesized 

using this reaction, and succinimide was formed from /2-cyanopropionic 

12* 
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RCN + (RC0)20 -> (RCO)3N 

(72) 

acid by internal addition54’55. A mixture of benzyl cyanide and 

phenylacetic acid formed 17% bis-phenylacetamide and 6-770 

phenylacetic anhydride on heating. Amyl cyanide and hexanoic 

acid similarly afforded 9-4% dihexanoamide and 2% hexanoic 

anhydride8. 

Homophthalimide (74) has been prepared by the action of acids 

on the dinitrile, o-cyanobenzyl cyanide (73) 56. The reaction must 

involve a partial hydration of one of the cyanide groups57. 1,2- 

Dicyanoethane gave succinimide on heating with dilute sulphuric 

acid at 153—170° for 6 hr, and 1,3-dicyanopropane formed glutarimide 

by heating for 5-10 hr at 180-200° 58. o-Cyanobenzamide (75), how¬ 
ever, formed imidophthalimide (76) on heating58-59. 

The reaction of a thiocarbonyl group with a nitrile is a general 

method for preparing cyclic imides with a sulphur atom in the ring60"62. 

Thus, 2,4-thiazolidenedione (77) was synthesized by treating thio- 

cyanoacetic acid with sulphuric acid60. /3-Thiocyanopropionic acid 

was also converted into l,3-thiazane-2,4-dione (78) using small 

amounts of thionyl chloride, phosphorus oxychloride or aluminium 

trichloride54. Ihis same compound was prepared by treating /?- 

iodopropionic acid with xanthogenamide (79) and acetic anhydride68. 

O 

s c S CO 
\ / \ 

NH ch2 
/ \ / 

CH2—c 
\ 

0 

0
 

X
 

to
 1 n
 

O
' 

(77) (78) 

NH 2 NH2COC2H6 

(79) 
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C. Synthesis from Isocyanates 

The reaction of an isocyanate with an acid anhydride has been used 

for the preparation of imides. Phthalic anhydride was found to react 

with phenyl isocyanate giving A-phenylphthalimide (80) in 71% 

yield. Acetic anhydride also reacted with phenyl isocyanate to yield 

iV-phenyldiacetamide64. To explain the formation of imides, it is 

assumed that there is an initial addition of the anhydride to the 

isocyanate. The resulting mixed anhydride 81 is unstable and 

R1N=C=Q + RCOOCOR 

O 
R\ 

RCO' 

\,^C 
r o 
^*c=o 

R 

(81) 

R1 
I 

RCONCOR 4- C02 

loses carbon dioxide9 originating from the isocyanate carbonyl 

group. Evidence for this came from the fact that carbon oxysulphide 

(COS) was evolved in the reaction of isothiocyanates (RNCS), and 

the reaction of phenyl isocyanate and acetic-1-14C acid liberated un¬ 

labelled carbon dioxide (equation 5) 65. 

PhNCO + CH314C02H -> PhNHC0014C0CH3 -> PhNH14COCH3 + C02 
(5) 

Monothiophthalimides (83) and monothiohomophthalimides have 

been synthesized by the cyclization of acyl isothiocyanates (82) with 

aluminium trichloride66. Acylureas can also be prepared by the 

reaction of isocyanates with imides (equation 6), and the substituents 

can be alkyl or aryl groups67,68. 

(83) 

RNCO + R1CONH2 > RNHCONHCOR1 (6) 
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When diphenylketene (84) was reacted with methyl isocyanate (85), 
the product was W-methyldiphenylmalonimide (86), and this reac- 

Ph Ph CO 

C=0=0 + MeNCO 
\ 

NMe 

Ph 

(84) (85) 

tion was used to prepare a series of malonimides 69. The reaction of 

cyclohexanecarboxylic acid chloride (87) with phenyl isocyanate in 

the presence of triethylamine in benzene gave W-phenylpentamethyl- 
enemalonimide (88), from the ketene formed in situ10. 

D. Miscellaneous Methods of Synthesis 

Imides have been prepared by other special methods, starting with 
hydrocarbons, or from nitrogen-containing compounds. 

Phthalimide was formed when o-xylene was passed with air and 

ammonia over a catalyst of vanadium pentoxide or alumina71. 

However, o-tolunitrile and phthalonitrile were also formed72. A tin 

vanadate catalyst has also been used73. The use of a 1670 molyb¬ 

denum trioxide and 2°/0 vanadium pentoxide on alumina catalyst 

resulted in 95-8% phthalimide and 2-5% phthalonitrile74. A 

phosphorus pentoxide-vanadium pentoxide catalyst afforded largely 

phthalonitrile with little phthalimide75. Substituents ortho to the 

methyl groups in o-xylene inhibited the formation of phthalonitriles, 

but did not reduce the amounts of phthalimides76. 1-Nitronaph- 

thalene has been oxidized in the vapour phase at 340-350° over 

vanadium pentoxide to a mixture of phthalimide and phthalic 
anhydride 77. 

The oxidation of pyrrole with potassium dichromate and sulphuric 

acid afforded a low yield of maleimide78. However, the photo- 

oxidation of pyrrole in the presence of eosin gave a good yield (32V) 

of the dihydromaleimide (89), which could be oxidized to maleimide 

with manganese dioxide. W-Mcthylpyrrole similarly gave N- 

methylmaleimide79. 2-Formylpyrrole (90) was also oxidized to 

succimmide with hydrogen peroxide in the presence of pyridine80. 
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H 

(90) 

The reaction of acrylamide with carbon monoxide at 160-180° and 

100-300 atm using Raney nickel, cobalt salts or cobalt carbonyl as 

catalyst gave an 81% yield of succinimide. Cyclohexene-1-carbox¬ 

amide similarly formed cyclohexane-1,2-dicarboximide, and croton- 

amide (91) yielded a mixture of 68% a-methylsuccinimide (92) and 

19% glutarimide81,82. The catalytic reduction of adiponitrile over a 

nickel-magnesium oxide catalyst at 80-120° and 105-120 atm 

afforded 26% adipimide (93) and 41% adipamide83. 

ch3ch=chconh2 

(91) 

CH2—CO 

(92) 

ch2ch2co 

NH 

ch2ch2c 

(93) 

oX 

Lactones react with ammonium dithiocarbamate (95) to form 

imides. Thus, /3-isovalerolactone (94) was converted to ammonium 

/3-dithiocarbamylisovalerate (96) which on hydrolysis yielded 
4-keto-6,6-dimethyl-2-thiono-l,3-thiazone (97)84. Five- and six- 

(CH3)2C ch2 

o—c—o 

(94) 

+ nh2cs2nh4 

(95) 

(CH3)2C—ch2-co2nh4 

s—csnh2 

(96) 

membered lactams (98, n — 2,3) reacted with aqueous potassium 

persulphate yielding imides (99, n — 2,3) as primary products85. 

(CH2)„ (CH2)„ 
/ \ ___v / \ 

o=c ,ch2 o=cx c=o 
N N 

I I 
R R 

(98) (99) 

Phthalonitrile and succinonitrile added ammonia to yield imidines 

(100, 101), which on hydrolysis formed imides86,87. 
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(101) 

A-Aminophthalimides (102) reacted with aromatic aldehydes to 
yield phthalylhydrazides (104) 44-88’89. The primary reaction was 

the addition of the aromatic aldehyde to yield an intermediate 103 
which then cyclized with loss of water to the phthalylhydrazide 104. 

CO 

^NNH2 + ArCHO 

CO 

/CO 

GL 
(102) 

OH 
I 

CONHN—C—Ar 
I 

H 
(103) 

.CO OH" 

Yl-N=C—Ar 

'CO H 

CO 

Vl—N=CHAr 

'CO 

(104) 

The A-vinyl derivatives (106) of succinimide, phthalimide, cyclo¬ 

hexane-1,2-dicarboximide and diglycollimide were synthesized by 

RCO RCO 

NCH2CH2OCOCH, NCH=CH, 

RCO RCO 

(105) (106) 

heating the corresponding iV-^-acetoxyethylimides (105)90-92 N-a- 

Butoxyethylsuccinimide (107) also formed A-vinylsuccinimide on 
heating with sodium bisulphate or sulphuric acid93. 

l-Aza-7-oximinocycloheptan-2-one (108) was transformed to adipi- 
mide on treatment with thionyl chloride in ether94. Citraconyl- 
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D 
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h2c-co 

Vi—chch3 

;-co iE 
(107) 

H,C 
)Bu 

Qh 
NOH 

(108) 

HoC 

H 

CO 

\lNHCONH2 

CO 

(109) 

semicarbazide (109) formed 15% citraconimide on treatment with 

sodium nitrite in acetic acid95. 

Cycloheximide (actidione) is an antibiotic produced by strains of 

Streptomyces griseus96. The structure has been shown to be j8-[2-(3,5- 

dimethyl-2-oxocyclohexyl)-2-hydroxyethyl]glutarimide (110)97 with 

the indicated stereochemistry98,99. The compound has been syn¬ 

thesized in a series of reactions, which involved a key step of the 

addition of /3-glutarimidylaectyl chloride (111) to the double bond of 

N- (l-cyclohexenyl-fra?w-4,6-dimethyl) morpholine (112) 10°. 
Dialkyl ketones and cyclic ketones react with cyanoacetic ester and 

ammonia to give Guareschi’s imides (113) (equation 7). Aryl 

xC=o + 2CNCH2C02R2 + NH3 
/ 

R1 

(7) 

alkyl ketones can react in two stages by first forming an arylidene- 

cyanoacetic ester (114) employing sodium acetate in acetic acid. 

ArCOCH3 + CNCH2C02Et 

Ar CN 

C=C 
\ 

CQ2Et 

(114) 

The arylidenecyanoacetic esters are then reacted with a second equiva¬ 

lent of cyanoacetic ester (equation 8) in the presence of sodium 
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ethoxide101,102. The Guareschi’s imides are important intermediates 

Ph^ CN 

P=\ + CNCH2C02Et 

H3c 'co2Et 

for the synthesis of cyclic compounds and pharmaceuticals. 

(8) 

III. PHYSICAL PROPERTIES 

A. Dipole Moments 

The free imide group can adopt three different conformations, 

according to the position of the carbonyl group relative to the group 

R1 

O N 

V \ 
i A 

(115) 

R1 

O N 

\ / \ / 
c c 

I II 
R O 

(116) 

R1 

R N R 
\ / 

C 

O 

(117) 

on nitrogen. However, because of resonance, the free imide group is 

essentially planar103. The cis-cis conformation (115) is the favoured 

conformation when R is small since the carbonyl groups are farther 

apart (5-6 A) and electrostatic repulsions are less. When R is large, 

the cis-trans conformation (116) reduces the interference between the 

R groups and the distance between the oxygen atoms is then 4-8 A. 

The trans-trans conformation (117) is the least favoured. The dis¬ 

tance between the oxygen atoms is 2-5 A and they are almost touching. 

The dipole moments of these compounds are an indication of the 

position of the two carbonyl groups. Only the cis-cis conformation 

(115) is possible in the five- and six-membered cyclic imides. The six- 

membered ring imides have a dipole moment of 2-6-2-9 d while the 

five-membered ring imides have a dipole moment of 1-5—2-2 d (see 

Table 1). The lower moment of the five-membered ring imides is an 

indication of smaller ring angles, which causes the angle between the 

carbonyl group to be greater. The resultant of the N+— O" con¬ 

tribution is then opposed to the resultant of the carbonyl dipole103. 

In the cis-cis conformation, low moments are expected since the 

resultant of the carbonyl and the N—H dipoles are subtracted from 
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Table 1. Dipole moments of cyclic imides“. 

Compound fl (d) 

Cyclohexane-1,3-dicarboximide 2-89 

Ar-Methylcyclohexane-1,3-dicarboximide 2-88 
Glutarimide 2-58 

iV-Mcthylglutarimide 2-70 
Bemegride (Megimide, A) 2-92 
Glutethimide (B) 2-83 

Aminoglutethimide (C) 3-64 
Succinimide 1-47 

JV-Methylsuccinimide 1-61 

Cyclohexane-1,2-dicarboximide 1-74 

3,6-Mcthano-1,2-cyclohexanedicarboximide 2-24 

° In dioxan at 30° (ref. 103). 

each other. Furthermore, the additional contribution to the moment 

from the usual imide resonance is not present, since the N+—0~ 

dipoles are at 180° to each other. 

I I I 
H H H 

JV-Acetyllactams (118, R = CH3) are in the cis-trans conformation 

and have moments of 3-0-3-2 d. The moments of six-membered 

ring A-acetyllactams are slightly higher than those of acetylated five- 

membered ring lactams, and these in turn are larger than those of 

unacetylated five-membered ring lactams. Ring size affects the 

moment of JV-acetyllactams by varying the angle between the car¬ 

bonyls group and by changing the amounts of s character in the exo- 

cyclic bond. However JV-benzoyllactams (118, R = C6H5) have 

higher dipole moments than JV-acetyllactams (Table 2). This is 

probably due to the increased conjugation of the benzene ring, and 



354 Owen H. Wheeler and Oscar Rosado 

Table 2. Dipole moments of substituted imides. 

Compound M (d) Ref. 

iV-Benzoylpyrrolidine 2-69 104 
iV-Benzoylpiperidine 3-07 104 
iV-Benzoylcaprolactam 3-47 104 
Phthalimide 2-91 105 

2-14 106 
iV-Methylphthalimide 2-24 106 
1,8-Naphthalimide 4-73 105 

the larger ring size benzoyl lactam (iV-benzoylcaprolactam) has a 

higher dipole moment due to the greater ease of conjugation with the 
phenyl group. 

(118) 

Dipole moments of aromatic imides such as phthalimide (119) and 

naphthalimide are higher than the non-aromatic imides, succinimide 

and glutarimide (Table 2), and this is due to the increased resonance 

in the aromatic compound. 1,8-Naphthalimide (120) has an addi¬ 

tional resonance form which causes its moment to be higher than that 

of phthalimide (119)105. The dipole moments of substituted phthali- 
mides have been reported106. 

(120) 
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iY-Methyldiacetamide exists in the cis-trans conformation. Diacet¬ 
amide, while having the moment expected for the cis-trans conforma¬ 
tion in dioxan, has a much lower moment in benzene and heptane, 
suggesting hydrogen bonding in a cyclic dimer (121)107. The low 

CHS 

C H--0 CH3 y \ / \ / 
ON C 

A N O 
/ \ / \ / 

Cl 13 0--H C 

Ah3 

(121) 

value of the dipole moment for JV-methyldiformamide (122) is ex¬ 
plained as due to hydrogen bonding between the formyl hydrogen 
and the carbonyl group (122)107. 

CH3—N 

H 

C=Q—H—C 
/ \ 

/• 

o 

C—H--0=C 

A 
/ 

N—CHG 

(122) 

B. Infrared Spectra 

Imides give rise to two bands due to the vibrational coupling of the 
two carbonyl groups. These bonds absorb at 1700-1650 cm-1 and 
at 1790-1710 cm-1108. The vibrational coupling between the two 
carbonyl groups depends on the nature of the substituent on the nitro¬ 
gen atom, suggesting an electronic and not a purely mechanical 
origin. Conjugation shifts the imide bands to lower frequencies while 
in cyclic compounds in which the carbonyl group is part of the ring, 
ring strain causes a shift to higher frequencies. 

In the solid state, imides have a strong band at 1740-1670 cm-1 109 
and a bonded NH band near 3250 cm"1 109~113. Diacylamines (123) 

show a trans-trans conformation in the crystal form, while in non-polar 
solvent such as carbon tetrachloride their configuration inverts to the 
cis-trans114. The trans-trans form is the one in which the carbonyl 
groups are parallel and trans-trans relative to NH110 (see Table 3). 
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Table 3. Infrared spectra of imides“. 

Type C=0 stretching N—H stretching6 

Aliphatic 1714, 1690° ~ 3421 
5-Membered ring 1810-1775, 1750-1680d ~ 3426 
6-Membered ring 1800-1785, 1780-1720e ~ 3386 

a In cm-1, for CHC13 solns. 
b Refs. 109-113. 
0 Ref. 108. 
b Refs. 116, 117. 
e Ref. 116. 

In non-cyclic imides the C—N stretching vibration gives rise to 

bands at 1507-1053 cm 1 and 1236-1167 cm-1 similar to those in 

monosubstituted amides. The trans-trans configuration of acyclic 

imides is characterized by bands at 3280-3200, 1737-1733, 1505-1503, 
1230-1167, and 739-732 cm-1, the latter band being ascribed to NH 

wagging110-111. A weak band is often found at 1695-1690 cm’1 in 

the trans-cis conformation, which is distinguished from the trans- 
trans form by the fact that the former has an NH band at 3245 cm-1 

accompanied by bands at 3270 and 3190, carbonyl bands at 1700 cm"1 

with weaker companions at 1734 and 1659 cm"1 and the NH waeeine 
band at 836-816 cm"1110-112. 6 

Cyclic, imides which are part of a six-membered ring, such as 

glutarimides, show carbonyl stretching bands near 1800 and 1700 cm"1 

five-membered cyclic imides have bands at higher frequencies 
(1800 and 1770 cm-1). These compounds can only exist in the cis- 
cis conformation116. Five-membered cyclic imides such as phthal- 

lmides, have a C=0 band at 1790-1735 and 1745-1680 cm-1 

TV-Substituted phthalimides show a doublet at 1790-1778 and 1747- 

1721, TV-substituted succinimides at 1780-1769 and 1728-1705 and TV- 
substituted maleimides, 1780-1770 and 1737-1711 cm-1118. The 

lower-frequency band is always the more intense in five-membered 

ring imides. The increased absorbance of the five-membered cyclic 

imides has been explained in terms of the hybridization of the carbon 

in the carbonyl group. Contraction of the ring gives more p character 

to the ring carbons, which confer more * (triple-bond character) to the 

exocychc bond. . The increased strength of the carbonyl bond will be 

reflected in a higher force constant and hence in an increased ab¬ 

sorption. The NH stretching vibrations in cyclic imides increase with 

decreasing ring size. The cyclic imides do not have the 1505 cm-1 
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^ ^ band present in non-cyclic imides. The corresponding semi- 

cyclic compounds, TV-acyl- and TV-benzoyllactams, which are in the 

cis-trans form, absorb at a higher frequency than the cis-cis cyclic 
compounds119. 

The two crystalline forms of diacctamide and TV-deuterodiacetamide 

have different infrared spectra and appear to be conformational 

isomers. The less stable form has a trans—trans planar conformation -111. 

Higher diacylamines (123, R - Me, Et or Pr; R1 = Et or Pr) also 
have a trans-trans conformation in the solid state114. 

RCONHCQR1 

(123) 

The doublet of TV-substituted naphthalimides (at 1720-1700 and 

1680—1600 cm 1) is shifted by the mesomeric and inductive effects of 

the substituents. A comparison of the carbonyl frequencies of TV- 

substituted phthalimides, pyromellitic diimide (124) and naphthalene- 

1,4,5,8-tetracarboxylic acid diimide (125) shows that the six-membered 

ring imides absorbed at a lower frequency than the five-membered 
ring compounds 12°. 

(124) (125) 

TV-Arylmaleisoimides (126) and TV-arylphthalisoimides (127) can 

be distinguished from imides by comparing the extinction coefficient 

of the carbonyl absorption. The value of the molecules extinction 

coefficient is of the order of 200-400 for the isoimides, and 850-1300 
for imides121. 

Alkyl isocyanurates (alkyl isocyanate trimers, 128a) have a strong 

O 

HC^C\ 

HCV 
,o 

(127) 

O 

/NYN\ 

r T « 
(128a) 

Ar—N—C=0 

0=C—N—Ar 

NR 

(126) (128b) 
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carbonyl band at 1700-1680 cm-1 with a weaker shoulder near 1755 

cm-1. The aryl analogues shows carbonyl absorption at a higher 

frequency (1715-1710 cm-1). Aromatic isocyanate dimers (128b) 
show a carbonyl band at 1785-1775 cm-1122. 

The i.r. absorption spectra of A-benzoyloxyhomophthalimides and 

A-hydroxyhomophthalimides showed they are represented by the 

structure 129, rather than as tautomers 130 and 131123. The 

(129) (130) (131) 

colourless and yellow crystalline forms of iV-hydroxyphthalimide have 
identical infrared spectra and the yellow colour is due to an impurity. 

The i.r. spectra confirms the structure as an iV-hydroxy compound124. 

C. Ultraviolet Spectra 

Simple imides absorb in the far ultraviolet near 178 m^ (e 8000) 

and this band is shifted in succinimide to about 191 m[x and in N- 
methylsuccinimide to 206 mfj.107. A-Methyldiacetamide has a 

maximum at 216 m[x in hexane, while A-methyldiformamide absorbs 

at about 207 mjx. Diacetamide does not show a band above 200 

m[Xio7,i25> The electron-repelling effect of the methyl group facili¬ 

tates the electronic transition and the maximum is shifted to longer 

wavelength, and there is a higher extinction coefficient. The sub¬ 

stitution of formyl for acetyl causes the wavelength to decrease107. 

The approximate doubling of the molar absorptivity in imides com¬ 

pared to amides is explained by the presence of two C(=0)N linkages 
in the former87. 

Glutarimides show a shift to longer wavelength of about 7 mjx 

as compared to succinimides87. This bathochromic shift is attributed 

to non-planarity of the imide group on the n —> 77-* transition as a 

result of twisting about the C(=0)—N bond. This twist increases 

the energy of the ground state relative to that of the excited state, and 

probably involves, in the latter, an antibonding 77* orbital whose 

energy function is a maximum at 90° from the planar configuration. 

The intensity increased with substitution on the a-carbon atom126. 

iV-Hydroxysuccinimide and A-hydroxyglutarimide have absorption 
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maxima of high intensity at 215 mp. This absorption is probably 

due to the presence of two chromophoric interactions. It was sug¬ 

gested that this absorption was due to the presence of the hydroxy 

jY-oxide (132) in equilibrium with the A-hydroxyimide form (133) in 

solution123. A similar explanation has been given for the absorption 

O 

I 
OH 

(132) (133) 

of A-benzyloxyimides, such as A-benzyloxy-a,/3-dimethylglutaconimide 

(134), at about 280 mp. The ultraviolet spectra indicate that these 

compounds are ionized in ethanol giving an equilibrium mixture127. 

Me Me Me 

(134) 

The spectrum of A'-benzyloxysuccinimide (135) was similar to those 

of A-hydroxysuccinimide and Ar-pentyloxysuccinimide and confirmed 

the structure of the compound127. A-Acetyllactams showed absorp- 

CH2 —CHa 

/■ / \ 
O N O 

I 
OCH2Ph 

(135) 

tion bands at 216-219 mp (e = 9,000 — 11,000), while A-benzoyl- 

lactams had bands at 228-232 mu., due to the chromophore 

C(—0)NRG(=0)104. A second band, which varied from 280 to 

268 mij. present in the spectra of the five-, six- and seven-membered 

A-benzoyllactams was probably due to resonance between the ring 

carbonyl and the free carbonyl group. This resonance was shown in 

the extinction coefficient which increased as the amount of resonance 

increased104. 

The high-resolution ultraviolet spectra of phthalimide has been 

reported128. The spectra of hydroxy- and methoxyphthalimides and 
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JV-phenylphthalimides129, and of iV-arylsuccinimides130 and A^-aryl- 

phthalimides131-133 have been measured. 

The fluorescence spectra of 4-aminophthalimide134, 3-amino- 

phthalimide and 3-amino-JV-methylphthalimide135, and of other 

phthalimide derivatives136 have been studied. The fluorescence of 3- 

aminophthalimide was quenched by triethylammonium iodide137. 

D. Nuclear Magnetic Resonance Spectra 

The nuclear magnetic resonance spectra of JV-methyldiacetamide 

show two peaks of area 2:1. The larger peak, 138 c.p.s. from TMS 

(S = 2-30 p.p.m.), corresponds to the six acetyl hydrogens while the 

other peak, 189 c.p.s. from TMS (8 = 3-15 p.p .m.), is the absorption 

of the iV-methyl hydrogens107. The formyl proton in liquid N- 
methyldiformamide appears 546 c.p.s. from TMS (S = 9T p.p.m.). 

In a dilute solution of carbon tetrachloride the proton resonates at a 

higher field 529 c.p.s. (8-81 p.p.m.), with a broader band due to a 

decrease in rapid exchange in the more dilute solution. N.m.r. 

proton signals are generally displaced to lower fields by the formation 

of hydrogen bonds, and the shift observed for the formyl protons is in 

accord with the formation of a dimer in which the formyl protons are 

hydrogen bonded to the carbonyl group (136). The presence of the 

electron donor C=0 group draws the proton away from its binding 

electron and reduces the electron density immediately around it. 

H O 

I / 
C=0--H—C 

CH3—N \j—CH3 
\ / 

C—H—0=C 

II I 
o H 

(136) 

The n.m.r. spectra of A^methylsuccinimide and iV-methyldithio- 

glutarimide show that the iV-methyl-group protons of the five- 

membered ring compound resonate at a higher field than those of the 

six-membered compound. This may be due to the increase in bond 

angle in the five-membered ring, which causes the iV-methyl group to 

deviate considerably more from the plane of the thiocarbonyl group136. 

The n.m.r. spectra of JV-substituted succinimides and maleimides show 

that the protons on the carbon atoms resonate at 20 c.p.s. towards 

higher field than in the corresponding anhydrides127. ^-Substituted 
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alkyl groups do not affect the chemical shifts of imides, but the TV- 

substituted alkyl groups lower the chemical shifts of the ring protons 

by 19 c.p.s.137. 

The 14N resonance of succinimide (199 p.p.m.) is shifted from that 

of ammonia (376 p.p.m.), because of the increased electronegativity 
of the nitrogen138. 

E. Mass Spectra 

The mass spectrometry studies of imides are very recent. Whereas 

the most abundant ions in the spectra of five-membered lactams comes 

from cleavage alpha to nitrogen, in alkylated succinimides the most 

abundant ions involve a double hydrogen transfer from the alkyl 

chain. TV-n-Butylsuccinimide showed relatively intense molecular 

ions probably represented by 137 or 138139. Both iV-alkylsuccinimides 

ch2ch2ch2ch3 
a p y 

(137) 

I 
ch2ch2ch2ch3 

(138) 

and iV-alkyl-2-pyrrolidines (where alkyl — n-propyl, n-butyl) showed 

a- and /3-cleavage, the n-butyl analogue showing y-cleavage of the alkyl 

chain. In iV-n-propylsuccinimide loss of a methyl group occurred to 

an extent of 60% by /3-cleavage. The remaining ion yield arises 

from expulsion of the a-carbon of the alkyl chain with its attached 

hydrogen and this must involve transfer of an ethyl radical in the 

molecular ion (139) to give the charged species 140 and 141139. 

ch2ch2ch3 

(139) (140) (141) i 

The base peak in the spectrum of iV-n-butylsuccinimide occurred at 

mje --= 100 (AM — 55), corresponding to the loss ofthe alkyl chain with 

transfer of two hydrogen atoms to the charged entity (143) principally 

from the j8- and y-carbons of the alkyl chain. The process involved 

intramolecular abstraction of a hydrogen atom from the y-carbon of 

the side-chain by oxygen in the resonance form of the imide (142) and 
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(142) (143) 

concomitant hydrogen transfer from the ^-carbon atom to nitrogen 

with synchronous nitrogen-a-carbon bond rupture139. 

Diacetamide underwent skeletal rearrangement on electron im¬ 
pact140. 

IV. REACTIONS 

A. Hydrolysis and Exchange 

Succinimide behaves as a moderately strong acid in butylamine and 

can be titrated with sodium methoxide in benzene-methanol using 

thymol blue as indicator, with a glass and antimony electrode system. 

In a less basic solvent succinimide is too weak an acid to be titrated 

using sodium methoxide. Phthalimide, however, cannot be titrated 

under similar conditions141. Succinimide was hydrolysed by aqueous 

alkali to succinamic acid, which on prolonged hydrolysis formed suc¬ 

cinic acid142. Succinimide on heating with solid sodium or potassium 

hydroxide was converted directly to succinate and ammonia143. 

Phthalimides are less readily hydrolysed, and attempts to determine 

the saponification equivalents of iV-alkylnaphthalimides were un¬ 
successful, since the imide linkage resisted hydrolysis144. 

The rates of saponification of diacetamide and succinamide were 

proportional to the fraction of ionized imide and not to the concentra¬ 

tion of hydroxide ion. The rate-determining step was the reaction of 

hydroxide ion with the unionized molecule of imide (equation 9)144a. 

The rates of saponification of other cyclic imides indicated that ring 

CO 

VlH + OH- 

CO 

HaO- 
I 

h2c^. 

CO 

V + h2o 
CO 

(9) 

opening was not the rate-determining step. However, ring strain and 

electronic effects in the ring affected the rate of hydrolysis145. The 

rates of hydrolysis of JV-methyl-145, JV-n-butyl- and iV-phenyl-146 

diacetamide have also been measured. The rates of alkaline hydrolysis 

of succinanil (iV-phenylsuccinimide) and methyl-substituted succin- 
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anils followed those of the corresponding anhydrides. The order 

found was unsubstituted > monomethyl > m&ro-dimefhyl > 2,2-di¬ 

methyl > {//-dimethyl > trimethyl > tetramethyl. The rates cov¬ 

ered a range of 83 fold. The tetramethyl compound existed in 

equilibrium as the major species with the corresponding succinamic 

acid at pH 8147. The a-alkyl-a-phenylsuccinimides gave a mixture of 
amidic acids on hydrolysis148. 

The acid hydrolysis of phthalimide (145) to phthalamic acid (146) 
has been studied spectroscopically at 80-100°, as an intermediate step 

in the hydrolysis of phthalamide (144)149-150. Phthalimide and o- 
carboxyphthalimide (147) showed a normal acid-catalysed hydrolysis 

/CONH2 
rrV 

'CONH2 

(144) 

a 
(145) 

or* 
co2h 

(146) 

below pH 1. The hydrolysis of phthalimide above pH 3 followed 

simple base catalysis, as did the behaviour of 147 at pH 5. However, 

the rate of hydrolysis of o-carboxyphthalimide increased in the pH 

range 1-4. This behaviour was interpreted as due to an intramole¬ 

cular general acid catalysis (equation 10) in which perpendicular 

attack on the carbonyl carbon atom was hindered151. 

The hydrolysis of Ar-phenylphthalimide showed no ionic strength 

effect in 30% ethanol at pH 9-11152. The addition of adenine in¬ 

creased the rate of hydrolysis of phthalimide in sodium carbonate 

solution at pH 10-10-5, and this was found to be due to the formation 

of a complex153. The rate of hydrolysis of thalidomide (71) in 0-001 
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and 0-002 m sodium hydroxide was twice as fast as that of phthalimide 

and JV-n-butylphthalimide, and this increased rate was due to the 

glutarimide part of the molecule154. Cycloheximide (110) underwent 

an acid-catalysed dehydration to anhydrocycloheximide, which was 

then rehydrated stereospecifically to form an isomer of cycloheximide. 

The hydrolysis of the imide occurred simultaneously with dehydration, 

and the rate-determining step was hydrolysis to the acid amide, which 

existed in equilibrium with the imide and dicarboxylic acid155. 

N-(o>-Aminoalkyl)phthalimides (148, R = H, CH3 or C2H5; n = 2 
or 3) underwent very ready hydrolysis, and dissolved in base at room 

N(CH2)„Nx 
UL, 

(148) 

temperature to afford the salt of the iV-substituted phthalamic acid156. 

iV-Phenacylphthalimide (149) was rearranged by sodium methoxide 

CO 

YlCH2COPh / 2 
CO 

MeO- 

(149) 

,CONCH,COPh 

COoMe 

to 3-benzoyl-4-hydroxyisocarbostyril (152). The mechanism suggested 

involved a base-catalysed opening of the phthalimide ring to give an 

imide anion (150), which underwent rearrangement to a carbanion 

(151), followed by ring closure. iV-Phenacylphthalimide (149) and 

methyl JV-phenacylphthalamate (153) gave the same product and at 

the same rate, indicating that the rearrangement and cyclization 

were the slow steps. The rate of reaction was slower using £-butoxide 

CONHCH2COPh 

COaMe 
(153) 
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ion. The rates for the methoxide-catalysed reaction of various 

phenacyl compounds (/'-methyl and /-methoxy) followed a linear 

Hammett relation, with p = 1-98157. 

The acetyl group in JV-alkyldiacetamides exchanged with the cor¬ 

responding group in acetic anhydride in the presence of pyridine, and 

the exchange has been studied using 14C-labelled anhydride158. No 

exchange occurred with A-aryldiacctamides159. The ease of trans¬ 

acetylation for the different alkyl groups studied was i-Pr > i-Bu > 

^ n"Pr > Et. This corresponded to the differences in nucleo- 

philicity of the nitrogen atom. The diacetylamine and acetic an¬ 

hydride were assumed to dissociate (equations 11 and 12). The 

RN(COCH3)2 — RNCOCH3 + CH3CO (11) 

(CH3c*o)2o — r-- ch3c*o2 + ch3c*o (12) 

RNCOCHa + CH3C*0 RN(C*OCH3)2 (13) 

fragments so-formed then recombined giving a labelled diacetamide 

(equation 13). The rate of this recombination of the iY-acetyl anion 

and acetyl cation depended on the nature of the iV-alkyl group. The 

rate of exchange was less in the absence of pyridine160. 

B. Reduction 

The reduction of imides has been accomplished by many different 

methods the most common being reduction with lithium aluminium 

hydride or sodium borohydride. The reduction of iV-alkylsuccin- 

imides (154) to the corresponding A-alkylpyrrolidines (155) by LiAlH4 

provides a convenient laboratory method for their preparation 

relatively free from pyrrolidones161. The reduction of phthalimides 

(154) (155) 

has also been employed to obtain isoindole derivatives162. JV-Alkyl- 

m-d4-tetrahydrophthalirnide (156a) gave the hexahydroisoindole 

derivative (156b) in good yield163,164. 

Cyclopentane- 1,2-dicarboximide (157a) and 1-3-dicarboximide 

(158a) have been reduced by lithium aluminium hydride to 3- 

azabicyclo[3.3.0]octane (157b) 37,165 and 3-azabicyclo[3.2.1]octane 

(158b)165 respectively. 
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(156a) (156b) (157a) (157b) 

(158a) (158b) 

Hexahydroisophthalimide similarly afforded 3-azabicyc,lo[3.3.1]- 
nonane166. Reduction of JV-methylglutarimide with sodium alu¬ 

minium hydride gave a 62% yield of 1-methylpiperidine, and 

3-ethyl-3-methylglutarimide was reduced in 28% yield to 4-ethyl-4- 

methylpiperidine167. Bicylic imides with nitrogen as the bridge atom 

(159a) can be reduced with LiAlH4 to the corresponding amines 

(159b)168. a, a-Disubstituted succinimides and glutarimides can be 

v ^ OH 
(159a) (159b) (160) 

selectively reduced, primarily at the one group far from the substituents. 

Hydroxy lactams (160, n = 1,2) were formed as the initial reduction 

product169. Similarly, phthalimides can be reduced selectively with 

sodium borohydride, but phthalide (162) and o-hydroxymethyl- 

benzamides (163) often appear as by-products170. Lithium 

aluminium hydride reduced both reactive groups in monothio- 

homophthalimide (164) to tetrahydroquinoline (165)163. However, 

0CH CONHR 

(163) 

Guareschi imides (166) could not be reduced by lithium aluminium 
hydride171. 

Succinimide on reduction with sodium and alcohol gave pyrroli¬ 

dine, but remained unchanged when shaken with hydrogen over 

platinum oxide. However, under this condition iV-acylphthalimides 
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(166) 

reduced incompletely to A7-phthalimidylcarbinols172. Isoindolones 

were also produced by the reduction of phthalirnide with tin and 

hydrochloric acid; reduction with zinc and sodium hydroxide 

afforded phthalide (162) and 3-hydroxyisoindolone (161, R = H)173. 

The distillation of succinimide, glutarimide and homophthalimide 

with zinc dust produced pyrrole, pyridine and isoquinoline, respec¬ 

tively 1'4. Catalytic hydrogenation of glutarimide gave piperidine174. 

One of the carbonyls of phthalirnide could be reduced over copper 

chromite to yield 1-isoindolinone. The use of Raney nickel afforded 

hexahydrophthalimide (cyclohexane- 1,2-dicarboximide)175. 

Imides of dibasic acids have been reduced electrolytically in acid 

solution to cyclic lactones and cyclic amines. Generally a lead 

cathode was used but cadmium and amalgamated zinc have been 

employed in some cases176-177. The product from the reduction of 

only one carbonyl group of succinimide may be isolated in good yield, 

while electroreduction of both carbonyl groups gave poor yields of the 

corresponding cyclic amine. Succinimide in 50% sulphuric acid 

yielded pyrrolidone in moderate amounts with only a trace of pyrro¬ 

lidine176. Pyrrolidone is difficult to prepare by other methods. 

The imide of camphoric acid (167) underwent a similar reduction, 

the products being camphidene (168) and camphidone (169)176. 

The electrolytic reduction of phthalimides has been used to prepare 

(170) 
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dihydroisoindoles (isoindolines, 170) 178. Phthalimide was elec- 

trolytically reduced at 1 to 8-5 atmospheres at temperatures below 49° 

to isoindolone (161, R = H) and isoindoline (170), at a lead or zinc 

amalgam electrode. The yield increased at higher pressure179. 

N- (2-Dimethylaminoethyl)tetrachlorophthalimide (171) can be re¬ 

duced at a palladium cathode with a potential of — 0-68 v to the 

corresponding hydroxyisoindolone (172), which was further reduced 

at a potential of — l-19v to N-(2-dimethylaminoethyl)tetrachloro- 
isoindoline (173) 18°. 

C. Reactions with Grignard Reagents 

JV-Phenylsuccinimide (174) reacted with ethylmagnesium bromide 

to form 2-ethyl-2-hydroxy-1 -phenyl-5-pyrrolidone (175)181. JV- 
Methylglutarimide (176) and phenylmagnesium bromide or benzyl- 

ch2co 

I /NPh 
CH2CO 

(174) (175) 

PhCO(CH2)aCONHCH3 

(177) 

CH3CH = CHCO(CH2)3CONHCH3 

(176) (178) 

magnesium bromide afforded iV-methyl-5-oxo-5-phenylpentanamide 

(177) and iV-methyl-5-oxo-6-phenylhexanamide, respectively182. 
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The reaction of 176 with allylmagnesium bromide gave trans-N- 
methyl-5-oxo-Zl6-octenamide (178)183. AAArylmaleimides (179) ring- 

opened with Grignard reagents to give £-aroyl-A-arylacrylamides 
(180)184. 

r'cP 
I ^NAr ArCOCH—CHCONHAr 
^CO 

(179) (180) 

A-Axylphthalimides185 (181, R = Aryl) and A-ethylphthalimide186 

(181, R = Et) reacted with alkyl Grignard reagents, similarly to 
174, to form the corresponding compounds 182. 

R1 OH 

(181) (182) 

D. N-Haloimides 

The acidic hydrogen atom on the nitrogen atom of imides can be re¬ 

placed by chlorine, bromine or iodine187. iV-Bromosuccinimide and 

A-bromophthalimide are prepared by adding bromine to an ice-cold 

solution of the imide in sodium hydroxide, and A’-chlorophthalimide 

by passing chlorine into a suspension of phthalimide in water188. 

Ar-Bromotetramethylsuccinimide was obtained by the addition of 

bromine to tetramethylsuccinimide in sodium bicarbonate solution189, 

and A-bromotetrafluorosuccinimide from tetrafluorosuccinimide and 

bromine in trifluoroacetic anhydride189 or trifluoroacetic acid190 in 

the presence of silver oxide. A-Bromoglutarimide and A-iodosuccini- 

mide were prepared by reacting the silver salt of the imide with the 

appropriate halogen35. 

A-Bromoimides, particularly A-bromosuccinimide, are used to 

introduce a bromine atom into a position adjacent to a double bond 

or a benzene ring191. This is the Wohl-Ziegler reaction and pro¬ 

ceeds by a radical-chain mechanism192-195. An allylic hydroxyl 

group may also be introduced and this resulted from hydrolysis of the 

allylic bromide196. In aqueous medium A-bromosuccinimide forms 

hypobromous acid which can convert an olefin to a bromohydrin196. 

Reaction with A-bromosuccinimide in the presence of pyridine or 

quinoline can result in dehydrogenation via elimination from an 
13 + c.o.a. 



370 Owen H. Wheeler and Oscar Rosado 

intermediate bromide196. An important reaction of A-bromo- and 

A-chlorosuccinimide in pyridine and f-butanol is the oxidation of car- 

binols to ketones196. The reaction apparently involves the halogena- 

tion of the a-carbon atom (equation 14), since benzyl ether is oxidized 

to benzaldehyde by A-bromosuccinimide, and A-chlorosuccinimide 

¥ 
-C—OH 

P, 
-C-^OH C — O + HX (14) 

converts benzaldehyde to benzoyl chloride197. In an allied reaction, 

a-hydroxy acids (183) were oxidized to ketones and COa by two 

Rx/0H 
/'“■\ 

Ri C02H 

(183) 

> 
R1 

=0 + C02 + Br2 (15) 

equivalents of A-bromosuccinimide (equation 15)196. Tertiary 

amines underwent cleavage of a carbon-nitrogen bond forming 

secondary amines, N—CH2 bonds being cleaved preferentially196. 

Alanine gave 50% acetaldehyde with A-bromosuccinimide and 25- 

35% with A-bromophthalimide. Glycine was 25-40% cleaved with 

either reagent 98.. These reactions of bromination and oxidation with 

A-bromosuccinimide have been covered in review articles188,196 

and only the more important recent developments will be mentioned 
here. 

A-Bromosuccinimide, A-bromotetrafluorosuccinimide and A-bromo- 

tetramethylsuccinimide showed identical selectivity to substituted 

toluenes, suggesting that the rate-controlling step was the abstraction 

of a hydrogen atom by a bromine atom189. The relative selectivities 

lor bromination by A-bromosuccinimide in carbon tetrachloride were 

for toluene = 1, secondary aliphatic hydrogens < 0-01 and allylic 

hydrogens = 50-100. The rates of bromination of toluenes followed 

the a constants of the substituents, with a Hammett reaction constant 

P of - 1-38 . In the case of a-substituted toluenes the rate de¬ 

pended on the relative capacity of the substituent to stabilize the 

transition state of the attack of a bromine atom on hydrogen bv 

electron release through resonance 200-202. The yield of benzaldehyde 

from alky benzyl ethers was insensitive to the alkyl group and probably 

proceeded via a benzyl ether radical (equation 16). A-Bromo- and 

PhCH2OR > PHCHOR -=► PhCH(Br)OR -> PhCHO + RBr (16) 
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iV-chlorosuccinimide in sulphuric acid solution caused ionic halo- 

genations of benzene derivatives, giving 50-95% yields of monohalo- 

genated products. Toluene formed o-, m- and />-bromotoluene in the 

proportions 67:2:31 and similar proportions of chlorotoluenes. The 

proportions of bromochlorobenzenes from chlorobenzene were 

ortho 39-4, meta T5, and para 59-1 %204. A^-Chlorosuccinimide showed 

the relative rate of chlorination of cyclohexane to that of toluene to 

be (3-9 ± 0-3): l 205. 

Arylalkyl hydrocarbons underwent photobromination with N- 
bromosuccinimide in methylene chloride. The relative rates of 

photobromination were the same as those for photobromination by 

bromine itself, and the reaction must involve a hydrogen abstraction 

by bromine atoms206. The photochemical reaction of iV-bromo- 

succinimide with (+ )-l-bromo-2-methylbutane gave ( — )-l,2-di- 

bromo-2-methylbutane in a chain reaction initiated by bromine 

atoms (equation 17) 207. The illumination of solutions of ketone and 

Br + RH HBr + R (17) 

R + Br2 RBr + Br 

JV-bromosuccinimide in carbon tetrachloride produced a-bromo- 

ketones. Thus, diethyl ketone formed 1-bromoethyl ethyl ketone 

(184), which was further brominated to bis (1-bromoethyl) ketone 

(185)208 
CH3CHBrCOCHBrCH3 

(185) 

C2HsCOCHBrCH3 
(184) 

iV-Bromoimides were generally less reactive than iV-bromoamides 

in the addition of bromine to styrene. iV-Bromophthalimide and N- 
bromosuccinimide did not form dibromostyrene. A'-Bromoglutar- 

imide afforded a low yield of dibromide on prolonged reaction, and 

formed 6G% 3-bromocyclohexene on reaction with cyclohexene35. 

iV-Bromosuccinimide was more reactive to olefins than iV-bromo- 

phthalimide. 2,3-Dimethyl-1,3-butadiene (186) was converted to 

ch3 ch3 ch3 ch3 

2 BrCH2CHCH2CH2CH=CH2 

(187) (186) (188) 
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1 -bromo-2-succimido- (187, R = (CH2CO)2N) or 2-phthalimido- 

(187, R = C6H4(CO)2N)-2,3-dimethyl-3-butene, and biallyl formed 

1 -bromo-2-succimido- (188, R = (GH2CO)2N) and 2-phthalimido- 

Br 

(189) 

(188, R = C6H4 (CO) 2N-)-5-hexene. These reactions all proceeded 

by 1,2-addition209. Cyclohexene reacted with A-bromophthalimide 

to form trans-2-hvomo-1 -phthalimidocyclohexane (189) with 5% of the 
cis isomer210. 

£. Miscellaneous Reactions 

The action of hypohalite on succinimide (the Hofmann reaction) 

produced ,8-alanine (190)210 and phthalimide afforded anthranilic 

acid (191) 212. The imides can be converted to the corresponding 

NH2(CH2)2C02H 

(190) 

acid amides and free acids by electrolytic oxidation. Thus the elec¬ 

trolysis of a solution of the potassium salt of succinimide yielded 

ammonia at the cathode and succinic acid at the anode (equation 

18)213. However, imides are generally resistant to oxidation, and 

[~f° 
NH 

[O] ch2conh2 ch2co2h 

ch2cooh 
> 1 

ch2co2h 
(18) 

can be used as protecting agents for easily oxidized groups. For 

example, glutamic acid was synthesized by first reacting phthalic 

anhydride with 3-aminocyclopentene. The product, 192, was then 

oxidized to phthalylglutamic acid (193) with nitric acid, chromic oxide 

potassium permanganate or ozone214. ,8-Alanine (195) was also 

obtained through the permanganate oxidation and hydrolysis of 
/Tphthalimidopropionaldehyde (194) 215. 
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-O —*■ OChHco^ 
ch2ch2co2h 

(192) (193) 

CO 

njch2chcho 
/ 2 

CO 

(194) 

nh2ch2ch2co2h 

(195) 

Glutarimide reacted with phosphorus pentachloride to form 2,3,6- 

trichloropyridine (196) (53%), 2,6-dichloropyridine (38%) and 

2,3,5,6-tetrachloropyridine (9%)216. The phosphorus oxychloride 

formed in the reaction caused by-products, and no chlorinated 

pyridines resulted when phosphorus oxychloride was used as solvent217. 

However, homophthalimide was converted by phosphorus oxychloride 

to 1,3-dichloroisoquinoline (197)218. The potassium salt of phthal- 

imide formed Ar,iV-thiobiphthalimide (198) on reaction with sulphur 
monochloride219. 

Cl 

(196) (197) (198) 

Diacetamide on heating with ethylene carbonate gave JV-(2- 

hydroxyethyl) diacetamide (199), and phthalimide similarly formed 

N- (2-hydroxyethyl) phthalimide 22°. 

(CH3CO)2NCH2CH2OH 

(199) 

Ar. Ar-Diacylanilines (200) rearranged in the presence of acid to give 

4-acylaminophenyl alkyl ketones (201). The reaction involved 

acylium ions221. 

PhN(COAr)2 ArCO NHCOAr 

(200) (201) 

Phthalimide reacted with formaldehyde to form AAhydroxy- 

methylphthalimide (202, R = OH), which could be converted to the 
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bromide (202, R = Br) with phosphorus tribromide. The bromide 

reacted with silver nitrite in the normal manner to form N- 
nitromethylphthalimide (202, R = NOa) 222. Primary arylamines 

condensed with formaldehyde and succinimide to form iV-(arylamino- 

(202) (203) 

methyl) succinimides (203). The reaction may proceed via an N- 
(hydroxymethyl)succinimide or N- (hydroxymethyl) arylamine223. 

The NH group in an imide is acidic, to a much higher degree than 

in an amide. This is because the anion can be stabilized by resonance, 

and the second acyl group provides a larger orbital for electron de- 

o O 0-0 o o- 
II - II I II II I 

RC—N—CR <-> R—C=N—C—R <-> R—C—N=C—R 

localization. Phthalimide, and other imides, form potassium salts 

with aqueous potassium hydroxide. Alkyl and allyl halides reacted 

with phthalimide in the presence of potassium bicarbonate to form 

A-alkyl- and vV-allylphthalimides, which were hydrolysed to the 

corresponding primary amines (Gabriel synthesis, equation 19) 224>225# 

The hydrolysis of the JV-alkylphthalimide was conveniently carried 
out using hydrazine224. 

The photolysis of succinimide vapour resulted in a mixture of 

products formed in four reactions; equations (20) and (21) accounted 

each for 407o of the products and equations (22) and (23) each for 

10yo of the products. The reactions probably proceeded through 

a common initial ring-opening step. The pyrolysis of succinimide 

vapour followed first-order kinetics, with equations (22) and (23) 

ch2con 

ch2cox 

NH 

C2H4 + CO + HNCO 

C2H4 + C02 + HCN 

CH2=CHCN + CO + HaO 

ch3ch2cn + co2 

(20) 

(21) 

(22) 

(23) 
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predominating. The pyrolysis and photolysis of JV-methylsuccinimide 

followed equation (20) giving methyl isocyanate226. 

Thiodiglycollimide (204) formed 1,4-thiazine (205) on passing 
over alumina on pumice at 450°227. 

(204) (205) 
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I. GENERAL AND THEORETICAL ASPECTS OF THE 
THIOAMIDE GROUP 

A. Historical Remarks 

As early as 1815 Gay-Lussac obtained the first thioamide1 by 
reacting hydrogen sulphide with cyanogen. It was called ‘Flavean- 
wasserstoff’2 (flaveanic acid) by Berzelius owing to its bright-yellow 
colour, and, as is well known, has the chemical structure of oxalic 
acid nitrile thioamide. Its counterpart, the red ‘ Rubeanwasserstoff’2 
(rubeanic acid), was prepared in 1825 by Wbhler and Liebig3-4 in a 
similar manner, and was investigated more accurately by Volckel5, 
who pointed out the chemical analogy of this compound with oxamide, 
thus performing the first structural evidence in the class of thioamides. 
In 1848 Cahours6 and later on Hofmann7 obtained a series of other 
thioamides from the corresponding carboxylic acid nitriles and hy¬ 
drogen sulphide. This method, in addition to the thionation of 
amides, introduced in 1878 by Hofmann8, has become most useful 
for the preparation of thioamides. 

Since their discovery thioamides have turned out to be most versa¬ 
tile reagents especially in the field of heterocyclic chemistry. For some 
20 years the investigation of their chemical properties has been 
developing rapidly, mainly on account of their enlarged technical 
application, and several reviews have been published in this 
period 9 ~13,357. The methods of physical organic chemistry, on the 
other hand, have been extensively applied to thioamides only very 
recently, and no comprehensive publication about this matter has ap¬ 
peared as yet. We therefore will especially concentrate on this subject. 

B. Nomenclature 

The correct nomenclature of the thioamides conforming to the 
I.U.G. rules is discussed in detail by Hurd and DeLaMater11. 
Accordingly these compounds have to be named by substituting the 
ending ‘thionamide’ for ‘-ic acid’ or £-oic acid’ of the name of the 
corresponding acid, or by using the prefix ‘thiol’ or ‘thion,’ re¬ 
spectively, before the name of the corresponding amide, the latter 
being simpler and more customary for naming substituted species such 
as anilides, toluidides etc. In practice however the prefixes ‘thiol’ 
and ‘thion’ are rarely discriminated but generally replaced by ‘thio’, 
which, in fact, is sufficient for characterizing the functional group 
GSNR2, because thiolamides RG(NR)SH, unknown as free molecules, 
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should be better called imidothiolic acids, and compounds like 

HSCH2CONH2 or CH3CSCH2GONH2 are named mercaptoacet- 

amide and /3-thionobutyramide, respectively. Throughout this 

chapter this simplified nomenclature will be used. Corresponding to 

the nomenclature of amides, RCSNH2 is called a primary, RCSNHR 
a secondary, and RCSNR2 a tertiary thioamide. 

Compounds bearing the —C(=S)N<^ functional group at an atom 

other than carbon (thioureas, thiocarbamic esters etc.) are not dis¬ 

cussed here, except in certain cases for comparison purposes. Nor will 

we deal in general with iV-heterosubstituted compounds like thio- 

hydroxamic acids, thiohydrazides (cf. Chapter 9 of this book), etc., 

or integrated heteroaromatic thioamide systems such as thiazole and 
pyridine-thione. 

C. Topology and Electronic Structure of the Thioamide Group 

I. X-ray diffraction 

The most instructive view of the arrangement of atoms within a 

molecule, though in the crystalline state only, can be achieved by 

x-ray diffraction, and several thioamides have been studied by this 
means (Table 1). 

From all available x-ray results it follows unambiguously that the 

key atoms of the thioamide group (3b) are situated in a plane like the 

ligands at normal olefinic double bonds, thus suggesting at least large 

contributions from j/>2-hybrid atomic orbitals of the central carbon 

and nitrogen atoms to the thioamide molecular orbital (3a), or, in 

terms of the vb theory, strong preference of polar resonance structures 

like 3c, implying a partial carbon-nitrogen double bond. 

A R1 

R2 
(3a) 

This agrees well with the data of Table 1. In particular all 

valence angles at the central atoms are in the region of 120° giving 

evidence for trigonal rather than tetrahedral (109. 5°) hybridization. 

The torsional angles ©, shown in Figure 1, between the plane of the 

functional group PF and planes P1 and P2 of aryl rings bound to the 

C or N atom, however, are not 0°. For instance = 38° in 118 

and ®2 = 45 in 222. The atomic distances fall between the known 
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Table 1. Bond lengths and angles in thioamides and 

similar compounds as determined by x-ray diffraction. 

A R1 

\v 
Bond lengths (A) 

C—S G—N 

Bond angles (degrees) 

ACS SCN RdNC RlNR2 

R2NG Refs. 

CH2Ph 

HCSN^ 
\ 

ch3 

ch3csnh2 

(CH3CSNH2)4Cu 

h2ncscsnh2 

1-66 1-35 123 122 119 14 
119 

1-731 1-324 120-7 117-7 117 123 15 
116 

1-683 1-302 123-7 122 16 

1-665 1-336 119-6 125-4 17 
1-633 1-311 120-5 124-6 

1-65 1-32 116-7 124-4 18 

1-69 1-29 115-5 124-3 18a 

H 

H2NCSNH2 

1-68 1-39 127 119 122 19 

1-71 1-33 122-2 122-2 20 

HNX JMH 

c„hb 

CH,C—N 
/ 

N 
SO H 

(2) 

1-722 1-334 

1-341 

119-8 119-8 

117-6 118-1 

122-9 

126-7 
117-9 

115 

21 

22 1-646 
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values for single and double bonds: C—N 1 *4-7 a; C=N (from oximes) 

1-27 a23; and C—S 1-81 a; C=S 1-60 A23,24, respectively, indicating 
marked electron delocalization (3a). 

The planarity of the functional group implies the possibility of geo¬ 

metrical isomerism. This point is discussed in detail in sections I.C.2, 

Figure 1. Angles © between the various planes of the thioamide molecule. 

1. C.3, and I.C.5. The x-ray diffraction experiments show, that in the 

case of iV-benzyl-iV-methylthioformamide there is only one isomer 
(the so-called trans , cf. section I.C.2) present in the crystal14. 

Thioamides form both dimers and polymer chains and layers in the 

lattice, held by intermolecular hydrogen bonds 15-18’19. We will later 

mention some effects, that considerably disturb this delineated co- 
planar arrangement. 

2. Nuclear magnetic resonance spectroscopic evidence 

Sandstrdm25 discovered the magnetical non-equivalence of the 

CH3 groups in N, A^-dimethylthiobenzamide, and explained this 
phenomenon by suggesting a fixed planar configuration of the thio¬ 

amide molecule accompanied by restricted internal rotation about the 

central C—N bond, as has been done in the case of JV,iV-dimethylated 

formamide and acetamide by Phillips26 and later on for many other 

amides (Chapter 1). Independently Speziale and Smith27 estab¬ 

lished a splitting of the CH3 signal in the n.m.r. spectrum of thio- 

acetanilide, which of course is due to the presence of two different 

species, but erroneously was referred to thion-thiol tautomerism rather 
than cis-trans isomerism. 

Recently a variety of thioamides has been studied by n.m.r. with 

regard to cis-trans isomerism. These investigations have been 
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particularly facilitated by the fact, that in some cases the cis-trans 
mixtures could be resolved into the two pure isomers28-32. In 

secondary thioamides other than thioformamides frequently one isomer 

only occurs. Table 2 shows equilibrium ratios of unsymmetrically 

substituted thioamides, usually determined by integration of suitable 

peak areas in the n.m.r. spectra, aided by the possibility of separation 

of isomers. The two forms are no longer called ‘cis’ and ‘trans’, 

because this nomenclature is ambiguous, but are designated correspond¬ 

ing to the suggestions of Blackwood and coworkers39*, i.e. any con¬ 

formation with two substituents of higher priority (according to the 

sequence rules of Cahn and coworkers40) on opposite sites of a mole¬ 

cule is called (E) (from the German ‘entgegen’) and its counterpart 

(Z) (from ‘zusammen’) as is demonstrated in the examples below. 

This designation, moreover, brings about greater consistency in the 

(Z)/(E) ratios than the cis-trans terminology, because bulky groups on 

nitrogen generally are the ones with the higher priority (see Table 2) 

and on the thioacyl side the sulphur atom has priority. 

H CH2Ph ' H CH3 

C—N C—N 
2-. \ x"-. \ 

S CH3 S' CH2Ph 

(£) (formerly ‘trans’) (2) (formerly ‘cis’) 

H3C^ CH2Ph H3C CH3 

C—N C—NX 
2-. \ /s— \ 

S' CH3 S' CH2Ph 

(£) (formerly dubious) (Z) (formerly dubious) 

The assignment of n.m.r. lines to the conformers in question may 

be achieved by measuring the dependence of the chemical shifts on 

dilution with benzene, a viable method for thioamides33-36,41,41a as 

well as for amides42, and in thioformamides and thioacetamides by 

means of the different coupling constants across the partial double 

bond30,32,41. Interestingly, the respective coupling constants in 

secondary thioformamides are always higher than in the corresponding 

formamides32,33. This may be explained by the increased double¬ 

bond character of the C—N bond in the former. In dimethylthio- 

acetamide (DMTA) the methyl group near the S atom {‘cis') is less 

shielded than the ‘trans’-methyl group, whereas the reverse is true for 

* This terminology is used in the Chemical Abstracts Index too. 



390 W. Walter and J. Voss 

Table 2. Isomer ratios of unsymmetrically substituted thioamides R1CSNR2R3. 

R1 R2 R3 
L(Z)]I 

[(£)] Solvent 
Separation 
of isomers Refs. 

H H Me 6-9 c6h6 33 
H H Et 8-1 DMSO 32 
H H i-C3H7 2-3 c6h6 TLC6 31, 34 
H H i-C4H9 2-5 c6h6 TLC 31, 34 
H H t- C4H9 0-04 c6h6 34 
H H CH2Ph 5-2 c6h6 TLC 31, 34 
H H CHMePh 2-8 C6Hs 34 
H H CH2GH2OMe 3-0 neat 32 
H H CH2CH2OEt 3-8 neat 32 
H H CH2CH2NMe2 13-3 DMSO 32 
H Me CH2Ph 0-64 neat spontaneous 28, 34, 35 
H Me CHMePh 0-37 neat 34 
H Me CH2CH2OH 0-33 c6h6 TLC 30 
H c2h5 ch2ch2oh 0-64 c6h6 TLC 30 
H i-C3H7 ch2ch2oh 0-32 c6h6 TLC 30 
H i-C3H7 CH2Ph 0-25 c6h6 34 
H t-C4H9 CH2CH2OH 0-00 c6h6 pure 30 
Me H Me 36 c6h6 33 
Me H Ph 1-5° cdci3 36 
Me H Ph 1-7 cdci3 38 
Me H />-C6H4Me l-lc cdci3 36 
Me H />-C6H4Me 1-3 cdci3 38 
Me H />-C6H4OMe 1-3 cdci3 38 
Me H o-C6H4OMe 3-2 cdci3 38 
Me H /i-C6H4NMe2 0-82 cdci3 38 
Me H />-C6H4Cl 2-3 cdci3 38 
Me H />-c6h4no2 5-1 cdci3 38 
Me H o-C6H4COMe d cdci3 38 

/ \ 
Me H CH>NW0 d cdci3 pure 32 

iV-Thioacetyl- 
indoline (4)e 3-8= CC14 37 

Et H Me d CDC13 pure 33 
i-C3H7 H Me d cdci3 pure 33 
*-C4H9 H Me d cdci3 pure 33 
ph H ch2oh d cdci3 pure 32 
/>-no2c6h4 H ch2oh d cdci3 pure 32 
2,4,6-Me3CeH2 Me CH2Ph 2-1 fractional 29 

crystallization 

“ DMSO = hexadeuterodimethyl sulphoxide. 
6 TLC = thin-layer chromatography. 

c The [(Z)]/[(£)j ratio varies markedly with increasing dielectric constant of the solvent. (4) for instance 
has (Z)j{E) = 0-75 in DMSO37. 

d No (£) isomer could be detected in these compounds. 
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dimethylthioformamide (DMTF); the latter behaving analogously to 

tertiary amides the magnetic anisotropy of which may be described by 

the model of Paulsen and Todt43’44. By the aid of sterically fixed 

./V^thioacylpiperidines analogous models for the spheres of anisotropy 

of the thioformamide and thioacetamide systems have been de¬ 

veloped413'. It appears that the inversion of magnetic shielding 

between DMTF and DMTA is due to steric effects413. 

Inspection of Table 2 shows that in the case of tertiary thioamides 

the (E) conformation predominates unless R1 is bigger than the S 

atom as is expected from sterical considerations. Surprisingly 

enough, most secondary thioformamides behave differently: in the 

dominant isomer the iV-substituent shares the same side with the 

large S atom. This finding cannot be explained by assuming chain 

association of the (Z) isomer via intermolecular hydrogen bonds, be¬ 

cause this conformation is quite stable in highly dilute solutions too as 

is shown by i.r. spectroscopy (section I.G.3). Intramolecular 

electrostatical interaction31 as indicated in 5 can explain this 

H 

S 

N7 

H 

R 

(Z) (5) 

H 

S 

\ & 
.C—N 

\ 

R 

H 

(E) 

behaviour. The (Z) isomer is the one with the lower total dipole 

moment, and thus the lower free energy. 

In some cases the isomer ratios are markedly dependent on solvent 

effects36 (cf. footnote c of Table 2) but there are compounds which 

show only small changes34. 

Linear correlation between the logarithmic isomer ratios of para- 

substituted thioacetanilides (6) and the Hammett constants of the 

respective substituents X is obtained (p = 0-76 in CC14) (Figure 2)38. 

This is explained by the assumption that an increase of 7r-electron 

density on the benzene ring (i.e. decrease of the a value) will promote 

H 
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the orbital overlapping between the thioamide and the aryl group. 

The resulting more coplanar arrangement will however suffer from 

steric hindrance of the ortho protons and the large S atom in the (Z) 

conformer, and thus the less hindered (E) conformer will be favoured 

in the equilibrium. 

Figure 2. Relationship between [(Z)]/[(£)] and a in ^-substituted thioacet- 
anilides38 MeCSNHCeH4X-/>(6). 

No. 1 2 3 4 5 6 7 8 9 10 

X NMe2 OMe Me H F Cl Br I CN no2 

The outlined interaction is also apparent from the difference of the 

chemical shifts At = t0 — rm between the ortho protons and meta 

protons, because the deshielding effect of the S atom increases with 

increasing coplanarity of the molecule. For instance At = 140 c.p.s. 

in iV-thioacetylindoline (4), which is totally coplanar in the relevant 

parts; At = 115 c.p.s. for o-methoxythioacetanilide (enforced co¬ 

planarity by strong intramolecular hydrogen bonds), At = 45 c.p.s. 

for />-dimethylaminothioacetanilide (a = —0-600), and At = 14 

c.p.s. for />-cyanothioacetanilide (ct = + 0-660)38. These results 

show that hydrogen bonds are more effective than electronic effects in 

bringing about coplanarity, and on the other hand, the strongly 

electron-donating />-dimethylamino groups is significantly better than 

the electron-withdrawing jf>-cyano group in this respect. 
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The enthalpy differences AH and free-enthalpy differences AG 
between the (Z) and (E) conformers of unsymmetrical thioamides 

are quite small. For instance AG = 0-29 kcal/mole for Ar-benzyl- 

Ar-methylthioformamide45. AG = 1-2 kcal/mole for A-methyl- 

thioformamide33. Loewenstein and coworkers46 reported AH = 
2-4 kcal/mole for the former compound, which unusually high value 

has to be corrected. On the other hand, the energies of activation E& 
and especially the free enthalpies of activation AG* for the (Z)-(E) 

isomerization in several cases are found in the range of 23 kcal/mole 

or even higher, which may be taken as the lower limit for the possible 

preparative separation of conformers at room temperature. Charac¬ 

teristic energy values of rotation around the C—N bond as determined 

by various n.m.r. techniques (approached line-shape equations and 

equilibration measurements) are compiled in Table 3. It is obvious 

from the table that the values of AG* are throughout higher for thio¬ 

amides than for amides* (see section I.C.9 and Chapter 1), which 

might be connected with marked electron delocalization and increased 

double-bond character of the C—N bond. This explanation of 

course is a rather qualitative one and cannot be confirmed by quanti¬ 

tative computations48 (see section I.C.8). Nor can the barrier 

height be directly correlated with the resonance energy. Increased 

contribution of dipolar resonance formulas is also indicated by lowered 

14N chemical shifts in thioamides52 as compared with their oxygen 

analogues. Thioformamides show even larger values of AG* than 

other thioamides, a fact not yet fully understood. In part this may 

be due to steric as well as mesomeric and inductive effects. Apart 

from this, thioamides with electron-withdrawing substituents (R1 = 

CN, COOR) exhibit higher barrier heights than those with electron¬ 

releasing substituents R1 = Me and—not shown in Table 3—OMe48, 

SMe48,53, NR248’54, Cl48,55). Crowding in the ground state, for 

instance in tertiary pivalic acid thioamides (Table 3), lowers the 

energy of internal rotation, whereas steric interactions in the tran¬ 

sition state give rise to higher barrier heights, as in mesitylene deriva¬ 

tives (Table 3). 
Elam and coworkers observed56 splitting of the CH signal in the 

n.m.r. spectrum of a,a-di-£-butylthioacetanilide (7). It is however not 

quite clear whether this phenomenon is due to restricted rotation 

around the C(1)—C(2) bond56 or around the C—N bond. Restricted 

* AG* values recently are preferred over Ea values for barrier heights to 

internal rotation, on account of experimental and theoretical reasons45,47. 
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internal rotation in primary thioamides RCSNH2 has been observed 

for benzoic and pivalic acid thioamide in dimethylsulphoxide but not 

(CH3)3C s 
\ / 

C(2)H—c(1) 

(CH3)3C NHPh 

(7) 

in CDC13. This effect is explained by a specific astatic association of 

the solvent molecule with one proton, which is not shielded by the 

bulky group R of 832,57. The magnetic non-equivalence of the two 

jCHa 
H 

R N y vw 
s^' xch3 

(8) 

/P-.. 

> C—N 

H7 \ 
(») 

N—H-protons of 15N-labelled thioacetamide is also evident from the 

occurrence of two different 15NH coupling constants (91 and 94 c.p.s. 
respectively in CDC13) 57. 

Finally some related compounds shall be mentioned. Thioform- 

amide ^-oxides (9) show the (E) conformation exclusively58, which 

R1 H R1 SR2 

\ \ 
SR H 

(£) (11) (Z) 

is stabilized by intramolecular hydrogen bonds. This is supported 

by the x-ray diffraction results (cf. Table 1). Alkyl formimidothio- 

lates (10) 45,358 and formhydroximidothiolic esters (11)59 each consist 

of two isomers. 

3. Infrared spectroscopic evidence 

Since the pioneer work of Mecke and coworkers 60,61 the i.r. spectra 

of thioamides have given rise to much discussion. The remarkable 
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differences in the interpretation and the assignment of the various 

frequencies arise from two facts. Firstly the typical i.r. bands of 

thioamides fall in the ‘fingerprint’ region of the spectra and often 

cannot be traced out unequivocally, and secondly the vibrations of the 

CSN= group are obscured by strong coupling with other vibrations 

of the molecule. Nevertheless some progress has been recently 

achieved in this field, especially the theoretical calculations of the 

frequencies of thioformamides62-63 and thioacetamide64 by Suzuki, 

selective labelling of the thioacetamide molecule with 2H, 13C, and 15N 

by Walter and Kubersky65, and the extensive systematic work on 

numerous compounds, together with protonation, alkylation, complex 

formation, and seleno substitution studies by Jensen and Nielsen66, 

now permit the location of characteristic thioamide bands. We shall 

not deal here with the above mentioned controversies. Summaries of 
the older literature may be found elsewhere65-66. 

The interpretation of bands in the NH region of thioamides is quite 

clear. In dilute solutions the symmetrical and the antisymmetrical 

NH2 stretching vibration of primary thioamides are scarcely affected 

by electronic effects from other parts of the molecule and occur in a 

very small frequency interval (cf. Table 4). More concentrated 

solutions show additional bands, which are attributed to intermolecular 

Table 4. NH stretching frequencies (cm-1) 
of primary thioamides in CC14. 

Compound 

hcsnh2 
MeCSNH2 
EtCSNH2 
t-BuCSNH2 
cf3csnh2 
PhCH2CSNH2 
PhCSNH2 

j&-N02C6H4CSNH2 
/>-fc8h4csnh2 
/>-MeCeH4CSNH2 
/>-MeOC6H4CSNH2 
/>-Me2NC6H4CSNH2 

csnh2 

Et 

vai(NH) vs(NH) Refs. 

3495 3374 67 
3497 3383 64, 65 
3506 3395 68 
3511 3393 68 
3503 3386 68 
3494 3375 68 
3508 3392 68 
3503 3386 68 
3507 3391 68 
3509 3392 68 
3510 3395 68 
3513 3397 68 

3504 3387 68 
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hydrogen bonds in chloroform and to specifical solvation via hydrogen 

bonds in acetonitrile. In the solid state bathochromic shifts of the 

two frequencies due to strong intermolecular association occur65. 

In secondary thioamides the sharp NH bands are split in two on 

account of (Z)-(E) isomerism, which was first observed by Russell 

and Thompson69. The results of later work on this subject are com¬ 

piled in Table 5. Isomer ratios and some barrier heights of rotation 

as determined by i.r. spectroscopy, which generally agree well with 

n.m.r. data (cf. Tables 2 and 3), are shown in Table 6. The assign¬ 

ment of the various vibrations has been undertaken by means of 

dipole-moment measurements (cf. section I.G.5) and of the typical 

behaviour on dilution70. Both the (Z) and the (£j conformers show 

association frequencies at elevated concentration, but the cyclic dimers 

(12) built from (E) molecules are more resistant to dissociation than 

the chain polymers (13) formed by the (Z) isomer, and the correspond- 

R1 S-H R2 

I I 
N *C 

4*\ \ 
R2 H-S R1 

(12) 

R1 H \\ z/2 \ /H- 
/c-\ 

R2 R1 H-S R2 

(13) 

ing association bands depend differently on concentration. Recently 

the possible occurrence of a non-planar isomer of iV-f-butylthio- 

isobutyramide in equilibrium with the predominating (Z) configura¬ 

tion has been concluded from asymmetries of the NH stretching band 
of this compound7113. 

The relation between isomer ratios and Hammett constants men¬ 

tioned in section I.C.2 has been realized by i.r. measurements too 

(p — 0-57) 38. In these experiments intermolecular interactions are 

practically absent due to the low concentrations (10 ~3 m) and non¬ 
polar solvent (CC14) used. 

Frequency shifts of the NH, OH, and the thioamide ‘B’ bands cor¬ 

responding to strong intramolecular hydrogen bonds are observed in 

salicylic acid thioanilides (14) 72. These compounds may be resolved 

into two isomers, thus exhibiting another interesting example of re¬ 

stricted rotation about the C(1)—C(2) bond (cf. section I.C.2). Con¬ 

formations, fixed by intramolecular NH—0=S bridges, may also be 

derived from the i.r. spectra of thioamide .S’-oxides71 (Table 5). 

The i.r. bands occurring between 700 and 1600 cm-1 have been 

classified by Jensen and Nielsen66. Their assignments (Table 7) are 



Table 5. NH stretching frequencies (cm x) 
of secondary thioamides and S-oxides in CC14. 

Compound 

HCSNHMe 
HCSNHCH2Ph 
HCSNHPh 
MeCSNHMe“ 
MeCSNHCH2Ph 
MeCSNHPh 
MeCSNHC6H4NMe2-/> 
MeCSNHC6H4OMe-/> 
MeCSNHC6H4Me-/> 
MeCSNHC6H4Cl-/> 
MeCSNHC6H4F-/> 
MeCSNHC6H4N02-/> 
Me3CCSNHC6H4Me-/» 
PhCH2CSNHPh 
PhCSNHMe0 
PhCSNHCMe3 
PhCSNHPh 
/)-MeOC6H4CSNHMe 
/>-MeC6H4CSNHPh“ 

SO 
II 

PhGNH2 
SO 
II 

MeCNHPh0 
SO 
II 

PhCNHPh0 

R H 
\ / 

C—N 
\ 

S R1 

(Z) isomer 
v(NH) v(NH)assoo 

R R1 

W 
XH 

(E) isomer 
v(NH) v(NH)assoo Refs. 

3436 3396 63, 68 
3414 3383 68 
3404 3374 3182 36, 70 
3417 68, 71 
3410 68 
3399 3250 3368 3200 70 
3398 3367 68 
3399 3368 36, 68 
3400 3359 36, 68 
3401 3369 68 
3401 3369 68 
3399 3364 68 
3400 36 
3394 3352 68 
3415 71 
3395 68 
3394 3369 68 
3428 68 
3385 3245 71 

3440 3225 71a 

3390 3177 71a 

3410 3196 71a 

3487 3326 71 

3480 3302 71 

3242 71 

3245 71 

° In CHC13. 

398 
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v (OH) 2600-2800 3320-3430 

v('B’) 1490-1536 1518-1555 

(14) 

not always quite clear-cut but generally agree sufficiently with the 

^§>§®stions of Suzuki62 61, Walter and Kubersky65, and Desseyn and 

Herman73. The data given in Table 7 may be taken as representative 

but there are significant deviations in special cases. It is notable that 

the position and shape of the class B band is strikingly different 

in the two isomers of secondary thioformamides. The B band of the 

(E) isomer is much more intense and hypsochromically shifted by ca. 

35 cm 1 with respect to the less polar (Z) isomer, on account of in¬ 
creased double-bond character of the (E) isomer31. 

I he most important general statement arising from these data pre¬ 

sumably is the appearance of the CN stretching frequency in the 

region of C=N double bonds as well as that of the CS stretching vibra¬ 

tion in the region of C—S single bonds. This fact further supports 

the concept of the resonance-stabilized planar S—C—N skeleton of 

Table 6. Isomer ratios and isomerization free enthalpies of 
activation of secondary thioamides RXCSNR2R3, in CC14. 

R1 R2 R3 i(zmm AG* (kcal/mole) Refs. 

H H i-C3H7 « 10 22-4 32 
H H i-C4H9 #10 23-0 32 
H H CH2Ph #20 22-6 32 
H H Ph 0-05 70 
Me H Ph 1-5 69 
Me H Ph 1-74 38 
Me H CeH4NMea-/> 0-80 38 
Me H C6H4OMe-/> 1-41 38 
Me H C6H4C1 -p 3-26 38 
Me H c6h4no2-/> 8-5 38 
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Table 7. Classification and assignment of characteristic 

i.r. frequencies of thioamides in the 600-2000 cm-1 range (in KBr pellets)66. 

Thioamide 

Class Assignment11 primary secondary tertiary 

A i'(NH) + v(CN) 1615-1650 
B »(CN) + b(NH2) 1415-1480 1525-1565 1490-1530 
G v(CC) + HCN) 

and others 
1300-1400 1300-1400 1300-1400 

D r(NCS) + r(NH2) 1200-1300 950-1150 1000-1200 
E w(NH2) 900-1000 
F t + w(NH) 700-800 700-800 
G v(CS) 700-850 700-800 850-1000 

° b = bending, r = rocking, w = wagging, t = twisting. 

the thioamide molecule. Apart from this, i.r. spectra, and especially 

the easily traceable B, G, and D bands, represent a very valuable tool 

for the identification and characterization of this functional group. 

4. Ultraviolet spectroscopic evidence 

The remarkable chromophoric properties of the C=S group of 

thioketones extend to the thioamides. Compounds as simple as thio- 

benzamide or acetylthioacetamide show a bright-yellow colour 

whereas their oxygen analogues are colourless. This interesting fact 

led to the early investigation of the u.v. and visible spectra by Hantzsch 

and his school since 193074-76. Hantzsch showed75, by comparing 

the u.v. spectra of thioamides and their S- and A-substituted deriva¬ 

tives, that these compounds exist as thiones rather than imidothiols. 

Burawoy, on the other hand, was the first one to make systematic 

observations in this field74. He observed the characteristic long- 

wavelength, low-intensity ‘R’ band (from ‘Radikal’) and the more 

intense ‘K’ band (from ‘Konjugation’) at shorter wavelengths. 

Hosoya, Tanaka, and Nagakura77 tracing back to Katagiri and co- 

workers78 and independently Janssen79-80, classified Burawoys £R’ 

and ‘K’ bands according to Kasha’s terminology81 as n -> tt* 7’7-80-82 

and tt-> tt-* 77-78 bands respectively, on account of mo calculations, 

polarized u.v. absorption spectra77, solvent shifts, intensities, and be¬ 

haviour on protonation. Later on, Sandstrom especially, supported 

these assignments in a series of papers25-50-81-86. He studied the spec¬ 

tra of a large number of systematically substituted thioamides and their 

solvent dependence. Tables 8 and 9 show some data recently ob¬ 
tained by various authors. 
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Table 8. Ultraviolet spectra of thioamides. 

401 

n b 

Compound 

MeCSNH2 

MeCSNHMe 

MeCSNMe2 

MeCSN 

MeCSNHPh 

—CSNMe2 

MeCSNHCOMe 

Solv- 
ent° ^max(^ 0 log e ^max(^ 0 log e Amax(nm) log e Refs. 

A 327 1-72 266 4-10 210 3-63 79 
B 361 1-38 266-9 4-08 231 3-77 
A 321 1-69 261 4-13 79 
G 360 1-41 264 4-06 
A 330 1-75 269 4-18 
c 365 1-61 272 4-17 79 

A 278 4-20 87 

G 392 1-74 330 3-49 88 

G 358 1-68 277 4-09 50 

A 429 1-50 282 4-30 83 
G 425 1-58 278-5 4-36 212 3-63 

A 319 1-82 266-5 4-16 85 
D 335 1-67 270 4-17 

A 276 4-11 85 
D 340 1-73 281 4-08 

A 392 1-32 269 4-32 85 
D 398-5 1-30 265 4-25 

A 402 2-13 321 4-57 236-5 3-56 85 
D 406 2-20 315 4-55 234 3-69 

A 

D 

413-5 
417 

1-40 
1-43 

279 
276 

4-31 
4-25 

85 

Cr A 422 2-23 336 4-51 237 3-84 85 
D 475-5 1-86 330-5 4-47 237 3-85 

PhCSNH2 A 370 2-4 296 3-85 241 3-97 25 
G 418 2-33 298 3-81 239 3-94 

PhCSNHMe A 390-5 2-41 286-5 3-86 238 4-03 25 
G 402 2-48 288 3-81 237 4-04 

PhCSNMe2 A 366 2-47 281 3-97 239 3-99 25 
G 395 2-50 284 3-93 250 3-95 

Phcsr/ ^o A 372 2-45 288 4-03 240 4-00 87 

14 +C.O.A. 
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Table 8. (Cont.) 

b 

Compound 
Solv¬ 
ent0 Amax(nm) log e Amax(nm) log e Amax(nm) log e Refs. 

p-Q2NC8H4CSr/ \> 
A 382 3-52 310 4-09 265 4-51 87 

PhCSNHPh A 402 317 3-91 239 4-11 89 
E 429 2-43 

PhCSNMePh A 294 4-07 226 4-03 89 
PhCSNHCOMe A 480 2-18 273 3-91 226 89 

C 471 2-30 
PhCSNPhCOPh A 467 2-21 279 237 89 

E 485 2-14 

PhCOCSf/ 'o A 379 2-98 342 3-13 266 4-18 87 

V~7 
330 3-25 256 4-19 

PhCOCHaCS[/ JD A 325 3-76 282 4-17 245 4-11 87 

“Solvents: a = ethanol, b = ether, c = saturated hydrocarbon, d = heptane-CH2Cl2 
mixtures, e = benzene. 

b Hosoya and coworkers'77 have attributed this band to a second n —n* transition. 

One can see from Table 8 that the long-wavelength bands of simple 

thioamides show, without exception, negative solvatochromic shifts 

and low intensities and thus unambiguously have to be assigned to 

n->TT* transitions. Remarkably the high-intensity absorption at ca. 

270 nm shows slightly negative solvatochromism too, which has led 

Janssen80 and Sandstrom90 to the presumption that it might be due to 

an n -> cr* transition. Later on, however, Sandstrom demonstrated 25 

by mo calculations that the 270 nm band of thioacetamide should be 

bathochromically displaced in thiobenzamide by conjugation if it 

were a tt ->tt* band as indeed is experimentally found (Table 8), 

whereas an n -> a* band should remain unaffected by this substitution. 

Alkyl substituents cause reasonable hypsochromic shifts in many cases 

(Tables 8 and 9 and Figure 3). This holds especially for N,N- 

disubstituted molecules. Sandstrom showed that this can be ascribed 

to a steric inhibition of conjugation25-84. From his mo calculations 

angles @ of rotation between the CSNR2 group and the plane of the 

adjacent group (cf. Figure 1), shown in Table 9, may be derived84. 

His results agree qualitatively with the x-ray data for dithiooxamide18 
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(section I.C. 1). Sterically fixed cyclic thioamides therefore show only 
negligibly small hypsochromic or even bathochromic shifts on methyla- 

tion8j'86. On the other hand, 7V-aryl and especially iV-acyl groups as 

well as corresponding a-substituents give rise to bathochromic shifts 

of both the n-> n* and the 77 -»77-* bands by extending the conjugative 

system of the thioamide molecule (cf. Tables 8 and 9). 

Figure 3. Ultraviolet spectra of thioacetamide (-), thiobenzamide (...), 

and -VjV'-dimethylthiobenzamide (-) in heptane25. 

This holds for the thioamide b-oxides too90a, whereas imidothiolic 

esters like S-protonated thioamides in strongly acidic solution79’82 

show no n -> v* bands, and their n -> tt* bands are hypsochromically 

shifted with respect to the parent thioamides89 (cf. Table 10). 

Recently characteristic differences between the u.v. maxima of (Z) 

and (E) isomeric thioamides have been found31. The v -» tt* 

bands of secondary thioformamides are bathochromically shifted in the 

more polar (E) isomers (Amax = 276 nm in CHC13) relative to the 
(Z) isomers (Amax = 266 nm). 

The frequencies of the n -j- tt* bands of thioamides (as well as those 

of other thiones) may be obtained from empirically determined incre¬ 

ments in a very simple manner as has been stated by Fabian Viola and 
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Table 10. 77—>77* bands of fhioamide 6'-oxides90a 

and imidothiolic esters89. 

Compound (nm) 

MeCSNH2 267 
MeCSONH2 298 
MeC (SMe)=NH 240 
MeCSNHPh 299 
MeCSONHPh 321 
PhCSNHPh 317 
PhCSONHPh 355 
PhC (SMe)=NPh 296 

Mayer88. The absorption maxima calculated by means of the 
formula 

31* — 104/(,-'o + ax + %) 

where the wavelength is in nm units, agree well with experimental or 
quantum mechanical values. Thioacetone (A0 = 104/P0 = 499 nm; 
aMe — 0) is taken as reference compound; ax and aY depend on the 
substituents X and Y in a molecule X—GS—Y. Some examples are 
given in Table 11. It would be worthwhile determining further 
data, especially of other iV-alkyl and iV-aryl groups. 

The valuable chromophoric properties of the GSNR2 group give 
rise to its use for configuration studies by means of circular dichroism 
(cd) and optical rotatory dispersion (ord) measurements. Sjoberg 
and coworkers91 have proposed the Ar-phenylthioacetyl- and N- 
thiobenzoyl-a-amino acids as suitable derivatives for establishing their 

Table 11. Substituent-specific absorption increments, a, for the n —=► 77* 
transition of thiones according to Fabian and coworkers88. 

Substituent a (cm Substituent a (cm-1) 

nh2 6-8 cf3 -1-6 

NHMe 7-5 cf2ci - 1-1 

NMe2 7-3 CN -3-7 

NHPh 5-5 COOEt -5-3 

NHAc 3-1 CONH2 -2-5 

Me 0 CSNH2 -7-0 

Fo 20-05 Ph -2-4 
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absolute configuration, since these compounds exhibit strong Cotton 

effects related to their n-^rr* bands. Barrett92,93 and Bach and co¬ 

workers94 however stated that considerable caution has to be observed 

in assigning configuration to chiral molecules solely on basis of the sign 

of the Cotton effect, because it may be inverted on going from one 

solvent to another and even from one compound to another in a 

homologous series. This difficulty may be overcome by using the 

likewise optically active v —> 77* transitions of the thiobenzoylamino 

acids instead of the n —> tt* bands 95. Empirical correlations between 

the cd and structure of peptides unfortunately are obscured by solvent- 

modified intramolecular interactions between the chromophore and 

the amino acid residues and thus no general spectroscopic method for 

TV-terminal analysis of polypeptides can be based on it96, except the 

location of TV-terminal imino acid residues, e.g. proline359. On the 

other hand, the absolute configuration of an asymmetric centre 

directly linked to the functional group of a carboxylic acid can be 

determined from the cd, associated with the transition of the 

corresponding TV-methylthioamide97: (R) configurations produce a 

negative Cotton effect and (S) configurations a positive one. Anoma¬ 

lies arise if heteroatoms are present at the asymmetric centre. 

5. Dipole moments 

In Table 12 the dipole moments of thioamides determined as yet are 

compiled. All known values are considerably higher than those of the 

corresponding amides reflecting the marked electron delocalization in 

the thioamide molecule which has been repeatedly mentioned. This 

may be expressed by favouring the dipolar formula 3c rather than 3b 

for the description of a thioamide. Moreover, the dipole moments 

indicate that the C=S group is inherently more polarizable than the 

G=0 group on account of the larger kernel of electrons in the S 
atom which inhibits the formation of double bonds. 

It is seen from the data of the table that configuration plays an im¬ 

portant role for the dipole moments of secondary thioamides. TV-Alkyl 

derivatives occurring predominantly in the (Z) form generally exhibit 

lower values (fx £ 4-75 d) than species present in the (E) form (fx > 

5 d) . This fact has been adduced as striking evidence in support of the 

opinion that the preference of the (Z) configuration in thioamides 

might be due to electrostatic forces (section I.C.2). Thioformanilide 

though an almost pure (E) compound has a low dipole moment of 

4-36 D. Whether this may be explained by assuming that the TV-aryl 

and the TV-alkyl dipoles have inverse direction or that the iV-aryl 
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Table 12. Dipole moments of thioamides and corresponding amides. 

Compounds Solvent 
X = 

[(2)]/ 
[(£)]“ 

S 
P (d) 

X = O 
P (n) Refs. 

HCXNHMe CC14 6-9 4.53 97a 
PICXNHBu-t c6h6 0-04 5-17 97a 
HCXNHPh CC14 0-05 3-02 3-35 70, 100 

CC14 0-05 4-13 97a 
HCXNMe2 c6H6 4.74 3-86 97a 
MeCXNH2 dioxan 4-77 3-70 98s, 99° 
MeCXNHMe c6H6 36 4-76 97a 

CC14 4-64 3-55 100a 
MeCXNEIEt c6H6 4-79 97a 

dioxan 3-90 100a 
MeCXNHPr c6H6 4-80 97a 
MeCXNHBu-n c6h0 4-77 97a 
MeCXNHPh CC14 1-5 4-54 100 

c6H6 3-65 100a 
MeCXNMe2 c6h6 4.74 3-74 97ab, 103 

MeCXf/ \> c6h6 3-85 101 

MeCXN^^ 

EtCXNH2 

EtCXNHMe 

C6H6 

dioxan 
C6H6 

c6h6 

5-03 

3- 86 
4- 44 

4-07 
3-47 

101 

104 
100ac, 10P 
101 

CC14 3-55 102 

dioxan 4-91 101 

EtCXNMe 2 G6H6 4-65 101 

EtCXN O c6h6 3-86 101 

Etcxr/~ c6h6 4-93 101 

f-BuCXNMe2 gg14 4-57 97a 

n — 3 dioxan 0 5-07 3-79 106 

/ c =S 4 dioxan 0 5-15 3-83 106 
1 

\ NH 5 dioxan 0 4-83 3-88 106 

C6H6 5-10 3-88 97a&, 

11 c6h6 P 4-91 3-64 97a&, 

PhCXNMe 2S c6h6 4-58 3-80 105 
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Table 12. (Cont.) 

Compounds Solvent 
X = 

L(Z)V 
[(£)]“ 

s 
f* (d) 

X = O 
IX (d) Refs.6,c 

rr c6h6 0 2-78 1-95 107 kA dioxan 0 5-29 2-94 107 

AA\IMe c6h6 0 5-26 4-04 107 

V^s dioxan 0 5-49 4-07 107 

“ cf. Tables 2 and 6. 
b X = S only. 
c X = O only. 

a Determined by i.r. spectroscopy. 
e For X = Se: i* = 4-79 d 105. 

dipole is only smaller but in the same direction, cannot be decided 
from the present data. 

Exceptionally low values (ft < 4d; cf. the table) can scarcely be 

taken as real characteristics of the molecules. They are generally 

due to associated species, for instance hydrogen-bridged cyclic dimers 

(12) in the case of l,2-dihydropyridine-2-thione107, as one can see 

from the influence of solvents and concentrations (cf. Table 13 and 
reference 97a). 

Lumbroso and coworkers101,105 were able to determine mesomeric 

moments M of thioamide molecules from the formula M = X - X', 
where X is the observed dipole moment and X' the a moment. 

They found M(R2NCS—) - 2-45 d, M{RNHCS—) = 1-77 d, 

^(R2NCO ) = T09 d, and M(RNHCO—) = 0-73 d, which further 

supports the enlarged electron delocalization in thioamides. The 

calculations have been done under the assumption that the N atom 
is a planar, sp2 hybrid. 

The dipole moments of PhCSNMe2 and MeCSNMe2 are almost 

equal, the mesomeric moment of the phenyl ring being obviously 

negligible, due to its rotation out of the thioamide plane on account of 

steric hindrance105, which is also evident from the above mentioned 
x-ray18 and u.v. spectroscopic data. 

6. Mass spectra 

There is little knowledge about the mass spectra of thioamides, 

whereas thiourethanes108,109 and thioureas109,110 have been 
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thoroughly studied. Walter and coworkers111 examined the frag¬ 

mentation processes occurring in iV-arylthioamide molecules on elec¬ 

tron impact. They established the following reactions: 

R = H, D, CH3 
X = H, D, CH3l Cl 

In TV-phenyldithiophthalimide a similar cyclization has been 

observed (see below) by Anderson and coworkers11 la. This cycliza¬ 

tion is not accompanied by statistical distribution of the H atoms. 

The positive charge therefore must be located almost exclusively on the 

S atom, rather than on the phenyl ring. No formation of hetero¬ 

cycles is indicated in the mass spectra of formanilide111,lllb which is 

evidence for the peculiarity of the sulphur atom. Another character¬ 

istic reaction is the elimination of SH from the CHS group of thio- 

formanilide111, which must take place by rearrangement of the 

molecule to the thiolimide form, not known in the ground state of 

thioamides (cf. section IV). 

7. Polarographic and electron paramagnetic resonance 
spectroscopic evidence 

Thioamides generally yield two cathodic polarographic waves in 

aqueous systems each corresponding to transfer of two electrons. The 

14* 
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half-wave potentials, as well as the products of the electrode 

processes depend on the pH value of the solution. Lund has proposed 

the following mechanisms for the polarographic reduction of thio- 

amides112 which agree well with results of Stone113 and Mayer and 

coworkers114,115. 

(a) acidic medium 

H 

PhC—NR2 Ph—C—NR2H 
II 2H I 

+SH SH 

aO 

Ph- 

(b) alkaline medium 

H 
2e I 

Ph C=NR Ph-C—NHR + 20H“ 

s- s- 

-^fr> Ph—CH2—NHR2 

+h2s 

CHO + H2S + H2NR2 

Ph—CH=NR + SH" 

Successive products 

In the series of thiobenzamides^-XC6H4CSNH2 (X = H, Me, OMe, 

Cl) and thiocinnamamides360 Pappalardo and coworkers have ob¬ 

served linear relation between and Hammett constants. They 

deduced from the appropriate p values of the two waves, p4 = 0-25 

and p2 = 0-36, that the first wave in acidic solution should be due to 

reduction of the protonated molecule (15) corresponding to Lund’s 

mechanism. Thioamide S-oxides (16) exhibit a third wave at lower 

Ei which is attributed to reduction of the S-oxide group 115*115a. 

R-c-nri ^ 

so 
(16) 

R—C—NR^ + H20 

An anodic wave is only obtained in the polarography of primary 

and secondary thioamides112. This is due to formation of a mercuric 
salt (17) and by-products. 

\ 
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Polarography in aprotic solvents has been studied by Voss and 

Walter117. Since their data are not influenced by prototropic pro¬ 

cesses, they give more information about the primary electron transfer. 

PhCSNH2 ■ "l > [PhCSNHHg+] --> PhCN + HgS + H + 

-H+ (17) 

The first wave in this case is due to formation of thioamide radical 

anions (18) (transfer of one electron). It is seen from Table 13 that 

Table 13. Half-wave potentials, E$, of the polarographic reduction of 
thioamides in acetonitrile1170’6. 

X MeCSX /,-MeOC6H4CSX PhCSX 

NMe2 1-62 1-53 1-9 1-44 1-68 
NHMe 1-64 1-40 1-7 
nh2 1-63 1-35 1-75 1-23 1-66 
N(Me)C6H4OMe-jb 1-25 1-72 1-21 1-58 
NHC6H4OMe-/> 1-60 1*14 
NMePh 1-20 1-70 Ml 1-53 (18) 
NHPh 1-62 M0 1-7 (20) 
N(C6H4OMe-/>)2 1-09 1-67 1-01 1-52 (17) 
NPh2 1-52 TOO 1-70 0-92 1-60 

a E\ in volts. 
6 Related to internal Ag electrode rather than calomel electrode. 

Ei decreases with the electronegativity of the substituents on either 

the C or N atom of the thiocarboxamido group as one would expect. 

Thioamides of aromatic acids show one or two additional waves at 

more negative potentials (due to transfer of 1-2 electrons), which so 

far are unexplained since no product analyses have been undertaken. 

The occurrence of 18 has been proved by e.p.r. spectroscopy118. 

From the high g values of the particular e.p.r. signals (PhCSNMe2: 

nr2 nr2 nr2 nr2 
J - I -- I __ I -- 
1C—S' *C—SI c—SI c—SI 

(18) 

g = 2*0059; PhCSNPh2 (19): g = 2-0067)117 one can deduce 

considerable spin density on the S atom. On the other hand, marked 
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delocalization of the unpaired electron to the adjacent aryl group 

but scarcely to iV-substituents is evident from the observed hyperfine 

structure. The equivalence of the two ortho protons in the anion 19, 
as deduced from their equal coupling constants, indicates twisting of 

the phenyl ring to an extent of approximately 90° in the radical anion. 

(19) 

8. Quantum mechanical calculations 

First quantum mechanical calculations in the field of thioamides 

dealt with u.v. bands 78. The assignation and theoretical evaluation 

of absorption frequencies has remained the main purpose of application 

of the mo theory 25,77,83,86,88>90 (section I.C.4). Usually semi- 

empirical lcao-mo calculations are carried out according to Naga- 

kura’s iteration procedure120 in order to account for the particular 

charges on the heteroatoms of the thioamide molecule, although 

Mehlhorn and Fabian119 recently have pointed out that the simple 

hmo approximation often yields as good an agreement with experi¬ 

mental data as does the scf method. Participation of 3d orbitals of 

the S atom has never been taken into consideration in this connexion. 

Janssen121, and Sandstrom and coworkers25•50,88,84 have evaluated 

resonance energies and charge distributions of the thioamide systems 

as well as the n —> 77* and tt —> 77* transition energies which generally 

agree well with observed data. Since thermodynamic values are not 

available, the resonance energies are not very substantial but yet they 

evidence stabilization of the thioamide group by electron delocaliza¬ 

tion and the possibility of conjugation with other 77-electron systems 

(Table 14). Neither can the molecular diagrams of Table 14 be dis¬ 

cussed on their own merit. For instance no significance may be 

attached to the higher negative charge on the N atom with respect to 

the S atom because the increase of electron release from S to N is the 

basis for the choice of parameters introduced into the computation. 

Nevertheless the results are supported by independent evidence such as 

bond lengths from x-ray data (section I.C.l) or dipole moments 

(section I.C.5), and may serve for comparison of properties of similar 
compounds. 

Sandstrom could not find a correlation between the C—N 77-bond 
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Table 14. 7r-Electron distributions, bond orders, and 

stabilization energies of thioamides. 

Charge densities® and bond orders 
(underlined) 

Resonance energies 
(j3 units) Refs. 

S 1-465 
0-785\ // 

—CT-840 

0-597 \ / 
N 1-695 
\ 

CHa 

S 1-471 
0-784 ^ 

— C 0-839 

0-600 

NHo 1-690 

0-963 

CH2= 
0-913 

1-004 

=CH- 

0-721 /r 
S 1-445“ 

0-395 
■C'0-863 

0-564 
NHo 1-725 

—1-06* 6 121 

-1-04 25,121a 

— 2-436c 25 

— 4-108d 25 

— 3-924d,e 25 

( —0-206)/ 84 

° Charge densities calculated from the net charges given by Janssen121. 

6 The amide group exhibits —0-562 /384. 
0 Acrylic acid thioamide has not yet been prepared. 
d — 2jS included (resonance energy of the benzene ring). 

e j81>7 = 0-5 ficc on account of steric hindrance. 
/ ‘Excess stabilization energy’, i.e. total 7r-electron energy of the molecule minus the tt- 

electron energies of the two parts joined by the C C bond. 
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orders of iV, iV-dimethylthiobenzamide and other dimethyl thiocarba- 

moyl compounds with the free energies of activation AF% for the 

internal rotation of the dimethylamino group48, but the relation be¬ 

tween the loss of 77-electron energy which occurs when the dimethyl¬ 

amino group is rotated out of conjugation, and ZlF*is more defined48. 

Finally, attempts to estimate dipole moments from mo parameters 

may be mentioned. Janssen and Sandstrom122 have calculated the 

dipole moments of JV,JV-dimethylthioacetamide among other thiones 

from 77-electron densities obtained by means of the a> technique123. 

They employed constant a moments and a simplified geometry of the 

molecule but could not generate a set of parameters of general validity. 

The differences A g between the dipole moments of thiones and of their 

oxygen analogues may be treated quantum mechanically in a more 

satisfactory way122. Fairly good agreement between experimental 

and theoretical dipole moments may also be achieved by using three 

empirical parameters in the calculations123a. 

9. Conclusion: comparison between the amide, thioamide, and 
selenoamide groups 

The most important element of the geometrical structure, namely 

the planar arrangement of the functional group, occurs in thioamides 

as well as in amides (and in selenoamides). Therefore differences in 

the physical properties of these ‘isologous’ species generally are only 

gradual, although this does not hold for their chemical behaviour. 

The observed quantitative distinctions of course arise from the position 

of the sulphur in the third row of the periodic table. The higher 

atomic number of the S atom accounts for the enlarged kernel of 

electrons which for its part causes an increased radius of covalency 

(O: 0-74 a; S: 1-04 a23), decreased tendency to form pn - pn double 
bonds, large polarizability, etc. 

The main consequences of this situation may be summarized as 
follows: 

(a) The energy of activation E& for rotating the NR2 group out of 

the plane of the R—CX—NR2 molecule, i.e. the double-bond charac¬ 

ter of the central C—N bond, increases in going from X = O to X = S 

and X = Se (although there are no significant changes in bond lengths). 

This is likely to be due to non-bonded repulsion forces123b. Example51: 

PhCXNMe2 X = O X = S X=Se 

Ea (kcal/mole) 7-5 15-4 21-5 
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(b) The preference for the (Z) configuration is less marked in 

secondary and tertiary thioamides than in the corresponding amides on 

account of the enlarged steric requirement of the S atom. Example34: 

X Bu-t 
\ / X = 0 2-34 

C—N 
/ \ 

H H 

X CH2Ph 

X = s 0-04 

\ / X - 0 0-85 
C—N 

/ \ 
H Me 

X = s 0-64 

(c) The thioamide molecule is more polar and more polarizable. 

This is reflected in the particular spectroscopic properties but first of 

all in the enlarged dipole moments (cf. Table 12). 

II. PREPARATION OF THIOAMIDES 

Six reviews concerned with the formation of thioamides have appeared 
since 19499di-i3,124,357^ arKj the reader is referred to these for more 

detailed accounts of the literature before 1965. 

A. Thiolysis of Carboxylic Acid Derivatives 

I. Thiolysis of nitriles 

The long-known addition of hydrogen sulphide to a nitrile 

group1-6'7 (reaction 1) is still widely used in many variations (cf. 

R-CsN + H2S -» R—C—NH2 ^ 

section I .A). The reaction is catalysed by bases and acids. 

a. Base-catalysed addition. The reaction may proceed according to 

equation (2). M + OH“ including ion exchangers120, M + OR“, 

- N~1 

R—C ' M ^ 
+ 

s, p r—m 
M + B - 
-> 

/ 
R—C 

\ 
^—IM <— 

L B J 

nh2 

. ., Has _ / 
M+ -> R—C 

V 
(2) 

(20) 
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ammonia, and amines preferably pyridine are useful bases, and many 

aromatic thioamides are obtained in yields close to 90% from the 

corresponding nitrile in the presence of triethylamine and pyridine, 

an excess of which may serve as solvent126. 

If the nitrile has a hydrogen atom in the a-position this may be 

abstracted by the base (reaction 3). This reaction may explain the 

RCHoCN 
— H + R—C—C = N RC=C=N" 

I <-» I 
H H 

RCH2—CSNH2 (3) 

observation that optically active hydratropanitrile (21) with am- 

PhCHCN 
I 

Me 

(21) 

monium bisulphide at 60° afforded a completely racemic thioamide 97. 

Whether a course according to reaction (3) is the reason for the 

normally sluggish and unproductive reaction of aliphatic nitriles with 

hydrogen sulphide has not yet been studied in detail. Gilbert and 

Rumanowski127 got aliphatic thioamides in yields of 19-50% using 

strong bases such as diethylamine, quarternary ammonium hydroxides 

or tetraalkylguanidines as catalysts in aprotic solvents such as dimethyl- 

formamide, dimethylsulphoxide or sulpholane. 

Okumura and Moritani showed that a secondary amine may enter 

into the reaction product128 (reaction 4). This is formally in line 

RCN + Me2NHJMe2NCS2 ---zene> RCSNMe2 (4) 

with the experience of Kindler, that reaction of hydrogen sulphide 

and primary amine with nitriles affords secondary thioamides129 

(reaction 5). With ammonium cyanide thioformamides are obtained 

in good yields (reaction 5, R = H)130>131-361 with sodium cyanide 

RCN + RJNHa + H2S -> RCSNHR1 (5) 

dithiooxamides, when cupric tetrammine is used as a catalyst (reaction 

5a) 362. From DL-aminonitriles, e.g. R2CH(NH2)CN, the corres- 

NaCN + H2S ^NH3)4]2+ > H2N—C—C—NH2 (5a) 

s s 
ponding thioamides are obtained according to reaction (5)132. An 

interesting deviation from this behaviour was recently observed for 
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pentachlorobenzonitrile132a, where the CN group remained un¬ 

affected, but substitution of Cl by SH occurred in the 4-position. 

b. Acid-catalysed, addition. If thiolysis is not accomplished by 

hydrogen sulphide but by another source of sulphur (e.g. reaction 4) 

acid catalysis may be successful. This is the case when sulphur is 

provided by thioacetamide133 (reaction 6). The diimidoyl sulphide 

HCI 
RCN + MeCSNH2 ;==± RCSNH2 + MeCN (6) 

22 is regarded as an intermediate, the equilibrium being shifted by 

RC—S—CMe 

NH NH 

(22) 

distillation of acetonitrile, the lowest boiling component133. 

The addition of 0,0'-diethyl dithiophosphate (23) (readily obtained 

from ethanol and phosphorus pentasulphide) to nitriles is preparatively 

useful (reaction 7) and affords a route to thioamides which are not 

S NH S S 

RCN + HS—P(OEt)2 --» RC—S—P(OEt)a -----> RCSNH2 + Cl—P(OEt)2 

(23) (24) (7) 

available by other methods13. The intermediate 24, which is ana¬ 

logous to 22, is cleaved by hydrogen chloride134. 

2. Thiolysis of imidoyl halogenides 

An interesting example of reaction (8) (R1 = SOaAr) has been 

published by Dubina and Burmistrov134a. 

There is some relationship between the reactions dealt with in the 

preceding section and the thiolysis of imidoyl chloride (25) (reaction 8), 

RC—NR1 + H2S -> RCSNHR1 + HX 
I (8) 

X 
(25) 

as is shown by the reaction of nitriles with thiocarboxylic acids and 

hydrogen chloride135 (reaction 9). Therefore it is not surprising that 

o 

FUC—SH » 

NH O 

A-sJ* + HCI RCN + HCI » RC—Cl 

i!|h 

(26) 
RCSNH2 + R1COCI (9) 
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23 is able to convert 25 (X = Cl, Br; R1 = H) to thioamides in a 
preparatively useful manner136. 

The thiolysis may be extended to immonium chlorides (27) to afford 

N, JV-disubstituted thioamides137 (reaction 10). Compound 27 is 

R—C=NR2 Cl- + H2S -> R—C—NR2 + 2 HCI 

Cl S 

(27) 

(10) 

easily obtained from A,7V-disubstituted amides and phosgene137 or 
from enamides with hydrogen chloride27. 

3. Thiolysis of amidines and imidic esters 

Amidines and imidic esters are conveniently prepared from nitriles 

(reaction 11). As the latter are themselves able to react with hydrogen 

R—C—NH2 + R—C—NHR1 <■ 
h2s 

Pyridine 

(28) 

S 

(29) 

R—C—NHR1 < 

II 
NH 

(30) 

RINH2 

HX 
RCN 

RIOH 
HX 

R—C—OR1 (11) 

II 
NH 

sulphide, amidines and imidic esters have to show some advantage 

over nitriles as starting materials. Recently it has been shown that 

aliphatic thioamides are obtained in better yields when prepared 

according to equation (ll)138a rather than (1), even if the latter is 
improved as indicated by Gilbert and Rumanowski127. 

When ammonia, primary, or secondary amines are used as bases, 

20 can be taken to represent a deprotonated amidine. Reynaud and 

coworkers found that amidines prepared from alkylamines (30, 

R1 = alkyl) preferably afford 28 on reaction with hydrogen sul¬ 

phide138^1336, whereas the proportion of 28 and 29 depends on the 

basicity of R^Hg, when R1 is aromatic as shown in Table 15138d. 

Table 15. Thiolysis of acetamidines (R = Me) according to reaction (11). 

R1 28(%) 29(%) p7Ca of R1NH2 

Ph 52 46-5 4-60 
/>-MeCeH4 53-5 39-0 5-09 
/>-MeOC6H4 72 26 5-29 
/-C1C6H4 20 74 3-99 
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iV,A-Diethylamidines yield 28 exclusively when reacted with 

hydrogen sulphide, presumably due to steric reasons13815 (reaction 12). 

Et 

R—C—N 
li \ 
NH Et 

h2s 

Pyridine 

Et' 

N/ 

R-c( \« 
h2n sh 

R—C=S 

NH2 (12) 

(28) 

This means that probably mechanisms of different type are operative 

in reactions (4) and (12). 

4. Thionation* of amides 

The most useful reagent for replacing the oxygen of amides by 

sulphur is phosphorus pentasulphide (reaction 13). The polarity of 

RCONH2 —RCSNH2 (13) 

solvents applied may be varied in the range between aromatic hydro¬ 

carbons and pyridine. Using the latter solvent it is possible to prepare 

thioamides directly from an amine and an acylating agent without 

isolating the amide139 (reaction 14), in yields exceeding those of the 

RCOX + R1NH2 RCONHR1 RCSNHR1 (14) 

conventional two-step reaction. In xylene it is possible to obtain 

optically active thioamides97 and in benzene a-amino-/3-thiolactams 

(31)140 from the appropriate amides. 

H Ph 
I ! 

h2n—c—c-h 

S Ph 

(31) 

Little is known about the mechanism by which amides are thio- 

nated. The observation that imidosulphonates which have to be 

located between the imidoyl-halogenides (section II.A.2) and the 

imidic esters (section II.A.3) are easily converted to thioamides by 

hydrogen sulphide141 (reaction 15) suggests an analogous course for the 

* Interconversion of a carbonyl group into a thiocarbonyl group by means of 
p4Sio will be called ‘thionation’ rather than ‘sulphuration’ (introduction of 

sulphur into the molecule by means of the element). 
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R-1f-NHR £§£* R-f=NR R-C-NHR (15) 

o 0S02Ph S 

reaction with phosphorus pentasulphide142 (reaction 16). Reaction of 

+ / 
R—C=NH—R1 -> R—C—NHR1 -> R—C—NHR1 + 0=P— (16) 

O—P—s- O N i1 ^ 
/l\ \ / 

P 

/l\ 

salicylamide with phosphorus pentasulphide in pyridine (reaction 17) 
afforded 32 which is in favour of reaction (16)13. 

(32) 

8. Thioacylation of Amines 

Contrary to the acylation of amines, for which acyl halides and acid 

anhydrides are the predominant reagents, the analogous derivatives 

of thiocarboxylic acids (reactions 18, 19) are rarely used for thio- 

R—C—Cl + NHaR1 -> R—C—NHR1 + HCI (18) 

s s 
R—C—O—acyl + H2NR! -> R—C—NHR1 + HOacyl 

acylation, owing to the difficulties in their preparation. Nevertheless, 

the reagents treated in the following subsections are of sufficient 
thioacylating activity as to serve for synthesis. 

I. Thionocarboxylates 

The preparation of thioamides from thionocarboxylates and ammo¬ 

nia or primary amines (reaction 20) is somewhat restricted by a side- 

R—c—OEt + R1NH2 —er> R—C—NHR1 + EtOH 

s s 
(20) 
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reaction (reaction 21) leading to amidines138a. The interference of 

R—C—OEt + 2R1NH2 
✓ 

NR1 

-> R—C + H2S + HOEt 

\]HRX 

(21) 

reaction (21) is not possible with secondary amines, and excellent 

yields of tertiary thioamides result. The reduced reactivity of aro¬ 

matic amines may be overcome by using their magnesium salts138d 

(reaction 22). With primary amines reaction (21) may be avoided 

R—C—OEt + RxNHMgX 

s 
(33) 

-» R—C— NHR1 + EtOMgX 

i (22) 

when tetrahydrofuran is used as solvent138a-139; and the best results 

are obtained when 2 moles of 33 are employed. With O-ethyl 

thioformate which is easily prepared from ethyl orthoformate and 

hydrogen sulphide (reaction 23) 143, no activation of the amine is 

HC(OEt)3 
h2s 

> HC—OEt 
NHs 

» H—C—NH2 

l 

(23) 

necessary. This is the best method for preparing thioformamidc 

(yield 90%)144. 

Up to now thioacylation with thionocarboxylates is the best 

available method of connecting two amino acids by a thiopeptidelink145 

(reaction 24). 

NH 

h2s ^ 

R \}Et 
(24) 

S 

ZNHCH--C- 

A A 
-NH, ZNHCH—of 

NEt3 i 

ZNHCH—C 

A 

✓ 
H2NCHC00H 

L 

OEt 

> ZNHCH—C—NHCHCOOH 

A s 

2. Dithiocarboxylic acids 

While thiocarboxylic acids produce amides when reacted with 

amines, thioamides are obtained from dithiocarboxylic acids (reaction 

25) or their more stable alkali salts11. Aromatic dithioacids are less 

(25) RCSSH + RXNHS » RCNHR1 
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reactive than aliphatic ones. Therefore activation of the amines by 

conversion to ‘Grignard reagents’ (33) is sometimes advisable146. 

3. Dithiocarboxylates 

Thioamides may be obtained by means of alkyl dithiocarboxylates 

from amines containing other labile functional groups, e.g. tryptamine, 
in reaction (26) 147. 

For thioacylation of amino acids the carboxymethyl dithiocarboxy¬ 

lates introduced by Holmberg148 have gained considerable import¬ 

ance149,150 (reaction 27). The configuration of the assymetric 

carbon atom of the amino acid is retained in this reaction92. 

HOOCCHNH2 + RCSSCH2COOH -> HOOCCHNH—CR + HSCH2COOH 

I I II 
R R S (27) 

4. Thioamides 

As in the case of alkyl dithiocarboxylates, thioacylation may be 

achieved by ordinary thioamides (reaction 28)151, or by activated 

thioamides (reaction 29)152. Reaction 28 is catalysed by acids; even 
C02 is feasible (reaction 28a) 270,363. 

2RNH2 + H2N—C—C—NH2 

II II 
s s 

-> RNH—C—C—NHR + 2NH3 

II II 
s s 
(34) 

C4H9NH2 + (CH3)2NCHS ■C°2 > C4H9NHCS + HN(CH3) 

(28) 

(28a) 

ArCSNH2 + CICOCH2CH2COCI 

O 

ArCS—N 
\ 

C— 
/ R-NH 

c 
II 
o 

ArC—NR2 (29) 

S 

Recently it has been found that the azolide method, familiar for the 

syntheses of carboxylic acid derivatives, can be extended to the 

preparation of thioamides153 (reaction 30), and that iV-thioaroyl- 

benzoxazolones are good thioacylating agents153a (reaction 30a). 
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(30) 

(30a) 

5. Thioketenes 

Thioketenes are regarded as intermediates in the reaction of acetylene 
thiolesters with amines (reaction 31) 154,155,364,365 Recently thio- 

R—C=C—SCOCHo 
R„NH 

R-C=C-Li •R—C=C—SLi 

(+CH3CONR2) 

[R—CH—C—S] 
R'NH 

t-BuBr 
+ Li Br + CH„=C 

/CH3 

\ 
CHa 

R—CH2—C—NR1 
I! 
s 

(31) 

ketenes have been actually obtained and promise to become valuable 

reagents for the synthesis of thioamides 56 (reaction 32). 

(t-Bu)2C=C=0 —^ 

(t-Bu)2CHCOCI — 

(t-Bu)2C=C=S 
PhNH2 

(t-Bu)2HCC—NHPh 
I! 

s 

(32) 

A derivative of thioketene is a- (dimercap to methylene) camphor, 

which is obtained as disodium salt from the sodium compound of 

camphor with carbon disulphide. It forms a thioamide on reaction 

with amines155a (reaction 33). 

S 
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C. Thiolysis and Ammonolysis of Halogenated Hydrocarbons 

On reaction of chloroform with primary or secondary amines and 

hydrogen sulphide in alkaline solution thioformamides are obtained, 

presumably via dichlorocarbene (reaction 34). Whether the amine 

CHCI3 + B- HB + CCI3 -> CCI2 + Cl- (34) 

(reaction 35) or the hydrogen sulphide anion (reaction 36) is the first 

CCI2 + R2NH -> CI2C—NHR2 -> CI2CHNR2 — ~ > HC—NR2 (35) 

CCI2 + SH- » HC—S- 
hnr2 
-> HC—NR2 

1 
R1CHCI2 + S 4- HNR2R3 -> RJC—NRaR3 

(36) 

(36a) 

to attack the dichlorocarbene is an open question28. If elevated 

temperatures and pressure are applied, carbon tetrachloride and 

other halogen compounds may be used in the reaction as source of the 

thioformylcarbon156>156a. From hexachloroethane, dithiooxamides 

(34) are obtained156. Dichloromethane and its alkyl derivatives are 

converted to thioamides by sulphur in the presence of amines, in¬ 
volving oxidative processes156a (reaction 36a). 

D. Addition of Nucleophiles to Isothiocyanates 

Isothiocyanates react with the simplest nucleophile, the hydride 
ion, generated from NaBH4 to form thioformamides157. 

Most versatile is the reaction of isothiocyanates with CH acids 

(reaction 37), which have been reviewed elsewhere9,13. An interest- 

R 

R1—C-Na+ + R3NCS 

R/ 

\ — L|V \ 

> R1—C—CNR3Na+ ——> R1—C—C—NHR3 (37) 

Rz// s */ 1 
ing new example of the method is the conversion of disulphonyl- 

methanes to thioamides158 (reaction 37, R = H, R1 = R2 = 

ArSOa). The reaction with aromatic systems has been extended to 

pseudoaromatic systems such as azulene159 (reaction 38). Allyl 

isothiocyanate has been found to be more reactive than phenyl 

isocyanate towards methyliminodiacetonitrile160 (reaction 39). 
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ch3 I 

425 

ncch2nch2cn + ch2=chch2ncs 
I 

Me 

CH2=CHCH2NHC 

CN CN 

:—Ch—N—CH—' 

I 
CNHCH2CH=CH2 (39) 

Me 1 
Enamines (35) are useful partners in reactions with isothiocyanates 

(reaction 40) in which /3-aminoalkene thioamides (36) are formed13. 

H 

Rl R2 

-LL •N 

R3 Rl R2 R3 

. ' 2!!2£t R,NHC-U--/ 

i 

H3O + 

R1 R2 

> R5NHC—CH—G 

I 
=0 (40) 

(35) (36) 

These vinylogous thioureas may be readily hydrolysed to /3-oxo- 

thioamides. 
With R3 = H, 35 is an enolized imine, which may likewise react 

at the imino nitrogen. Such an ambivalence was found indeed with 

iV-alkylcyclohexylideneamines (37), which form cyclohexenylthioureas 

(38) on reaction with isothiocyanate. A ready rearrangement to 

thioamides (39) takes place when 38 arises from aryl isothiocyanates161 
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(reaction 41), so that thioamides form directly when reaction (41) is 
carried out at elevated temperatures. 

£. Electrophilic Reaction of Thiocarhamoyl Chlorides 

iV,A,7-Disubstituted thiocarhamoyl chlorides react with homo- or 

heteroaromatic compounds under Friedel-Crafts conditions to form 

N, JV-disubstituted thioamides (reaction 42)162. For lack of sufficient 

(CH3)2NCCI + HAr —-3 orSllCla> (CH3)2NCAr (42) 

activity benzene does not react according to (42), a yellow product 

is obtained instead, for which structure 40 seems to be most 
probable162,163. 

(CH3)2N—C—S—C— N(CH3)2 

s o 

(40) 

R1 R1 

N—C—S—C—N 

/ II II \ 
R2 S S R2 

(40a) 

Instead of the thiourethanes normally produced by solvolysis of 

thiocarhamoyl chlorides, sodium isopropoxide in propan-2-ol may 

form thioformamides, if R1 and R2 are bulky (reaction 42a) 366. 

R1 
\ 

R\ /Cl 
N-C + - O—CH(CH3)2 

R2 S 

N-CHS + NaCI + (CH3)2CO 
/ 

R2 

R1 OCH(CH3)2 

. N-C^ 

R2^ XS 

(42a) 

In some cases the yellow bis-thiocarbamoyl sulphides (40a) were 

isolated as by-products from the residues of distillation366, cf. ref. 367). 

F. The Willgerodt-Kindler Reaction 

Alkyl aryl ketones are converted to co-aryl thioamides by the Will- 

gerodt—Kindler reaction, if the aliphatic chain of the product is un¬ 

branched, regardless of the position occupied by the carbonyl group 

in the ketones164 (reaction 43). Normally the reaction is carried out 

ArCOCH2Me —> ArCH2CH2CNR2 (43) 
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in boiling morpholine, frequently used as the amine in reaction (43); 

its wide range of variation may be marked by two recent observations. 

Dialkylamines and formaldehyde form thioformamides, when reacted 

with sulphur (reaction 43a) 368. The dimethylamino group of 

formamide may be introduced into a thioamide by reacting un¬ 

saturated hydrocarbons with sulphur in dimethvlformamide (reaction 

43b) 369. 

R1 R1 R1 

\ \ S \ 
NH + CH20 -> N—CH2OH ——N—C—H (43a) 

/ / /II 
R2 R2 R2 S 

(43b) ArCH“CH2 s-HC°^gH.3)2 > ArCH2—C—N(CH3)2 

The mechanisms by which the Willgerodt-Kindler reaction may 

proceed have been amply discussed164. The finding that thioamides 

result in the reaction of enamines with sulphur at 20°160 (reaction 44), 

RC=CH 

NR2 

Ss,20° 

DMF 
(44) 

led Mayer to propose a simple and convincing mechanism for one of 

the main steps of this reaction (equation 45). This involves genera- 

ArCOCH2CH3 + HNR, 
>100° 

: ArC=CHCH3: 
I 

NR2 

ArCH2C=CH2 

NR, 

(45) 

H 

ArCHaC=CH—SH ArCH2—C—C—S“ 
A+/ 
^NR2 j 

-> ArCH2—CH2—C=S 

1 
L nr2 J NRa 

tion of an enamine at elevated temperature followed by reaction with 

sulphur leading to isomerization and thiolysis166. 

On the other hand it is difficult to formulate an enamine inter¬ 

mediate in reaction (46)167. In this case initial thiolation seems more 

PhMe PhC—NH2 (46) 

I 
likely, as was suggested for the action of sulphur and cyclic amines168 

(reaction 47), although this reaction might well proceed via an 
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r-(CH2)„ 

C ,CH—SH 
N 
R 

n = 1,2 

enamine. An investigation of this possibility seems worthwhile as well 

as for the conversion of a Mannich base to a thioamide169 (reaction 48). 

S 

k^N-S^N.^J 

(41) 

Temperature may be a critical parameter in deciding the reaction 

path, as formation of an enamine usually needs temperatures above 

100°. Thus reaction of styrylmorpholine (reaction 44, R = Ph, 

NR2 = morpholyl) with 41 at 85° occurs according to (45) producing 

phenylthioacetomorpholide. From acetophenone, phenylthioglyoxyl- 
morpholide is obtained under the same conditions (reaction 49) 

pointing to a different mechanism170, cf. ref. 370. Compound 42 

PhCOCH3 PhCOCSl/ \) (49) 

(42) 

PhCOCH2S—N O 

SH 

PhCO—C—N ^o 

S*H 
(50) 

PhOX-N O + PhCOC-N O + H2S + H2S* 

s* § N—/ 
(43) (42) 

has been obtained by Asinger164 from phenacylsulphenylmorpholide 

(reaction 50). The reaction has been carried out with radioactive 
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sulphur and 50% of the activity has been found in 43 and 50% in the 
hydrogen sulphide. 

The foregoing discussion shows that further investigations are needed 

to elucidate the mechanisms operating in the Willgerodt-Kindler 
reaction. 

G. Rearrangement of the Benzenesulphonates of Ketoximes 

Benzenesulphonated ketoximes undergo spontaneous Beckmann re¬ 

arrangement when hydrogen sulphide is present, and the resulting 

imidosulphonates (cf. section II.A.4) easily form thioamides in situ171 

(reaction 51). The steps subsequent to the esterification come close 

R R 

.. PhS02CI \_ K1 H2S 
C—N--> C=N -> 

R1 ^OH R1^ \)S02Ph 

R1 R 
\ / H2S 

C—N ---> R1—C—NHR (51) 

Ph02S0^ S 

to the area of the Willgerodt-Kindler reaction. The conversion of 

benzaldoxime esters to thioamides172 (reaction 52) affords an in¬ 

teresting analogue to reaction (51) in the aldehyde series. 

ArC=NOCR ArC—NH2 (52) 

A l I 
H. Cleavage of Heterocyclic Compounds 

Notwithstanding the ability of thioamides to be starting materials 

for the synthesis of sulphur heterocycles there are heterocyclic com¬ 

pounds obtained by other routes, which afford thioamides on thiolytic, 

ammonolytic, hydrolytic or pyrolytic cleavage. 

I. Thiolysis 

The hetero ring of JV-ethylbenzisoxazolium cation (44) is opened by 

bases to a keto ketenimine (45), which resembles the alkylation pro¬ 

ducts of nitriles. Intermediate 45 adds nucleophiles such as hydrogen 

sulphide generating thioamides173 (reaction 53). 

j2-Oxazolines are cleaved to thioamides under analogous con¬ 

ditions174 (reaction 54). 
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PhC—NHCH2CH2OH 

s 
(54) 

2. Ammonolysis 
i 

There is an interesting difference between the reaction of 1-thioiso- 
cumarin (46, X = O) and 1,2-dithioisocumarin (46, X = S) with 
primary aliphatic amines: whereas the ring of the former is cleaved 

(46) 

(55) 

(reaction 55) that of the latter remains closed forming 47. An 

analogous compound (48) is obtained from 1-thioisocumarin (46, 

\ 

(48a) 

NH—CS—CMe3 

(48b) 

(R = Me, CH2Ph, CMe3) 
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X = O) with aromatic amines175, wrhereas the benzothiazine-thione 
(48a) yields the bis-thioamide (48b) on reaction w-ith amines371. 

The pyrimidine ring of 3-methyl-4-thiouracil is cleaved by di- 

methylamine and methanol to form /rare,s-/3-dimethylaminotbioacrylic 
acid methylamide176 (reactions 56). 

s- 

ch3n 

CH3Nj 

O-^N 

(+ NH(CH3)2 

B- CH,N' 

O 
I 

H 

1 
O^N' 

P 
ch3n ^ch 

o=c^>c-n(ch3)2 

(56a) 

NH(CH3)2 

(56b) 

CHoNH CH 
+ 

N(CH3)2 

o=c—nh2 
CHN(CH3)2 

Many heterocycles containing more than one sulphur atom are 

cleaved by amines to form thioamides. Reactions (57) and (58) may 

Ph 

PhCQ S^l D, PhCO 
\ / c —Ph n-PrNH, \ 

PhCOCPh + CS2 -> C=C I --CHCNHPr-n (57) 

I! Phx Vc=° ph/ 11 
No rn ™ S 

Ar—C—SH 
II 
S 

Ether 

SCI2 
ArC/+XS 

V. 
(58) 

serve as examples, the first one involving a cyclic ketenedithio- 

ketal177 (cf. section II.B.5), and the second one the capture of the 

trithietanylium ion shown in equation (58)178. 

3. Hydrolysis 

Reaction of 4-benzylidene-2-phenyl-(4-//)-oxazole-5-one, wdth thio- 

acetic acid results in the corresponding thiazolone (49) which is 

cleaved by dilute sodium hydroxide to form the thioamide (reaction 

59)179. 
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PhCH—C—N 

X 
O' 

o 
II 

ch3c-sh 

^ V xph 

PhCH=C—N 

O' 
Xvs/C\ 

(49) 

NaOH 

Ph 

PhCH=CNHCPh (59) 

HOOC S 

Imidazolidine-4-thiones (50) easily prepared from aliphatic ketones, 

sulphur, and ammonia180 are split to amino acid thioamides by dilute 

acids181 (reaction 60). 

2 n HCI 
S=C—NH 

/ \ __, 

H3C—X\ /X CH3 distillation of 

HaC N ch3 acetone 

(50) 

ch3 s 

ch3—c—c—nh2 

nh2-hci 

(90%) 

(60) 

4. Pyrolysis 

Malononitrile and geminal dithiols form 1,3-dithiins (51) which 

decompose to thioketones and thioamides when heated above their 

melting points182 (reaction 61). 

-CHa 

(CH2)„ 
'C 

SH + CH2(CN)2 

SH 

(CHa)» 

-CH2 

'C—c-—cnh2 
I II 

CN S 

(61) 

/. Liberation of a Latent Thioamide Group 

Among the heterocyclic compounds which form thioamides, 

especially those producing them on hydrolysis or pyrolysis, some con¬ 

tain a latent thioamide group (49-51). This is the case too with some 

open-chain compounds such as thiohydroxamates (52), which slowly 

decompose forming thioamide and nitrile183 (reaction 62). 

RC-XR1 H2nN°^H3> R—C=NOCH3 - H+—> R—C—NHOCH3 -> 

1 Ua* I 

(52) 

R—C—NH2 + RCN (62) 

I X = o.s 
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Ml. ANALYTICAL CHARACTERISTICS OF THIOAMIDES 

A. Qualitative Determination 

The i.r. spectra of thioamides are not as easily analysed as those of 

the amides but their B, G, and D bands66 (section I.G.3) are specific 

enough for identification. I.r. spectroscopy in the 3000 cm-1 range 

(XH frequencies), or n.m.r. spectroscopy may be useful in special 

cases for the characterization of thioamides. 

A number of chemical methods for identification are available. 

Gibbs’ reagent (2,6-dichlorobenzoquinonechlorimine184), though not 

very specific, yields bluish colours and spots on chromatograms185. 

Grote’s reagent (a solution of sodium nitroprussiate, hydroxylamine, 

and bromine in bicarbonate buffer) reacts with thioamides and other 

thiones to give a bright blue colour186. The products and mechanism 

of this reaction have not yet been fully explained, but probably 

iron (iii) aquopentammine, formed from the nitroprussiate, plays an 

important role. Suitable for the location of thioamides on chromato¬ 

grams is their oxidation by sodium periodate and subsequent treatment 

with benzidine, which causes colourless spots on a blue background 

(formation of benzidine blue is inhibited)187. A very sensitive proof 

is the decolou ration of iodine-sodium azide in solution and on chroma¬ 

tograms, which is effected by the catalytic activity of thioamides188,189, 

and of other bivalent sulphur compounds. The deficient specificity of 

this valuable method may be overcome by combining it with oxidation 

of the thioamides to their ^-oxides, and formation of the characteristi¬ 

cally coloured iron complexes190,191, which are formed only by 

thiocarbamoyl derivatives but not by other thiones. 

B. Quantitative Determination 

Grote has proposed his colour reaction for photometric determina¬ 

tion of thiones186. However, only chemical and electrochemical 

methods have been extensively applied for this purpose so far. 

Kitamura has oxidized thioamides with hydrogen peroxide in the 

presence of sodium hydroxide and gravimetrically determined the 

amount of sulphate192. His procedure has been simplified by 

Wojahn193, who titrated the sulphuric acid. This may be used for 

determination of thioamide ^-oxides, too194. Thioacetamide may be 

titrated iodometrically, the end-point being detected visually, 

amperometrically, or by back titrating excess of iodine with thio¬ 

sulphate195. Indirect iodometric methods have been applied by 
15 + c.o.a. 
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Jacob and Nair196, and by Sarwar and Thibert197, who used chlor¬ 

amine T and JV-bromosuccinimide as reagents for the quantitative 

oxidation of thioacetamide. Vanadometric determination of thio- 

acetamide (oxidation by excess vanadate (v)) has been managed by 

Nair and coworkers198. A chelatometric titration has been achieved 

by Washizuka199. He reacted thioacetamide with mercuric ethylene- 

diaminetetraacetate and determined the free complexing agent with 
zinc. 

Several electrochemical procedures are available. Amperometric 

titration of thioacetamide may be conducted by silver (i) 200 or 

copper(i) ions 201. Coulometric titration of thioacetamide with 

electrogenerated silver, combined with potentiometric detection of 

the end-point, has been recommended by King and Eaton202. 

Finally, Kane has determined polarographically 2-ethylisonicotinic 

acid thioamide as well as its S-oxide in human and rabbit serum115a. 

IV. PROTOTROPIC AND CHELATING PROPERTIES 

A. The Thionamide-Thiolimide Equilibrium 

Two tautomeric forms of primary and secondary thioamides, 53a 
and 53b, have been suggested by Laar203. Chemical properties, 

mainly increased acidity as compared with amides (section IV.B), 

and attack of nucleophiles at the S atom (section V), have led to the 

opinion that the imidothiol form 53b is markedly favoured. It is, 

S SH 
# / 

R—C ^ R—C 
\ \ 

NHR NR 

(53a) (53b) 

however, impossible to decide between these structures by chemical 

evidence of this type, since, (a) no information about a tautomeric 

equilibrium can be obtained from ‘static’ acidity204, and (b) thio¬ 

amide molecules, and especially their anions, are ambivalent systems, 

and reactions on either position may occur irrespective of the location 

of the proton, and depending only on the mechanism and conditions 

for the respective reaction 205. Therefore only physical methods, such 

as those mentioned already in section I, can provide a reliable solution 
of the problem. 

X-ray diffraction15-18 as well as x-ray fluorescence206 studies show 
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that the proton is linked to the N atom. Occurrence of signals due to 

S H protons in n.m.r. spectra of thioamides has never been reported, 

the observation of Speziale and Smith27 obviously being misinter¬ 

preted. The i.r. spectra of thioamides, even Ar-acetylthioacet.a- 

amide83, likewise exhibit only N—H rather than S—H bands (Tables 
4 and 5). 

The problem of thiono -thiol tautomerism has been investigated by 

i.r. spectroscopy especially by Bacon and coworkers207. No exceptions 

to the prevalence of the 53a form in solution have been reported. These 

results apparently have been supported by x-ray fluorescence lines of 

two iV-arylthiocarbamoylpyridines206. Walter and coworkers, however, 

have recently proved that the mentioned compounds exist exclusively 

in the thioamide form in solution as well as in the solid state. The 

questionable shifts are due to especially strong hydrogen bonds be¬ 

tween the NH2 group and the nitrogen atom of the pyridine nucleus 

and the so-called SH bonds represent overtones or combination 
bands 372. 

The u.v. spectra of methyl imidothiolates are quite different from 

those of the isomeric iV-methylthioamides. The latter have spectra 

which resemble closely those of unsubstituted thioamides. This 

observation was the earliest physical evidence for the existence of the 

thione form in thioamides75,209. Infrared bands in the 2600 cm-1 and 

3100 cm-1 regions and characteristic shifts of other bands have 

been observed in solid thionicotine and thioisonicotine amides by 

Jensen and Nielsen66 and Sohar and Nemes208, which have been 

assigned to the S—H or N—H modes of the thiolimide form. Circular 

dichroism studies likewise have shown that no portion of the thiolimide 

tautomer is present in solutions of thiobenzoylamino acids373. 

At any rate, the proportion of 53b in the equilibrium is below the 

limit of detection even in l,2-dihydro-2-pyridinethione210 and similar 

compounds, of which it was formerly believed that only by formation of 

the thiol form would they provide an aromatic system. Nevertheless, 

well-known textbooks have accepted the dubious conception, and 

numerous papers continue to appear that suggest the occurrence of 

the thiol tautomer as self-evident in all cases in which any residue is 

transferred to the sulphur in the course of a reaction. 

The tautomerism phenomena may, however, be complicated by 

hydrogen bonds of different types (intramolecular as well as inter- 

molecular, cyclic and open-chain ones) as has been explained above. 

Nuclear magnetic resonance211 and infrared2118, studies suggest that 

the N—H group of the thioamides is a stronger proton donor and the 
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C=S group a weaker acceptor than the corresponding groups in 

amides. 
Occurrence of S—H groups has been also excluded in /3-ketothio- 

amides (54) in which only N—H and O—H groups are traceable212. 

R—C=CH—C—NHR1  -± R—C—CH2—C—NHR1 
in 11 I 

OH S OS 

(54) 

a-Cyano-a-ethoxycarbonylthioacetanilides (54a), owing to an excep¬ 

tional C—H acidity, exhibit pronounced S—H bands arising from the 

predominating en-thiole form 54b 374. 

NC S 

\h-c/ 
/ \ 

EtOOC NHAr 

(54a) 

NC SH 
\ / 

C=C 
/ \ 

EtOOC NHAr 

(54b) 

B. Acidity and Basicity 

Thioamides are amphoteric compounds and are converted to 

anions 55a and cations 55b by bases and acids. The salts of 55a213 

(55a) 

H + J 
NHR 

(55) 

SH 

R—c-:.+ 

n'nhr 

(55b) 

and 55b185,214 may even be prepared in the pure state. Although the 

solubility in alkaline solutions to form anions is a well-known property 

of thioamides pKa values for the deprotonation have been deter¬ 

mined only very recently215,2158, (cf. Table 16). Thereafter thio¬ 

amides are markedly stronger acids than amides which is in agreement 

with the qualitative observations and theoretical considerations about 

their electronic structure. The pKa values of thioformanilides, thio- 

acetanilides, and thiobenzanilides (56) conform well to the Hammett 

equation215,215a. From the pronounced influence of B groups 

(p = 1-74) in 56 as compared to the influence of A groups (p = 1-16) 

(56) 
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Table 16. pK values0 of thioamides and the corresponding amides. 

RGXNHR RCXNR” + H+ RGXNR2 + H + ^ RGXNHR2i’,c 

Compound X = O X = S X = 0 X = S 

(E) -HGXNHCH2CMe: 
(Z)-HCXNHCH2CMe; 
HGXNHPh 
DGXNHPh 
HCXNHC6H4N02-/> 
HCXNHC6H4Me-/; 
HCXNMeC4H9 
HGXNMe2 
MeGXNH2 

MeGXNHPh 

MeCXNMe2 
EtCXNMea 
Me3CCXNMe2 

PhCXNH2 

PhCXNHPh 
PhCXNHC6H4N02-/> 
PhCXNHC6H4OMe-/( 
/)-MeOG6H4GXNH2 
/>-N02C6H4CXNPI2 

13-6 

16-2! 
15-61 
11-44 

11-86 
11-50 
10-11 

13-7 11-64 
13-8 12-8 

13-8 13-4 

13-8 
13-4ft 
11-56 

13-8 12-85 

13-7 10-60 
9-23 

11-03 
13-05 
11-84 

(-634) (-522) 
(-520) 
(-600) 

(-628) (- 508) 
(-523) (-453) 

— 0-70d — 2-54e 
— 0-6' -1-76® 

(-533) 
+ 0-9* 

(-480) 

(-588) (- 545) 
+ 0-1° — 1-53® 

— T5® 
— l-51e 

— 0-31 — 2-0fc 

+ 0-6' — l-4fc 

+ 0-3* -1-6* 

_l-74/ 

(-592) 
(- 645) 

(-516) 
(-610) 

(- 588) 
(-495) 
(-591) 

“ Values are taken from references 215 and 215a unless otherwise indicated. 
6 Numbers in brackets denote potentials (mv) of half neutralization (in acetic anhydride-perchloric acid) 

which cannot be related quantitatively to pK values215. Increasing basicity is denoted by decrease of the 

absolute value of these (negative) potentials. 
0 For site of protonation see Chapter 3. 

d Reference 216. 
e Reference 217. 
f Reference 218. 

9 Reference 219. 
h Reference 220. 
* Reference 221. 
1 Reference 222. 

k Reference 223. 
1 Reference 375. 
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one can derive further evidence for the fact that proton abstraction 

takes place at the N atom, where the influence of B should be stronger 
than that of A215. 

The protonation of thioamides has been a matter of discussion 

but it has now become quite clear that the cations are thionium 

(55b)214,217-224 rather than ammonium ions 5777-225, the latter, by 

S 

R-V 
\ 

nh2r 
+ 

(57) 

the way, lacking stabilization by conjugation. The pAa values 

(Table 16) show that the thioamides are weaker Bronsted bases in 

aqueous solutions than amides, which corresponds to their increased 

acidity. They are, on the other hand, stronger Lewis bases towards 

the soft acid GH3CO + in the acetic anhydride-perchloric acid system, 

which is seen from the data of Table 16. The basicity parameters 

exhibit linear relationship to Hammett constants, too215. 

C. Complex Formation 

The formation of adducts of N, Ar-dimethylthioacetamide (DMTA) 

with iodine and phenol has been studied by Niedzielski and co¬ 

workers226. They deduced from the thermodynamic data of the 

interaction that coordination, like protonation, occurs at the S atom. 

It is noteworthy that the hydrogen-bonded phenol adduct of DMTA is 

less stable than the analogous dimethylacetamide (DMA) adduct 

whereas the charge-transfer complex with iodine is more stable. No 

difference in stability has been found in the adducts of DMTA and 
DMA with stannic chloride 227. 

Thioamides form complexes of the composition [MRCSNHR1], 

[M-(RCSNHR4)2], and [M- (RCSNHR4)4] with various metal ions 

(M)11’66. The derivatives of dithiooxamide which are used in 

analytical chemistry (section VI.C.2), dithiomalonamides (58)228, 

ArNH 
\ CH NHAr 

s... /S 
Nil,2 

(58) 

R 

ArNH. J- 
XC^ 

I 
■c 

II 
S\ ..-o 

Ni 1/2 

(59) 

R 
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and ^-ketothioamides (59)229 are especially stabilized on account of 
cyclic resonance. 

Two copper complexes of thioamides have been investigated by 

x-ray diffraction. Tetrahedral symmetry and coordination via the 

S atom have been found in [Cu(MeCSNH2)4]16; a planar structure 

has been supported in the thiopicolinic acid anilide chelate (60) by 

e.p.r. spectroscopy230. Hexacoordination occurs in [Ni(DMTA)6]2 + 

(CIO^ )2. Very marked differences in the chemical shifts of the pro¬ 

tons of the three methyl groups present in the DMTA ligand have 

been found in this complex231. This fact has been used for the assig¬ 

nation of the n.m.r. signals of the respective methyl groups. Mixed 

carbonyl or nitrosyl complexes of thioamides with manganese, rhenium 

and iron have been prepared by Hieber and coworkers376-378 and by 

Alper and Edward379. 

V. CHEMICAL REACTIONS 

A. Nucleophilic Attack at the Thioamide Group 

I. Hydrolysis 

Complete hydrolysis of thioamides yields carboxylic acids, hydrogen 

sulphide, and ammonia or an amine9,11. In many cases, however, 

nitriles, heterocycles, or products of oxidative degradation are 

formed11 in a complicated reaction path. 

Thioamides may, under certain conditions, especially in alkaline 

medium, be more difficult to hydrolyse than amides11. This does not 

hold, however, for thioacetamide, the mechanism of its hydrolysis 

having been thoroughly investigated. In acidic medium (equation 

62a) the protonated species is attacked by water and the tetrahedral 

intermediate is cleaved forming hydrogen sulphide and amide232 

which is further hydrolysed at a much slower rate232. 
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In alkaline solution, on the other hand (equation 62b), the prevail¬ 

ing intermediate is the relatively stable thiocarboxylate anion233 

rather than the amide232. The free thioacid may even be isolated in 

special cases234. These results do not imply the occurrence of the 

R-cf 30. 

NHR1 

R—C 
\ 

NHR1 

X' 

NR1 

h2o 

oh2 
I 

R—C—SH 
I 

NHR1 

2H1 

OH 
I 

R—C—S- 

NHR1 

R—C 
O 

\ 
NHR1 

+ H2S + H + 

(62a) 

R—C02H 

O 

R—C^- + H2NR! (62b) 

S 

thiol form of the thioamide in either case as has been assumed219,234. 

Ammonia as base probably yields an amidine as intermediate in the 
hydrolysis 235. 

Monothiosuccinimides in water undergo hydrolysis to the corres¬ 
ponding imides. JV-Alkyl derivatives react more slowly than 7V-aryl 

compounds, and the reaction rates of the latter show good correlation 

with Hammett constants. From the value p = +0-348 one can 

deduce the rate-determining step of the reaction to be the nucleo¬ 

philic attack of a water molecule at the thiocarbonyl carbon atom236. 

Hydrolysis of thiolimidic esters, which generally yields thiolesters 

r—c: 
/ 

SEt h2o 
— H* 

V 
NR1 

R = H237, Me238 

SEt 

R—C—NR1 

OH 

k2 ^ 
-* R C + NHR1 

SEt 

jr 
(63) 

IT R~C\ + EtSH 

NR1 

rather than amides (equation 63), takes place much more easily 

than hydrolysis of thioamides11. Recently kinetic evidence has been 

obtained which supports mechanism (63) where kx is rate determining 
and k2 > k3. In strong alkali a side-reaction (64) occurs237. 

SR 

Me—C + OH- > Me—CN + RS- + HzO (64) 
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2. Substitution by other nucleophiles 

Ammonia and amines may react with thioamides in a number of 

ways ■ 1. Both the substitution of one amino group by another one 

(cf. equation 28, section II.B.4) to form a modified thioamide, and the 

replacement of sulphur by an imino group yielding an amidine are 

well-known reactions, and are used for synthetic purposes. 

Amidoximes are formed from thioamides and hydroxylamine 

according to equation (65) 9,11 which represents a suitable preparative 
method. 

RCS—NRJ, + NH2OH 

NOH 

—* RCT + H2S 

NRJ 

NHOH 

RC^ + NHRi 

(65) 

Amidrazones (hydrazidines) result from thioamides and hydrazines 

(equation 66). Formation of thiohydroxamic acids or thiohydrazides 

RCSNR2 + h2nnh2 — 

nnh2 

Rtf + H2S 

NR£ 

NHNH2 

-4h* RC( + NHRI 

(66) 

(equations 65 and 66) have not yet been observed; for one exception 
see Chapter 9, section II.A.4. 

iV,Ar-Dimethylbenzarnide dialkylmercaptoles (61) are obtained 

from sodium ethanethiolate and the imidothiolic ester salt 62238a,b. 

/SR SR 

Ph—CK I- + EtSNa -* Ph—C —SEt 

NMe2 NMe2 

(62, R = Me, Et) (61) 

35S-Labelled thioacetamide of 96% specific activity may be prepared 

by isotope exchange with elemental sulphur380. 

3. Reduction 

Reduction of thioamides (equation 67) is generally easier than 

reduction of amides9,11. It may be achieved with several reagents: 
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(a) zinc or iron in acidic solution, (b) sodium, or better aluminium 

amalgam, (c) lithium hydride or lithium alanate12, (d) Raney nickel, 

and (e) electrolytically. The reduction probably proceeds via a- 
aminothiols and aldimines yielding amines as products. In many 

s SH (R3 = H) 

/f PH] I — HoS T2H1 
R1 C --* R1—C—NR2R3 -* R1—CH =NR2 — -*-+ R^HgNHR2 

NR2R3 I 
rl 

PH] (67) 

RJCH2NR2R3 + H2S 

cases by-products of the type RCH2—NR1—CH2R2 are generated in 

side-reactions of the intermediates. Aldimine may yield benzalde- 

hyde during the reduction of thiobenzamide with zinc in potassium 

hydroxide11. Recently the Clemmensen reduction of thioamides 

has been investigated. The ease with which the reaction takes place 

has been correlated to the half-wave potentials of the polarographic 

reduction114 (cf. section I.C.7). Solutions of the purple thioamide 

radical anions 18 obtained in the electrochemical reduction may also 

be prepared by the reaction of potassium metal with the thioamide 
in dimethoxyethane118. 

No true catalytic hydrogenation of a thioamide has been reported 

so far, as would be expected with regard to poisoning of the catalyst. 

The reduction of A-methyl-/3-dimethylaminoacrylic acid thioamide 

carried out by Watanabe and coworkers176 needs large amounts of 

Raney nickel but no hydrogen, and thus cannot be called catalytic239. 

Remarkably, tin in hydrochloric acid does not reduce the thioamide 
group (cf. however, section V.D). 

B. Electrophilic Attack at the Thioamide Croup 

I. Alkylation 

Reaction of thioamides with alkyl halides or sulphates generally 

occurs at the S atom yielding imidothiolic esters9,11,12,239,240. This 

holds for tertiary thioamides, too, which form salts of 7V,iV-disubstituted 

imidothiolic ester cations11-150. S-Alkylation of thioamides is the 

most suitable method for the preparation of imidothiolic esters, be¬ 

sides the reaction of thiols with imidic ester chlorides241,242, and the 

synthesis from alkyl thiocyanates and polyphenols243. 

There are, on the other hand, a number of examples of JV-alkylation 
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Table 17. Alkylation at the N atom of thioamides. 
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Substrate 

PhCSNH2 
RCSNH2d 
ArCSNH2 
H2NCSCSNH2 
h2ncscsnh2 
HCSNHPh 
MeCSNH2 
MeCSNH2 
MeCSNH2 
PhCSNH2 
PhCSNH2 
PhCSNH2 
PhCSNHa 
PhCSNHMe 
PhCSNHPh 

Reagent*1 Product Refs. 

RiX* 6 0cs>- 244 

An2CHClc PhCSNHCHAn2 245 
PhgCGl RCSNHCPhg 246 
XanOHe ArCSNHXan 245, 247 
Ph3CCl PhgCNHCSCSNPICPhg 248 
XanOH® XanNHCSCSNHXan 248 
XanOH® HCSN(Ph)Xan 245 
XanOHe MeCSNHXan 245 
An2CHOH° MeCSNHCHAn2 245 
Ms2GHOff MeCSNHCHMs2 245 
An2CHOHc PhGSNHCHAn2 245 
AnCH(Ph)OHc PhCSNHCH(Ph)An 245 
Ph2CHOH PhCSNHCHPh^ 245 
Ms2CHOH/ PhCSNHCHMs2 245 
XanOHe PhGSN(Me) Xan 245 
XanOHe PhCSN(Ph)Xan 245 

“ The first two reactions are carried out in alkaline, all others in acidic medium. 
6 R1 = alkyl or aralkyl. 

0 An = /i-methoxyphenyl (anisyl). 
d R = Me, CH2Ph, aryl, but not H249. 

e Xan = xanthydryl: 

f Ms = 2,4,6-trimethylphenyl (mesityl). 
3 Only traces of this product were detected by thin-layer chromatography. 

compiled in Table 17. In most cases the unusual JV-alkylation ob¬ 

viously occurs under conditions that favour formation of carbonium 

ions, or as in the first item of Table 17, at thioamides with electro¬ 

negative substituents. The reaction might well proceed via a kineti- 

cally controlled ^-alkylation followed by rearrangement under suit¬ 

able conditions. This mechanism (equation 68) has been supported 

recently by Walter and Krohn245 who found that the War alky 1- 

thioamides (63b) are readily obtained by treating imidothiolic ester 

hydrochlorides 63a with dilute acid, or from the surprisingly stable 

free imidothiolic esters (64), simply by heating in inert solvents. 

Cross-reactions have proved this rearrangement to be intermolecular. 
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SCHAr2 
./ 

\+ 
nh2 

(63a) 

ci- 

R—CS—NH2 h2o/h + HCI/Ether 

NHCHAr2 

(63b) 

(68) 

The hydrochloride 63a on the other hand, may be reprecipitated by 

treating 63b with hydrogen chloride in ether. Reaction (68) may 

provide a suitable tool for the preparation of JV-alkylated thioamides 
of the type 63b. 

Reaction of thioamides, especially dithiooxamides with aldehydes, 

alone or together with amines, yields aminals9-11. ^-(Hydroxy¬ 

methyl) thioamides (65) are formed from thioamides and formalde¬ 
hyde (equation 69) 25°. 65 is converted to iV-aminomethyl (66)250-251, 
iV-alkoxymethy1 (67)251, or A-chloromethyl derivatives (68)251’ 
by amines, alcohols, or thionyl chloride, respectively (equation 69). 

Attack of aldehydes on the S atom has not yet been observed. 

rcsnh2 + ch2o RCSNH—CH2OH 

(65) 

HNRi 

fVOH  

SOCI2' 

RCSNH—CH2NR| 
(66) 

RCSNH—CH2ORx 
(67) 

RCSNH— CH2CI 
(68) 

(69) 

Finally, methylation by means of diazomethane shall be mentioned. 

A-Arylthioamides of aromatic carboxylic acids are methylated at the S 

atom (equation 70)252. Thioamides of minor ‘dynamic’ acidity 

ArCSNHAr1 + CH2N2 

SMe 

* ArC 
\ 

NAr1 

(70) 

as thiobenzamide or its A-alkyl derivatives do not react with diazo¬ 

methane at all194 whereas their S-oxides which obviously exhibit in¬ 

creased dynamic acidity are attacked at the N atom (equation 71)194. 
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SO 
/■ 

RC + CH2N2 

N'JHR1 

SO 
/ 

-> R—C Me 
\ / 

N 
\ 

R1 

(71) 

Arylation of cyanothioformanilide by means of aryl diazonium salts 
occurs at the S atom (equation 71a)381. 

S SAr 

N=C—+ Arl\l2 N=C—(71a) 
\ \ 

NHPh NPh 

2. Acylation 

a. Carboxylic and carbonic acid derivatives. Early reports about the 

acylation of thioamides have not provided a uniform understanding 

of this important reaction9,11,12,213,253. 

Bredereck and coworkers have observed the formation of S-benzoyl- 

formimidothiolic ester hydrochloride (69) from thioformamide 

S—COPh 
/ 

HCS—NH2 + PhCO—Cl -^ HC 
V 

nh2ci- 

(69) 

(72) 

(equation 72) 249 which has remained the only unequivocal example 

of an .S-acylation in the thioamide series. All other recent investiga¬ 

tions, especially those of Goerdeler and coworkers, have established 

the exclusive formation of JV-acylthioamides by the various acylating 

agents shown in Table 18. The mechanism of the reaction has not 

been studied in detail but it seems likely that primarily attack upon 

the S atom occurs which is followed by rearrangement. 

Acylation of thioamides may be achieved by A'-functional derivatives 

of carboxylic acids, too. Reaction of imidoyl chlorides with primary 

thioamides yields secondary thioamides by transfer of sulphur 

(equation 73, see also equation 8 in section II.A.2). The alkali salts 

of secondary thioamides form A-thioacylamidines (70, equation 74)253. 

70 (Ar1 - Ar3 = Ph; Ar2 - Ar4 = ce-naphthyl) is rearranged to the 

isomeric diimidoyl sulphide (71) on heating253. Diimidoyl sulphides 

may be also obtained by reaction of amidines on thioamides12 

(equation 76). iV-Thioacylamidines of type 72 are the products of 
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Table 18. Formation of JV-acylthioamides, 

Substrate Acylating agent Product Refs. 

MeCSNH2 
MeCSNHj, 
MeCSNH2 

MeCSNH2 

MeCSNH2 

MeCSNH2 
ArCSNH2 
ArCSNH2 

(MeC0)20 MeCSNH—COMe 
RCO—Cl MeCSNH—COR 
Cl—CO(CH2)nCO—CP MeCSNHCO(CH2)„CONH— 

COMe 
ArCO—Cl MeCSNH—COAr 

MeC(SO)NH2 MeCSNH—COMe 
RCO—Cl ArCSNH—COR 
Cl—CO(CH2)nCO—CP ArCSNHCO(CH2)nCONH— 

CSAr 

ArCSNH2 

PhCSNHCH2Ph 
ArCSNHAr1 
ArCSNH2 
ArCSNHAr1 

Cl—CO(CH2)nCO- 

PhCO—Cl 
MeCO—Cl 
ch2=c=o 
ch2=c=o 

/CO—s 
-CP ArCSN (CH2)n 

\CO—' 
PhCSN (CH2Ph)—COPh 
ArCSN (Ar1)—COMe 
ArCSNH—COMe 
ArCSN (Ar1)—COMe 

83, 254 
255 
255 

255 

255 

254 
256,257 
152 

152, 257 

258 
259 
259 
259 

° n = 3,4. 
b n = 2,3. 

NPh 

R1CS—NH2 + R2C^ ~HCI> 

\ 
Cl 

NPh' 

S—C 

RJC 
\ 

R2 

NH 

NHPh 

R4CN + R2C 

S NAr4 s NAr4 

ANC—NAr2 Na+ + Ar3C—Cl -> Ar1!" N CAr3 

I 
Ar2 

(70) 

S NAr4 NAr2 NAr4 

ArJC—N—CAr3 - Heat > Ar4C—S—CAr3 

Ar2 

(70) (71) 

\ 

(73) 

(74) 

(75) 
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NH NH NH 

RCS—NH2 + R*C -R—C—S—C—R1 (76) 
\ 

nh2 

the acid-catalysed reaction between thioamides and nitriles (equation 

77) which has been extensively investigated by Ishikawa (see reference 

11), and recently by Goerdeler and Porrmann260. Reaction (77) 

s nh2 s o 

RCS—NH2 + RXCN HC' > RC—N=CR1 ■ H2°-> RC—NH—CR1 (77) 

(72) 

probably proceeds via intermediate imidoyl chlorides (cf. equation 73) 

and diimidoyl sulphides of type 71260. The yields depend on the 

nature of R and R1. Compounds 72 may be partially hydrolysed 

(equation 77) yielding JV-acylthioamides that are not always obtain¬ 

able by other means261. 

Alkyl cyanates ROCN262 and cyanamide H2NCN1:L abstract 

hydrogen sulphide from thioamides forming thione carbamates or 

thiourea. 

Chlorothioformates (73) yield JV-thioaeylthionecarbamates (74) 
when they react with the anions of thioamides263, whereas chloro- 

formamidines (75) form £-imidoylthioureas (76) which undergo re¬ 

arrangement to the A-imidoylthioureas (77a), or thioacylguanidines 

(77b) (equation 79)264. 

Phenyl isocyanate yields degradation products only in reactions with 

thioamides but iV-thiobenzoyl-iV'-benzoylurea (78) is readily formed 

from thiobenzamide and benzoyl isocyanate265. 

b. Sulphenyl chlorides. Benzenesulphinyl chloride266 and benzene- 

sulphonyl chloride, as well as S2C12, SOCl2, and S02C12 yield imidoyl- 

thioamides of the types 70-72, heterocycles, and oxidation products 

rather than compounds that contain the residue of the attacking 

reagent9,11. N-(Arylsulphonyl)thiobenzamides may, however, be ob¬ 

tained indirectly by thiolysis of N- (arylsulphonyl)imido chlorides 

according to equation (78)266a. Sulphenyl chlorides, however, 

Ph—C 
/ 

N—SOoAr NH—SOaAr 

Na2S 

\ 
-> Ph—C 

Cl 
V 

(78) 

with secondary thioamides readily form iminomethane disulphides 
(79) 267,2(38, rather than A-thioacylsulphenamides (80). Ihis has 
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NAr2 S 
II II 

Ar1—C—N—C—N 

(R‘=Et), 

JEt 

Ph 
(77a) 

'Ph 

S S 
II II 

Ar1—C—N—C—OR 
I 

Ar2 

(74) 

Cl—C—OR. 

(73) 

s 

Ar1—C^- 

NAr2 

Na1 

NPh d i 
II / 

Cl-C-N 

(75) 

NAr2 NPh 

Ph 

Ar1—C—S—C—N 

(76) 

R1 

Ph 

S O 

Ph—C—NH2 + Ph-C-N=C=:0 

(79) 

(R1=Me) 

NPh 

Ar1—C—N—C—N 
I 

Ar2 
(77b) 

s o o 

Ph—C—NH—C—NH—C—Ph 

(78) 

/ 
.Me 

\ 
Ph 

been proved by chemical and physical methods (i.r. spectroscopy of 

N-labelled PhC(NPh)SSPh267). From unsubstituted thiobenz- 

amide only the hydrochloride of 79 (R1 = R3 = Ph; R2 = H) may 
be obtained, the free base being unstable268. 

R'C 
// 
\ 

+ R3SCI - 

NHR2 

R1 = Me Ph3C, Ar, RCO,CN 
R2 = Et, Ar, RCO 
R3 = PhCH2, Ar 

R*C 
/' 

.S-SR3 

NR2 

(79) 

R1^ R2 
XN 

XSR3 

(80) 
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3. Oxidation 

One of the most striking differences between the chemical properties 

of thioamides and amides is their behaviour on oxidation. Amides 

are hardly oxidized by mild oxidants. If forced, the oxidation 

reaction occurs at the carbon atoms of the side-chains. Thioamides, 

on the other hand, are readily attacked at the sulphur atom yielding 

a large variety of products quite characteristic in some cases. 

Oxidation by means of ozone, iodine, hydrogen peroxide, sulphuric 

acid, nitrous and nitric acid derivatives, selenium dioxide, potassium 

permanganate, potassium hexacyanoferrate(m), mercuric oxide, 

N,A-dichlorocarbamates, and epoxides to form sulphur-free products 

and heterocycles has been reviewed formerly9,11,12. Recently the 

oxidative desulphuration of thioacetamide by alkaline hexacyano- 

ferrate(m) has been studied kinetically269. The deprotonation of 

the substrate has been found to be rate determining, the electron 

transfer to the oxidant and the degradation to form acetamide being 
fast steps. 

The preparation of diimidoyl disulphides (81) may be achieved 

by selective oxidation of thioamides. Hydrogen peroxide270, 

hexacyanoferrate(m)271, lead tetraacetate272, phosgene oxime270, 

A-chlorosuccinimide270, dibenzoyl peroxide273, and 2-bromo-2-nitro- 

propane-l,3-diol274 have been used as oxidants. The most favourable 

method seems to be oxidation by iodine275. Upon heating, the 

disulphides 81 are easily converted to the sulphides 82 with 
elimination of sulphur275. 

2R1CS—NHR2 R1C—S—S—CR1 R^C—S—CR1 + S 
II II II II 
NR2 NR2 NR2 NR2 

(81) (82) 

The formation of thioamide S-oxides (the name ‘sulphoxide’ which 

has been occasionally used should be reserved for non-cumulative 

structures of the type R—SO—R) has been first observed by Kit- 

amura276 who oxidized thioamides by means of hydrogen peroxide 

(equation 80) and obtained substances that contained one oxygen 

atom more than the starting material. He assigned the structure 83b 

to these compounds, and, consequently, called them thioperimidic 

acids. The systematic investigations of Walter and co- 

workers58,71,189-191,194,277, however, have proved the oxidation 

products to be real .S’-oxides (83a). The isomeric structure 84 (thio- 

hydroxamic acid) has been excluded too. Besides x-ray22 and i.r. 
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(VC 
HjOa 

» R*C 

SO S—OH 

\ 
NHR2 

\ 
R!C 

% 
(80) 

NHR2 NR2 

(83a) (83b) 

spectroscopic277 results the structure 83 can be deduced from chemical 

evidence shown in equations (81) 191’278, (82)191, and (83)191-194. 

SO SO (81) 

PhCS—NHPh PhC^ PhC^ 
h2s 

NHPh 

m.p. 149° 

\ 
Cl 

PhCS2CH2C02H — NHOH> PhC^ Ph 
\ / 

N 
\ 

OH 

m.p. 101° 

(84) 

SO SO 

AHC' Ar2 AHC^ Ar2 AHC^ Ar2 

(82) 

h2s 

N N N 
(83) 

Me Me H 

,189.190.279 Although numerous thioamide iSSoxides—primary lui7,'LOU,'='‘c’ sec¬ 
ondary58’191’194’279-39^ tertiary191’194, aliphatic, aromatic, and hetero¬ 

cyclic190’280-282-371 as well as bifunctional ones283-284—are known, only 

a few specific chemical reactions of this class of compounds have been 

detected so far. Acylating properties and the vV-methylation with 

diazomethane285 have been already mentioned (Tables 17, 18). It is 

noteworthy that diazomethane attacks 2-f-butylquinazol.inethione 
4-S-oxide (85) on its O atom to form the sulphenic ester 86285. The 

interesting compound 87, an amide of the iminosulphenic acid 83b 
has been recently obtained according to equation (84)270. 

SO S—OMe 

CHoNa 

(85) 
N CMe3 

(86) 
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S / 
PhC + NH2CI -> PhC ('84') 
\ \ 

NHPh NPh 

(87) 

No formation of ^-dioxides as in the case of thioureas has been 
observed as yet in the thioamide series286. 

. Demethylation of N,iV-dimethylthiopicolinamide (88) and N,N- 

dimethylpyrazinethiocarboxamide (89) occurs by oxidation with 
sulphur, the corresponding JV-monomethyl derivative being formed 

(85a) 

(85b) 

(equations 85a and 85b) 287. High-temperature chlorination of N- 

methylthiobenzamide yields the dichloride of the corresponding iso¬ 
cyanate according to equation (85c) 287a. 

CIo 
PhCSNHMe-PhCCI2N=CCI2 (85c) 

C. Formation of Heterocycles 

Intra- and intermolecular cyclizations can be actually considered to 

be the most versatile and important reactions of thioamides. The 

majority of these reactions might have been classified in the preceding 

sections as they exhibit at least one nucleophilic or electrophilic step, 

such as solvolysis, alkylation, acylation, or oxidation. Since the 

mechanisms of these complicated reactions are, however, scarcely 

known and possibly may include concerted attacks it seems expedient 

to discuss cyclizations in a separate section, subdivided according to 

the type of ring produced rather than the type of cyclization reaction. 

I. Five-membered rings 

a. Heterocycles containing only sulphur in the ring. 2-Aminothiophenes 

(90) are obtained from phenacyl bromides and tertiary thioamides288 

(equation 86). Formation of tetrahydro thiophenes has been 
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mentioned by Ruhemann289, Hurd and DeLaMater11, and recently 

by Barnikow and coworkers290,291 (equation 87). 

A r1 

AdCO—CH2Br + Ar2CH2-CSNR2 
— HoO 

s 
(90) 

Ar2 

NR2 
(86) 

X 
I 

HCCSNHAr 
I 

Y 

Y ,o 
EtO- 

x- 
CICH,COOEt 

(87) 

ArN' 's' 

X, Y = electronegative groups 

The benzodithiol (91) arises from intramolecular cyclization of 

o-mercaptothiobenzanilide (equation 88)292, and the pseudoaromatic 

dithiolium system (92) is built from dithiomalonic amides (equation 
gg) 283,293,294 

CS—NHPh 

OC,„ —Ocr* (88) 

(91) 

H2c-C— NHR 
1 II 

-NHR 

.Pi , [rs( 
(89) 

/c-s 5 
RNH 

(R = H, Ar) 
RNH S 

(92) 

b. Heterocycles containing only nitrogen in the ring. Formation of isatin, 

imidazolines, oxazolines, and tetrazoles has been reviewed formerly11. 

Mercaptoimidazoles (93) can be prepared from a-acylaminothio- 

amides (equation 90a)X1, a-ketothioamides (equation 90b) 295, or by 

S. 
% c—nh2 

c 
R3X N —COR2 

R1 

% 

KOH 

C-NH2 J 
+ N 

I 
R3 O R1 

,CHR2 

HS 

Xy 
R3 N^ 

I 
R1 

(93) 

(90a) 

R2 

(90b) 
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simultaneous reaction of carbonyl compounds and ammonia with 

a-ketothioamides29jaib. Similarly the known syntheses of isoxazoles 

(94) X1, and pyrazoles (95)11 from phenylpropiolic acid thioamides 

(equations 91c and 92a) may now be achieved by different routes 

(equations 91 b 296 and 92b 290 -297). 94 and 95 may be obtained from 

FUCseC—CS—NHR2 

(91a) 

(91b) 

(91c) 

(92a) 

(92b) 

(92c) 

dithiomalonic amides via a dithiolium system (equations 91a and 92c) 

with yields even better than by the direct route294. 2,5,5-Trimethyl- 

4-oxoisoxazole-3-thione (96) results from 97 and acetone279. Regitz 

H02C-CS-NHMe + Me-CO-Me M°eJ 

Me'XT 6 
(97) (96) 

and Liedhegener have prepared the 1,2,3-triazole (98) by reacting 

tosyl azide with a-acylthioacetamides212. 

RCO—CH2—CS—NHR1 
p~MeC6H4SQ2N3 

II2 
RCO—C—CS—NHR1 

HS 
\—N —R1 

i. RCO 

(98) 

N 

(98a) 
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c. Heterocycles containing nitrogen and sulphur. For the synthesis of 

thiazolines (99) from various a,/3-bifunctional molecules of the type 

XGR2CR2Y (X,Y = halogen, OH, SH, NH2) and thioamides, as 

well as for the preparation of thiazoles from compounds of the type 

RCOCR2X, see ref. 11. Compound 99 is also formed by ring expan¬ 

sion of the unstable intermediate iV-thioacylaziridines (100)298. On 

the other hand, 100 (R1 = aryl, R2 = H) may undergo spontaneous or 

base-catalysed polymerization to form polyiminothioesters (100a)298a. 
The thiazolidinediones 99a and 99b are obtained respectively 

R1—CS—OR 

(100a) 

from aromatic or aliphatic thioamides and oxalyl chloride152,299,383. 

Compound 99a is of special interest because it is readily decarbonylated 

to form thioacyl isocyanates (101)299 which cannot be prepared other¬ 

wise. The manifold reactions of 101, generated in situ from 99a, 

ArC 
/ 

NH2 
(CICO), 

V Xl° Ar XSX0 

(99a) 

ArC—N=C—O 

(101) 

// 
RCH,—C 

(ClCO)a 

\ 
nh2 

,o 
HN—f 

RCH^S^° 

(99b) 

leading to heterocycles are discussed in the publications of Goerdeler 
and coworkers300. 

A pendant of the well-known ‘Jacobson reaction’ (oxidation of 

thioanilides to benzothiazoles 102)9,11 would be the formation of 

2,1-benzoisothiazoles (103) from o-aminothiobenzamides, and it has 
been found recently301. 

The preparation of 1,2,4-thiadiazoles by oxidation of thioamides, 

especially by means of iodine (‘Hofmann reaction’) is one of the 
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longest known reactions of thioamides 9-11-302. 1,3,4-Thiadiazoles 
(104) are produced by 1,3-dipolar addition of thioamides to jV-phenyl- 
nitrileimines303. 

N — N— Ph 

Ph 
/C+ S=C 

Ph 

NMe2 

N* 

RCO — C—CS — NHR1 

(98a) 

Ph 

(105) 

The diazo compound 98a may be cyclized to the 1,2,3-thiadiazole 
(105)212. 

1,2,4-Dithiazoles (106a, b) on the other hand, have been obtained 
from thiobenzamides and suitable bifunctional sulphenyl chlorides268. 
106b is formed by oxidation of iV-phcnyl-A^-thiobenzoylthiourea too 

/NH2 cix 

Ph —c + c=o 
% / 

S CIS 

N 

X 
o 

Ph ''S' 

(106a) 

/NH2 
Ph —C + 

V 

HN—C— NHPh 
I II 

(93) 

C S 
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(equation 93) 268. Formation of the isomeric 1,3,4-dithiazole (107) 

from thiobenzamide and thiophosgene in a complicated reaction (94) 

has been reported by Behringer and Deichmann 304. 

Ph 

Vs' 
PhCS — NH2 + CSCI2 ■ CSa > n7/ L (94) 

s 
(107) 

2. Six-membered rings 

a. Heterocycles containing only nitrogen in the ring. Pyridones (108) 

result from the reaction of thioamides and diketene (equation 95) 305, 

and pyridinethiones (109a), or isoquinolinethiones (109b) may be 

obtained by condensation of cyanothioacetamide and 1,3-diketones306, 

or by cyclization of o-phenacylthiobenzamides175 (equation 96). 

Derivatives of /1-aminoacrylic acid thioamide (110) or anthranilic acid 

thioamide may be cyclized to form pyrimidinethiones (111), or quin- 

azolinethiones, respectively11-155-307-311. Formation of 110 and 111 
may be achieved in one step from suitable precursors11-307-309-311. 
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The formation of 1,2,4-triazines and dihydro-1,2,4,5-tetrazines has 
been treated formerly11. 

b. Heterocycles containing nitrogen and sulphur. The 5,6-dihydro-1,3,4- 

thiazines (112) may be synthesized from thioamides and y-halo- 

amines11, by ring expansion of JV-thioacylacetidines (113; equation 

97)312 analogously to the formation of 99 from 100, or 4-hydroxy 

Ph—C 

% 

(113) (112) 

(97) 

derivatives (114) from vinyl ketones (equation 98)313. Acylation of 

thioamides by means of malonyl chloride152 or carbon suboxide314 

o 

R3—cr 

II + 
ch3 

NH, 

(114) 

(98) 

yields 1,3-thiazinones (115) (or tautomeric forms). 2,6-Diphenyl- 

1,3,5-thiadiazine (116) is formed on oxidation of methylenebis- 

thiobenzamide (117)283. 1,3,5-Thiadiazines of type 118 are the 

Ar— CS— NHo + 
0 = C=C=C=Q or 

CICOCH2COCI 

O 

HN/C^H 

A A 
Ph s s Nph 

(117) 

[O] 

(116) 
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products of spontaneous dimerization of the thioacyl isocyanates 
(101) readily obtainable from thioamides via 99a299. 

2 99a 
Heat 

A/S 

CO JCSAr O 

+ 
N 
II 
CO 

,CSAr 

(101) 

Is 
Ar'S^'x) 

(118) 

D. Reactions of Thioamides not Involving the Functional Group 

In view of the reactivity of thioamides (equation 101)318 it is worth¬ 

while dealing with reactions on other parts of the molecule, leaving the 
thioamide group more or less unaffected. 

I. Electrophilic substitution of the thioformyl proton 

Tertiary and secondary thioformamides are chlorinated by reagents 

such as SC12 to yield thiocarbamoyl chlorides, or isothiocyanates, 

respectively (equation 99)315. Similarly 2,6-dimethylthioformanilide 

has been recently brominated yielding the first example of the hitherto 

unknown class of thiocarbamoyl bromides (equation 99a)375. Dime- 

H — CSNFCR2 + SCI2 
(R.2 = H) 
--> 

Cl — CSNFCR2 

R1N=C=S 

(99) 

(99a) 

thylthioformamide may be converted after Vilsmeyer-Haack into N N- 
dimethylglyoxylic acid thioamide (119)316. 

HCSNMe2 + Me2N=CHCI -> Me2N=CHCSNMe2 -Ha° > HCOCSNMe2 

(119) 

2. Reactions involving the activated a-position 

The a-position of thioamides, and particularly, imidothiolic esters 

is quite reactive. The —C(SR)=NMe2 group especially, activates 

an a-hydrogen atom for proton transfer to OH“ ion about 2 x 104 
times better than the COSR group238. 



8. The chemistry of thioamides 459 

Thioacetamides readily undergo aldol condensations forming cin¬ 

namic acid thioamides (equation 100)317. Acetoacetic acid thio- 

ArCHO + MeCSNR2 -> ArCH=CHCSNR2 (100) 

anilides react with aromatic or aliphatic amines to form /3-amino- 

acrylic acid thioanilides (equation 101) 318. 

MeCOCH2CSNHAr + RNH2 -> MeC=CHCSNHAr (101) 

NHR 

Ketene .S', A-acetals (120) are formed from thioamides by alkylation 

and reaction with bases (B“) (equation 102)319-321,384. Similarly the 

SR3 
n_ d3v / 

R^CHCSNRl A-iAA, R|C=C (102) 

\lRl 
(120) 

£,JV-acetals of o-quinone (121, X = O), j&-quinone (122, X — O), or 

quinoneimine are built from hydroxy-322,323 or aminothiobenzamides324 

(equations 103 and 104; X = O, NH), and o-quinodimethane S,N- 

acetals (123) from the C—H active thioamides 124325. The S- 
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allyl ketene ^iV-acetal 125 undergoes Claisen rearrangement to 126 

thus providing a method for lengthening a thioamide molecule by a 

C3 residue (equation 105) 326. The generation of 126 may be re- 

s 

IVCHa—C 

(1) B — 
(2) R|C=CHCH2Br 
-> 

NR! 

CH—CH2 

RIC^ N -> 
/ 

R1CH=C 
\ 

NR! 
(125) (105) 

S 
/■ 

CH2=CH—CRi—CHR1—C 

(126) 

garded as another example of the liberation of a latent thioamide 
group (cf. section II.I). 

Finally, the aromatization of polyhalogenated cycloaliphatic thio- 

amides to form thiobenzamides (equation 106)327 may be mentioned. 

3. Preparation of hydroxy and amino thioamides 

Thioamides containing sensitive functional groups can hardly be 

prepared by the usual methods reported in section II. There are, 

however, suitable protecting groups which may be easily removed after 

the formation of the thioamide group. Hydroxy groups may be acety- 

lated, the acetyl group being quickly split off from the thioamide by 
alkaline hydrolysis (equation 107) 328-330. 

Salicylic acid thioamides (127) may be prepared via the benzoxa- 

zinediones (128)3311332. Amino groups may be blocked by carbo- 
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O 

(127) 

benzoxylation, the protecting group being removed by hydrogen 

bromide in acetic acid 333. Interestingly />-aminothiobenzamides may 

be obtained by reduction of the corresponding nitro compound with 

stannous chloride11 (cf. section V.A.3) or hydrogen sulphide190 which 
leave the thioamide group unchanged. 

VI. SPECIAL TOPICS 

A. Natural Occurrence of Thioamides 

Real thioamides as defined in section I.B have not yet been found 

in biological material, the thiazole residues of thiamine or the firefly 

luciferine not being taken into consideration here. 4-Thiouridylic 

acid (129) has been isolated as a minor constituent from the ribonucleic 

acids of is. coli and <5*. typhimurium 334. The non-enzymatic degradation 

of some sulphur-containing glucosides yields, however, real open- 

chain thioamides 334a’334b. For instance /3-hydroxy-/3-phenylpropionic 

acid thioamide (128b) is obtained from glucobarbarine (128a) 334a. 

H OH SC6HX105 
X X I 

Phx xch;T xn—oso2o- 

(128a) 

Fe2 + 

^OH ^OH 
yC + /C\ + Glucose 

Ph XCH2CSNH2 Ph CH2CN 

(128b) 

B. Physiological Activity 

It is well known that thioacetamide (TAA) possesses marked physio¬ 

logical activity. The generation of liver cirrhosis by this reagent, 
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especially, has been extensively investigated. The literature about 

this matter has become immense, and the reader is referred to special 

publications335. Probably the effect of TAA is due to disturbance of 

the nucleic acid metabolism. Besides liver damages, carcinomas of 

the bile duct are induced by TAA. One of the metabolites of TAA 

has been shown to be its .9-oxide 336 which exhibits a specific physio¬ 

logical activity itself337. 2-Ethylisonicotinic acid thioamide (130, 

‘ ethionamide’) is converted in vivo to its .9-oxide too115a-338. a-Phenyl- 

a-(2-pyridyl)thioacetamide (131, ‘antigastrin’) inhibits the gastric 

(129) (130) (131) 

response to gastrin, and thus has anti-ulcer properties339-341. Thio- 

benzamides of type 131a are strong antidiabetics385. The physio- 

ArCSNH(CH2)2- ■SOaNHCONHR 

(131a) 

logical activity of thioamides has caused many attempts to use them 

for pharmaceutical applications as discussed in the next section. 

C. Applications 

I. Pharmaceutical applications 

Early investigations by the groups of Bavin342, Rogers343, 

Gardner344, and Meltzer345 have dealt with the activity of several 

thioamides against M. tuberculosis. It was Liberman and coworkers 

who succeeded in finding the first thioamide of sufficient in vivo activity 

and low toxicity (1956), namely ‘ethionamide’ (130) which could be 

used as a human medicament (relevant references are cited by Sey- 

del346). More recently, numerous thioamides derived from various 

types of acids as well as thioamide S-oxides have been tested, and the 

relations between the antitubercular activity and structural para¬ 

meters of the thioamides such as u.v. and i.r. spectra, hydrolysis rates 

and substituent effects have been studied317-346-349. It seems, how- 
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ever, that no thioamide of increased suitability with respect to 130 has 
been obtained so far. 

Activity of thioamides against bacteria other than M. tuberculosis has 

been found by Weuffen and coworkers350, the substituted thiobenz- 

amide 132 being especially effective. Salicylic acid thioanilide (133) 

has fungistatic activity351. Secondary dithiooxamides are amoebi- 
cides151. 

2. Miscellaneous applications 

Thioamides may be used as herbicides, and numerous patents which 

cannot be cited here deal with this application. Especially poly- 

chlorothiobenzamides and cyclopropane and cyclobutane derivatives 
have been proposed for this purpose. 

Thioamides have been technically applied as vulcanization pro¬ 
motors, antioxidants, and corrosion inhibitors. 

Thioacetamide may be used as analytical reagent (generator of 

hydrogen sulphide) 352,353. The use of dithiooxamide for the detec¬ 

tion and determination of metal cations has been reviewed by Hurd 

and DeLaMater11. Pyridinethiocarboxamides354 and thiocaprolac- 

tam355,356 are suitable for the photometric determination of Fe11, 
or Bim, respectively. 

Sequence analysis of peptide chains may be achieved by thioacyl- 

ating the peptide, followed by degradation and identification of the 

thioamide (134) obtained, which contains the A-terminal amino acid 
residue of the original peptide (equation 108)386. 

Peptide -* PhCSNHCHR^CONHCHR8 . 

cf3co2h 

V 

N-CHR1 
^ +H3N + CHR3CO. (108) 

Ph"' '"S^O 

PhNH2 

PhCSNHCHR1CONHPh 

(134) 
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I. GENERAL REMARKS 

Whereas the thioamides have attracted great attention for a long time 

the chemistry of the closely related thiohydrazides is relatively young. 

Difficulties in the preparation of these compounds together with their 

often little stability may be the reason for the comparatively small 

number of publications on this topic. A review on the subject has 

not as yet been published. Only compounds of the general formula 1 

s 

R1—Cf R2 
NNX—N2^ 

R*7 R3 

(1) 

are regarded here as thiohydrazides where R1 is hydrogen or a residue 

linked by carbon. The nitrogen adjoining the —C=S group is 

designated as N1 both in the thionohydrazide—as well as in the 
zwitterionic form (section III.A). 

Great differences as to ease of synthesis, physical properties and 

chemical reactions are to be expected for the various types of substituted 

thiohydrazides. This paper will deal mainly with open-chain 

derivatives though the cyclic products will not be completely dis¬ 
regarded. 

Thiohydrazides have often been treated along with thioamides and 

the close relation between both classes of compounds concerning a 



9. The chemistry of the thiohydrazide group 479 

number of physical as well as chemical properties is well established. 

An object of special interest will therefore be the question as to whether 

there are generally only minor differences or if profound ones are also 
to be found between the two classes. 

The first to our knowledge to report the synthesis of thiohydrazides 

was Sakurada1. As he has given neither yields nor physical properties 

of any kind except an analytical value for sulphur content these first 

results seem of little value. A systematic investigation of methods of 

preparation, physical properties and chemical reactions of thio¬ 

hydrazides began in 1929 with the work of Wuyts and his school2. 

II. THE FORMATION OF THIOHYDRAZIDES 

A. Thioacylation of Hydrazines 

I. Thioacylation with dithioacids 

The reaction of hydrazine and some substituted hydrazines with 

dithioacids was first reported by Wuyts and coworkers2-8 and was 

later reexamined by Jensen and coworkers9-11. If a dithioacid 2 is 

added to an ethereal solution of a hydrazine at low temperature a 

salt is formed which in some cases can be isolated2,5. The de¬ 

composition of the salts or of the mixture of dithioacid and hydrazine, 

where a salt can not be isolated, yields various compounds depending 

on the substitution in the acid and the hydrazine as well as on the 

reaction conditions. 

The thiohydrazide (reaction 1) is predominantly formed by the 

reaction of aliphatic dithioacids (R1 = alkyl) on 1-methyl-1-phenyl- 

hydrazine (R2 = Me; R3 = Ph) if there is no excess of base and if 

a polar non-basic solvent is used4,5. With aromatic dithioacids 

(R1 = aryl) 1-methyl-1-phenylhydrazine yields hydrazones (reaction 

2) as main products4 and with phenylhydrazine (R3 = H; R3 = Ph) 

mixtures of thiohydrazide and hydrazone are formed2,3. Whether 

the formation of hydrazone involves the reduction of primarily formed 

thiohydrazide or whether another mechanism is operative cannot be 

decided by the given facts. Reactions (1) and (2) may be regarded as 

the principal reactions. Another complication arises if unsubstituted 

hydrazine is reacted with an aromatic dithioacid under these condi¬ 

tions, for then a second thioacylation on N2 and elimination of hydro¬ 

gen sulphide might result in thiadiazoles (reaction 5)7 though in some 

cases good yields of thiohydrazides were reported9. According to 
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/S XR2 

R1—C + HaN—N 

XSH XR3 

(2) 

(5) 
R'=aryl 
R2=R3=h 

N—N 

■* R1-^ >-R1 

reactions (3), (8), and (9) azines, dihydrotetrazines or diamidrazones 
might be obtained from aromatic dithioacids and hydrazine hydrate8. 
If reactions (1) and (2) proceed on the same molecule of hydrazine 
(reaction 4) as is the case with methylhydrazine and aromatic dithio¬ 
acids, thioacylated hydrazones are formed7,13. 

Reactions (2), (3), and (4) involve reduction of the dithioacid. In 
one case viz. dithio-o-toluic acid, the reaction with 1-methyl-1- 
phenylhydrazine led to thioaldehyde (isolated as its polymer) as a 
minor by-product (reaction 6). This may be due to the fact, that with 
this hydrazine only reactions (1) and (2) are possible. As the reac¬ 
tions of JV2-substituted thiohydrazides with carbonyl compounds lead 
to dihydrothiadiazoles (section IV.F.l.a) the formation of 2,5-di- 
methyl-3-phenyl-2,3-dihydro-1,3,4-thiadiazole from phenylhydrazine 
and dithioacetic acid is not surprising (reaction 7)5,6. No thiohydra¬ 
zides could be obtained by the reaction of aliphatic dithioacids with 
unsubstituted hydrazine10,11, 3-6-dialkyldihydrotetrazines are ob¬ 
tained instead (reaction 8)11,12. 

The more stable metal salts of dithioacids may be reacted with 
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hydrazines13-19, too. This method is most useful when the potassium 

or sodium salts of dithioacids may easily be obtained from trichloro- 

methyl derivatives, e.g. potassium dithioformate from chloroform14-16 

and potassium salt of dithioisonicotinic acid from /i-trichloromethyl- 

pyridine17*18. Whereas the reaction of the potassium salt of dithioiso¬ 

nicotinic acid leads to the corresponding thiohydrazide with unsub¬ 

stituted hydrazine and to the corresponding hydrazone according to 

reaction (2) with phenylhydrazine, potassium dithioformate is 

reported to give the products of reaction (1) with phenylhydrazine or 

other monoarylhydrazines14-16, and to produce a 1,3,4-thiadiazole 
with unsubstituted hydrazine according to reaction (5)12. 

2. Thioacylation with dithioacid esters 

Less complex is the reaction of dithioacid esters with hydrazines. 

Whereas the reaction with methyl and ethyl esters of dithioacids with 

hydrazine often leads to thiohydrazides in good yields 9,19a, the higher 

alkyl esters react slowly or not at all10. Thiadiazoles are obtained in 

some cases, presumably due to a second thioacylation and elimination 
of hydrogen sulphide (cf. reaction 49)19a. 

With monosubstituted hydrazines mixtures of N1- and i\r2-thio- 

acylated products are obtained, e.g. reaction of methyl dithiobenzonate 

with benzylhydrazine yielded 23% of N1- and 72% of iV2-thiobenzoyl- 

benzylhydrazine20 (reactions 10 and 11). 

S H 
S / 

Ph —C + H2N—N 

S—CH, CH2Ph 

Ph—of H 

W 
H7 

\ 
CH,Ph 

Ph—C H 

/N~\ 
PhCH, H 

(10) 

(11) 

From /3-carbonyldithioacid esters on reaction with hydrazine or 

phenylhydrazine no thiohydrazides were isolated and diazoles were 

formed instead (equation 12)21. 

Best results are obtained with the activated carboxymethyl esters 

of dithioacids which were first introduced as thioacylating reagents 

by Holmberg22 and later were further investigated by Jensen and 

coworkers10’23. The reaction of unsubstituted hydrazine with 

carboxymethyl esters (4) of aromatic dithioacids produces satisfactory 

yields of unsubstituted thiohydrazides (5) 10>24’25 (equation 13). 
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+ PhNH—NH: 

(12) 

Ph Ph 

NHNH (13) 

+ H2NNH 

s—ch2cooh 

(4) 

s 
/C-R (14) 

NH — HN 

R = t-Bu, o-C6H4OBu-i o-CgH^CsHn-n 

The formation of thioaldehyde, hydrazone or thioacylhydrazone has 

not been observed, whereas thiadiazoles or dihydrotetrazines have 

sometimes been isolated as main products (analogous to reactions 5 or 

8)10’11- This proves that Wuyts and Lacourt6 are probably right 

when they assume that reactions (2) to (4) are due to the reduction of 

dithioacid or thiohydrazide by hydrogen sulphide formed in the pre¬ 

liminary reaction (1); in the reaction with carboxymethyl dithioates 

(4), thioglycolic acid and not hydrogen sulphide is eliminated and 

hence no reduction occurs; the formation of thiadiazoles or dihydro¬ 

tetrazines is possibly due to the decomposition of primarily formed 

thiohydrazide. No thiohydrazide (5) was formed in the reaction 

of m-nitrothiobenzoylthioglycolic acid nor from most aliphatic car¬ 

boxymethyl dithioates. The only aliphatic JV-unsubstituted thio¬ 

hydrazide obtained by this method is thiopivalic acid hydrazide (5, 

~ £-Bu), N1,iV2-dithioacylated hydrazines (6) were obtained only 

with (R = o-C6H4OBu-i and o-Cet^OCsH^n). In all other 

cases excess of4 led to the thiadiazole10 (reaction 49, section IV.F.l.a). 

iV-Monosubstituted hydrazines react with carboxymethyl dithioates 

(4) to yield mixtures of N1- and ./V2-thioacylated products, by reactions 

similar to (10) and (11). The ratio of the two isomers depends largely 

on the steric requirements. With n-alkylhydrazines the N^thio- 
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acylation prevails, with £-alkyl as well as with phenyl- or (substituted 

phenyl)-hydrazines only the iY2-thioacylated product is formed. 

The influence of the substituent of the carboxymcthyl dithioate 

seems to be much less important. With N,W-disubstituted hydrazines 

the reaction proceeds well irrespective of the nature of the alkyl sub¬ 

stituent on the hydrazine though in some cases with rather low yields 

(2-3% for A7, Ar-chmethylthiopivalic acid hydrazide)23. 

iV1,iV2-Disubstituted hydrazines show a different behaviour. Only 

iV1,Ar2-primary alkyl or benzyl-substituted thiohydrazides are ob¬ 

tainable. No reaction could be observed with N1, ^-diphenyl- 

hydrazine (hydrazobenzene) 23. 

3. Thioacylation with thionoacid esters 

There is some controversy about the thioacylation of hydrazines 

with thionoacid esters. Sakurada1 reported the synthesis of some N2- 
phenylthiohydrazides from phenylhydrazine and thionoacid esters 

together with the analogous reaction of amines to yield thioamides. 

Whereas the latter reaction has been critically reexamined and checked 

(Chapter 8, section II.B) the results concerning the reaction with 

phenylhydrazine seem not to have been checked. The reaction of 

ethyl thionoisonicotinate with hydrazine to yield thioisonicotinic acid 

hydrazide has been reported in a patent26 but Jensen and coworkers10 

tried to repeat the reaction without success. They also reported10 

that the reaction of ethyl thionobenzoate with hydrazine failed to give 

the corresponding thiohydrazide but that diphenyldihydrotetrazine 

and diphenyltriazole were isolated (reaction 15). 

PhC^ + H2NNH2 
XOEt 

< 

N-N 
Ph—C77 Ph 

N-N 

\\ \ 

N-N 

Ph—C\ /C—Ph 
N 

H 

(15) 

Recently a number of dialkylthioformohydrazides have been pre¬ 

pared using ethyl thionoformate as thioacylating reagent27,28. The 

reaction of ethyl thionoformate with phenylhydrazine resulted in a 

complex mixture of products, and with 1-methyl-1-phenylhydrazine 
A/’1,A73-dimethyl-Arl,A73-diphenylformamidrazone 6c, and 6a together 

with thiohydrazide and the hydrazonoester 6b were obtained 
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(reaction 16). The yield of the different compounds depends largely 

on reaction conditions. In basic medium and at moderate tempera¬ 

ture the thiohydrazide is the main product, whereas 6b predominates 

when the reaction is carried out in ethanol at low temperature. 

(6a) (6c) 

4. Thioacylation with thioamides 

In a Japanese patent98 the synthesis of 2,6-dichlorothiobenzoyl- 

hydrazones from 2,6-dichlorothiobenzamide, hydrazine hydrate and 

ketones according to equation (16a) is described. This reaction is of 

special interest since it represents the thioacylation of hydrazine or 
hydrazone by a thioamide. 

h2nnh2-h2o + o=c 
/ 

R1 

\ 
R2 

Ri (16a) 

NHN=C 

\2 

B. Thiolysis of Hydrazide Derivatives 

I. Thiohydrazides from hydrazides 

a. Phosphorus pentasulphide method. Amides are easily converted to 

thioamides with phosphorus pentasulphide in many cases (Chapter 

8, section II.A). The analogous reaction in the hydrazide series is 

more complex. Whereas Profft and coworkers30 obtained a small 
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yield (14%) of thiopicolinic hydrazide, Jensen and coworkers10 could 

not prepare thionicotinic or thioisonicotinic hydrazide by this proce¬ 

dure and only a small amount (6%) of thiobenzohydrazide was 
isolated from benzohydrazide. 

Bredereck and coworkers31 synthesized A7, A-dicthyl- and A^iV-di- 

isopropylthioformohydrazide from the corresponding formohydrazides 

with phosphorus pentasulphide in benzene solution, in satisfactory 

yields (61 and 37% respectively); Ar2-alkylthiohydrazides were pre¬ 

pared from the oxygen analogues67 by using methylene chloride as 

solvent. Recently the conversion of hydrazides into thiohydrazides, 

in moderate yields by phosphorus pentasulphide in toluene has been 

reported in a patent33 for some A%A72-dialkyl derivatives of 2,6-di- 
chlorobenzohydrazide. 

Conversion of the oxygen analogues into thiohydrazides by the 

phosphorus pentasulphide method is a well-known reaction for cyclic 

compounds such as 2A/-pyridaz-3-thione34 (7) (reaction 17); or 

o s 

(8) 

pyrido-[2,3-fi?]-2//-pyridaz-3-thione (8) 35. 

Diacylhydrazines are converted into thiadiazoles by phosphorus 

pentasulphide. The first step in this reaction presumably is the 

formation of acyl thiohydrazides36 (reaction 18) (cf. section IV.F.l.a). 

o o 
P4S1. 

RCNHNHCR 

O S 
II II 

RCNHNHCR 
reaction (49) (18) 

b. Thioacylhydrazones from hydrazides. Thiohydrazides were often 

prepared in order to be condensed with aldehydes to thioacyl¬ 

hydrazones9. The latter were supposed to exhibit interesting physio¬ 

logical properties (section V). A method for preparing certain of 

these compounds in one step from heterocyclic methyl compounds, 
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hydrazides and sulphur according to equation (19) has been presented 

in a patent37. 

c. Thioformohy drazides from formohy dr azides via N-isocyanodialkyl- 

amines. An elegant method for preparing dialkylthioformohydrazides 

is the acid-catalysed addition of hydrogen sulphide to A-iso- 

cyanodialkylamines, with excellent yields (reaction 20). Since N- 

O S 

II ho “ + H,S II (20) 
hcnhnr2 c=nnr2 hcnhnr2 

isocyanodialkylamines are prepared from formohydrazides, the gain 

in overall yield may often be sacrificed for the simplicity of direct 

conversion of dialkylformohydrazides by the phosphorus pentasulphide 

method. 

2. Thiohydrazides from amidrazones and related compounds 

The substitution of the imido group of acetamidrazone failed to 

give thioacetohydrazide as reported by Jensen and coworkers10. 

This may be due to the instability of iV-unsubstituted thioaceto¬ 

hydrazide which is still unknown in spite of a patent19 claiming to give 

a method for preparing this compound. 

The _/V2-benzoylhydrazone of iV, A-dimethylformamide (9) was con¬ 

verted by hydrogen sulphide into iV2-thioformylbenzohydrazide36 

(reaction 21). 

NH—N 

Ph—C 
Y 

\ 
C-N(CH3)2 

o s 
h2s II ^ 

Ph—C—NH—NH—C (21) 

H H 

(9) 

The conversion of amidrazones to thiohydrazides by hydrogen 

sulphide at pressures of several atmospheres was possible in the per- 

fluoroalkyl series38 (reaction 22). Reaction conditions had to be 

NH 2 

rpc=nnr2 

s 

rfcnhnr2 
(22) 
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carefully tested in every case in order to prevent side-reactions due to 

solvolytic or reductive properties of hydrogen sulphide. 

Formazanes of aldonic acids ha.ve been converted into thiohydra- 
zides according to equation (23) 39>4°. 

Tl—NH—Ph 
r h2s 

XN=N—Ph EtOH 

HO—CH 
I 

3. Thiohydrazides from hydrazidic halides 

Thiohydrazides can in some cases be prepared from hydrazidic 

bromides41. The latter are easily obtained by bromination of alde¬ 

hyde hydrazones42-43 (reaction 24). The hydrazidic bromides need 

H Br S 

PhC=NNR2 PhC=NNR2 PhCNHNR, (24) 

not be isolated but are reacted with hydrogen sulphide solution im¬ 

mediately after adding in succession bromine and triethylamine to the 

hydrazone. The method has as yet been tried only for dialkyl- 

hydrazones of benzaldehyde and nitro-substituted benzaldehydes. 

The reaction of o-nitrophenylazochloroacetic acid with potassium 

sulphide yields thiooxalic acid iV2-f;-nitrophenylhydrazide as de¬ 

scribed in reaction (25) 44. 10 is formulated merely to clarify the 

COOH' 

0-NO2C6H4—NH—N=C/ 
\ 

Cl J 
(10) 

COOH 

o-N02C6H4—NH—NH—C^ (25) 
\ 

S 

analogy of the overall process to reaction (24) and is not believed to be 

a reaction intermediate. 

In cyclic compounds the thiohydrazide group may be formed by 

substitution of chlorine as in 3,6-dichloropyridazine converted to 6- 

mercapto-2F/-pyridazine-3-thione (11) by potassium hydrogen sul¬ 

phide (reaction 26)45. 

Instead of hydrogen sulphide, thiourea can be used in some cases 

COOH 

o-NO,C6H4—N=N—CH 

Cl 

C\ /H 
NH— 

HO—CH Ph 

(23) 
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(26) 

to substitute sulphur for chlorine in pyridazine derivatives as in 

thieno-[2,3-d]-pyridazine (12)46 and furo-[2,3-fi?]-pyridazine (13)47 

derivatives (reactions 27a,b). 

(27a) 

(27b) 

C. Thiohydrazides by Special Methods 

Recently a number of reactions has been reported to produce 

thiohydrazides. The reactions outlined in this section were neither 

designed as preparative methods nor were they tested for wider 
applicability. 

I. Thiohydrazides from oxadiazolium salts 

Recently it has been found48 that upon nucleophilic attack of hy¬ 

drogen sulphide on 1,3,4-oxadiazolium salts (14) ring scission occurs 

with formation of acylated thiohydrazides according to reaction (28). 

Ph 

N-N 

Ph—^ 
O' 

(14) 

/ / 
Ph O Ph S 

Ph 
CIO. 

H,S 

Ph 

N-N u 

<0X>ao; Ph 

V 
\ 

-hcio4 

H 

Ph—C—N H—N—C—Ph 

(28) 

This reaction is related to the formation of thiohydrazides from 

hydrazidic derivatives, for the oxadiazolium ring may be looked at as 

the anhydro form of a doubly enolized iV^A^-diacylhydrazine. 



489 9. The chemistry of the thiohydrazide group 

2. Thiohydrazides from isosydnones and sydnones 

Closely related to reaction (28) is the ring opening of isosydnones 

(15) by hydrogen sulphide to yield A72-substitutcd thiohydrazides49. 

Ph 
\ 

(15) 

Ph 
\ 

N— NH- 
/ 

Ph—C. 
V 

(29) 

Reaction (29) is of some interest as it allows the preparation of A1- 

substituted isomers in those cases where thioacylation yields only the 

A"2-isomer (section II.A.2). A71-Phenylthiobenzohydrazide was pre¬ 
viously unknown(cf. ref. 32). 

A-Phenylsydnone (16) reacts with 4,4'-dimethoxythiobenzophenone 

in a 1,3-dipolar addition. The bicyclic intermediate is transformed 

into the thioformylhydrazone 1750 (reaction 30). 

(30) 

H—C 

Ph' 

hi—N=C 
/ 

Ar 
/ 
\ 

Ar 

(17) 

III. STRUCTURE AND PHYSICAL PROPERTIES OF 
THIOHYDRAZIDES 

A. Thiohydrazide Tautomerism 

A fundamental difference between thiohydrazides and thioamides 

has been pointed out when it was shown that thiohydrazides can in 

some cases exist in a tautomeric zwitterionic form27. Structure 18 

differs from the earlier discussed 19 2,51 by the position of the hydrogen 

atom. Wuyts and Lacourt51 cited the solubility in alkali, the easy 

formation of disulphides and the reaction with carbonyl compounds 

as evidence for the existence of a tautomeric ‘mercapto ’ form of 
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H (18) (19) 

(1) 

thiohydrazides. In the light of modern theory the argument is less 

convincing. 

Brown and coworkers38 concluded from i.r. spectroscopic evidence 

(cf. section III.B.2) that in some perfluoroalkylthiohydrazides the 

proton might best be represented as situated between S and N2. 

Nuclear magnetic resonance spectroscopic evidence (cf. section III.B.4) 

allowed the distinction between zwitterionic (18) and neutral thiol- 

imidic form (19). Three thiohydrazides which seem to exist in two 

different forms in the solid state have been reported in the literature. 

Holmberg found that thiobenzohydrazide is ‘dimorphous’ one form 

melting at 70-5-7 T5°, the other at 81-82°. Both forms were con¬ 

verted into one another. The melting point for A2-phenylthioformo- 

hydrazide was given by Baker and coworkers15 as 39-5-41° and as 102° 

by Sato and Ohta14. Finally Bredereck and coworkers31 obtained 

diethylthioformohydrazide with melting point 108-110°*, whereas 

Walter and Reubke27 prepared an isomeric compound with m.p. 77- 

78°. Only for the last pair of isomers was it shown that the form with 

higher melting point has the zwitterionic structure 18 and only the 

other isomer can correctly be called a thionohydrazide of structure 1. 

Very recently some well-known thiohydrazides such as dimethyl- 

thiobenzohydrazide and W2,iV2-dimethy 1-m-nitrothiobenzohydrazide 

proved to have zwitterionic structure41. As the possibility of such a 

structure has previously not been taken into account some of the older 

assignment of physical properties will have to be critically revised. 

In many cases it is not obvious whether the examined thiohydrazide 

has zwitterionic or thionohydrazide structure or whether mixtures of 
both forms are involved. 

B. Molecular and Electronic Structure of Thiohydrazides 

I. X-ray diffraction 

There are as yet no x-ray diffraction data available for any open- 

chain thiohydrazides. Only the structures of 2//-pyridaz-3-thione 

* Bredereck and coworkers31 gave the m.p. 102-105°, due probably to a 

small amount of the other isomer, not detectable by analysis and not easily 

removed by recrystallization. 
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(7) 52 and of the copper complex of dimethylthioformohydrazide53 

(cf. section IV.G) have been elucidated. Even though in 2//-pyridaz- 

3-thione proton migration to the sulphur atom would be favoured by 

the formation of a heteroaromatic system, as was formerly believed, 

this molecule exists in the solid state in the thionohydrazide form. As 

for thioamides the formation of the thiolimidic form is not necessary 

for providing the aromatization of the heterocycle57. Bond lengths 

and angles of the true thionohydrazides are comparable to those of 
thioamides (cf. Chapter 8). 

V I -398 / 

\ 
(7) 

2. Infrared spectroscopic evidence 

No publication completely devoted to the i.r. spectra of thiohydra- 

zides is known to us, data being scattered in papers mostly concerned 

with other topics. In their comprehensive article on the i.r. spectra of 

thioamides and selenoamides Jensen and Nielsen54 (cf. Chapter 8) 

report that the A band due to vibrations of the NH2 group is found at 

lower frequencies in thiohydrazides than in thioamides. This is ex¬ 

plained by the fact that the NH2 group is not directly attached to the 

C—S group. The B band (1400-1600 cm-1) is reported to be present 

in all, the C band (1200-1400 cm-1) in most thiohydrazides, nothing 

being said about the D (1000-1200 cm-1), E, F, and G bands in these 

compounds. 

Infrared spectra of A-unsubstituted thiohydrazides of eight aromatic 

acids (thiobenzohydrazide ofm.p. 70-71°, cf. section III.A) have been 

reported by Rao and coworkers55. Three bands were given as 

characteristic for these compounds: I (1545-1495 cm-1), II (1325- 

1300 cm-1), and III (1050-1000 cm-1) which correspond to the B, C, 

and D bands of Jensen and Nielsen 54. It was inferred from the spectra 

that no tautomerism with the thiolimidic form as discussed for thio¬ 

amides (cf. Chapter 8) occurred, all of the compounds exhibiting 

characteristic N-H absorption. For the same reason Lieber56, too, 

assigned the thionohydrazide structure to these compounds. 

In Ar2-acylthiohydrazides and N1, N2-d i t hio acylhy d r azines the 
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simultaneous resonance in amidic and thioamidic, or in both thion- 

amidic groupings respectively is not favoured because of the adjacent- 

charge rule (dication effect57). The thiolimidic form is therefore more 

likely to be encountered in these compounds. No data are available 

on the few dithioacylhydrazines known. Some acylthiohydrazides 

have been studied by Sandstrom58 and from the presence of two bands 

in the stretching region of associated N—H, a strong carbonyl 

absorption, and the absence of absorption assignable to S—H stretch¬ 

ing vibration, an amidic-thionamidic structure (20) was assigned. 

S O 
II II 

Ri_C—NH—NH—C—R2 

(20) 

A splitting of the N—H absorption due to the presence of cis-trans 

isomers about the C—N1 bond, as is discussed in Chapter 8 for thio- 

amides, has as yet been reported only for the thionohydrazide form of 

diethylthioformohydrazide59 (cf. ref. 99). 
Only in 6-mercapto-2//-pyridazin-3-thione (11) does the extra stabi¬ 

lizing conjugation with the ring double bond and the dication effect 

hindering simultaneous resonance in the two thioamide groups lead 

to enolization of one thionamide half57. Structure 11 is analogous 

to the one found for the oxygen analogue, cyclic maleic hydrazide. 

The S—H stretching vibration for 11 is reported60 at 2360 cm-1. 

Whereas the i.r. spectrum of heptafluorothiobutyrohydrazide 

shows strong N—H absorption in the spectrum of its N2, iV2-dimethy 1 

derivative no such absorption is observed, but instead strong bands 

appear at 2530-2570 cm-1 which do not shift in diluted carbon 

tetrachloride solution38. It was inferred that the proton in the latter 

compound was involved in a strong hydrogen bond between S and N2 

according to structure 19. The absence of N—H absorption and a 

band at 2776 cm-1 (in sodium bromide) in the spectrum of the one 

isomer of N2, ^-diethylthioformohydrazide led Bredereck and co¬ 

workers31 to the assumption that a thiolimide tautomer was present. 

As the band at 2776 cm-1 is observed at an uncommonly high 

frequency for S—H stretching vibration and participation in a 

hydrogen bond could explain only a shift in the opposite direction, 

Walter and Reubke27,59, therefore, assigned structure 18 (R1 = H; 

R2 = R3 = C2H5) to this compound. The band under discussion is 

then to be ascribed to the ammonium hydrogen in agreement with 

data on ammonium61 and hydrazonium salts62. Recently Anthoni 

and coworkers63 deduced a similar structure for the closely related 
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thiosemicarbazide derivative 21 which shows relatively weak and 

broad bands in the 2500-2900 cm-1 region ascribed to the ammonium 
group. 

(21) 

3. Ultraviolet spectroscopic evidence 

Ultraviolet spectra of some thiohydrazides have been recorded and 

discussed by Sandstrom and coworkers 64“66. The n -> tt* and 

77 ~^ 7r* transitions in iV-unsubstituted and Aralkyl-substituted thio¬ 
hydrazides are shifted hypsochromically compared to the correspond¬ 

ing thioamides and are found at 381 to 325 nm and 266 to 289 nm 

respectively. The shifts are much larger than expected from simple 

lcao-mo calculations. It is concluded that the effect is not purely 

inductive but that a strong electron repulsion is operative. The 

absorption maximum of ‘ 3-mercapto-pyridazine ’ (7) is found in the 

same region (bands at 282 and 355 nm) showing, that it is no mercapto 

compound but has the thionamidic structure also in solution and 

therefore is better called 2//-pyridaz-3-thione 67. Somewhat more 

complex are the results for 6-mercapto-2#-pyridazin-3-thione (11)67 
because of the conjugation with the ring double bonds. The observed 

absorptions are in good agreement with the assigned structure 11. 
In accord with structure 18 proposed for one isomer of diethyl- 

thioformohydrazide the tt —> 77* absorption is observed at still shorter 

wavelength—262 nm—whereas that for the thionohydrazide form is 
found at 274 nm (in chloroform solution)59. 

For heptafluorothiobutyrohydrazide, apparently a true thiohydra¬ 

zide (section III.B.2), the absorption maximum is found at 284 nm38. 

It is shifted to 276 nm in the N2, A^-dimethylated derivative, which most 

certainly has zwitterionic structure. It is assumed that the 77 —> 77* 

transition is aided by the electron-withdrawing perfluoroalkyl groups. 

For A^-phenylthiohydrazides the strong absorption due to the 77 —> 

77* transition is shifted to the red compared with the corresponding 

thioamides, 287-333 nm (PhCH2CSNHNHPh and PhCSNHNHPh), 

the same holding for the Ar2-acylthiohydrazides58 in good agreement 

with theoretical predictions, indicating that some interaction is in¬ 

volved between the amide and the thioamide half of the molecule. 

The red shift of the 77 —^ 77* band actually increases with increasing 
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conjugation. In thioacylhydrazones the corresponding band is 

found at 312.5 nm (PhCSNHN=C(CH3)2) to 365 nra (PhCSNHN= 

CHCH=CHPh)65. n-+TT* transitions are not easily detected in the 

spectra of these compounds, the n —> tt* transitions causing broad 

and strong bands. 

4. Nuclear magnetic resonance spectroscopic evidence 

Nuclear magnetic resonance spectra first allowed a conclusive 

decision about the position of the hydrogen atom in the zwitterionic 

form of thiohydrazides to be made59. There is a broad signal ob¬ 

served in the spectrum of the diethylthioformohydrazide zwitterion at 

r = — 1.5 to — 1.0 p.p.m., the exact position depending on the solvent. 

The broadening indicates the position on an N atom, the position at 

very low field is characteristic for hydrogen-bonded protons. For an 

S-—H proton a sharp signal would be expected as is observed in com¬ 

pound 3, for which the thioamidic form would be very unfavourable. 

The S—H proton in this compound is reported at r = 6.72 p.p.m.21. 

Furthermore a coupling (4 to 6 Hz) of the N—H proton with the 

a-hydrogens of the iV2-alkyl groups confirms the assignment. The 

spectrum of iV,iV-dimethyl-m-nitrothiobenzohydrazide is given as an 

example (Figure 1). The splitting of the methyl signal (5 Hz) indicates 

that the coupled proton is geminal to the methyl groups at N2. The 

N—H - a-C-—H coupling was observed also for the diethylthioformo¬ 

hydrazide zwitterion (6 Hz), Ar, Ar-dimethylthiobenzohydrazide (4Hz), 

and A^Af-dimethyl-p-nitrothiobenzohydrazide (5 Hz). The splitting 

of the methyl signal disappears on addition of a polar solvent as well as 

on deuteration41. 

From the presence of two G—H and N—H signals, apart from those 

for the zwitterionic form in the n.m.r. spectrum of an equilibrium 

mixture of diethylthioformohydrazide at low temperature, the occur¬ 

rence of two rotational isomers was inferred67. The pair of protons 

belonging to the more abundant isomer is observed as an AB system 

with a coupling constant of 12.8 Hz which proves an (E) configuration 

with the protons at C and N £ trans’ to each other, i.e. 21a59. 

S 

(21a) 
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5. Mass spectrometry of thiohydrazides 

Recently two jV2-phenylthiohydrazides and two thioacylhydrazones 

were included in an investigation concerning the mass spectra of 

thiocarbonyl compounds68. In the spectra of iV2-phenylthiobenzo- 

hydrazide and iV2-phenylthiophenylacetohydrazide there appear 

(apart from strong molecular ion peaks) peaks due to loss of hydrogen 

sulphide with considerable intensity leading to a fragment formulated 

as 22. An ion of mje 125 in the spectra of both compounds is ascribed 

R—C-—N 

I 
Ph 

(22) 

to loss of RCN accompanied by a skeletal rearrangement according 

to equation (31). An unexpected elision of C6H5S leads to a fragment 

that may be represented as 23. 

R—C 
\ 

N—NHPh 

N + PhS 
I 

H 

(23) 

(31) 

In the spectra of benzaldehyde A-methyl-iV-thiobenzoylhydrazone 

and acetone A-thiobenzoylhydrazone intensive peaks for loss of phenyl 

and methyl radicals are observed. The corresponding fragment is 
formulated as 24. 

s ch3 
II / 

Ph—C—N 
V 

N=C—H 

(24) 

The strongest peak in the mass spectrum of A^-benzylidene-A1- 

methylthiobenzohydrazide is found at m\e 121 corresponding to the 
fragmentation reaction (32). 
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II-'/'” + i\—y-n 
Ph — C~rN -* Ph— C = S + \ / (32) 

XN=eC— H m/e 121 V 
CH3 

As only a few thiohydrazides, which are not representative of the 

whole group, have been investigated so far, no conclusions can easily 

be drawn from these results concerning the thiohydrazido grouping. 

6. Theoretical aspects of molecular and electronic structure of 
thiohydrazides 

It seems reasonably safe to draw a number of conclusions from the 

physical evidence outlined in the preceding sections as to the molecular 

structure of thiohydrazides. 

Thiohydrazides can exist in either the thionohydrazide or the 

zwitterionic form. In some cases one compound can be isolated in 

both forms, or the less stable tautomer can be detected in solution by 

physical methods. The thiolimidic form has never been detected 

except for cyclic compounds (3 and 11). The preference of the thiono¬ 

hydrazide over the thiolimidic form is probably due to resonance 

stabilization in the N—C=S group (cf. Chapter 8). Resonance is 

possible only if the N—N—C=S group is planar or nearly planar. 

If therefore N1 is trigonally hybridized hindered rotation about the 

C—N1 bond is to be expected as is the case for thioamides. Indica¬ 

tions for cis-trans isomerism have been found by i.r. and n.m.r. 

spectroscopy (sections III.B.2 and 4). For the one thionohydrazide 

investigated to some extent, diethylthioformohydrazide, predominance 

of the (E) form has been established beyond doubt, in agreement with 

a hypothesis put forward by Walter and coworkers69 according to 

which preference of one of the cis-trans isomers is at least partly due to a 

compensation of the o bond moments: 

H 
\ 

\ 
H 

Proton migration to N2 is possible in these compounds whereby the 

zwitterion is formed if the basicity of N2 is great enough. It is en¬ 

hanced by resonance and by hydrogen bonding: 

S-..H 

\ 

S7...H 
J V/ 

—/N 

N \ 

17-C.O.A. 
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Little is known about the electronic structure of thiohydrazides. 

The close resemblance of the ultraviolet spectra of thiohydrazides and 

thioamides seemed to justify the application of the simple lcao-mo 

method for the calculation of bond orders and electronic transitions 

of thiohydrazides (cf. Chapter 8). Such a calculation has been 

performed for A2-phenylthioacetohydrazide and for some alkyli- 

denethiohydrazides58,64,65. The results did not agree well with 

experimental values and are therefore not reported here in detail. 

Apparently the influence of the configuration at the C—N1 bond 
has to be taken into account. 

IV. CHEMICAL REACTIONS OF THIOHYDRAZIDES 

A. General Features, Stability, and Analytical Characteristics 
of Thiohydrazides 

Thiohydrazides are mostly colourless solids with sharp melting 

points but it is often quite difficult to obtain pure products. All 

thiohydrazides with hydrogen at N1 are readily soluble in alkali 
(section IV.B). 

Most thiohydrazides are sensitive to light and heat23. Thiohy¬ 

drazides of aliphatic acids are quite unstable. Many attempts to 

prepare A-unsubstituted thiohydrazides failed and only one compound 

of this class is known (section 11.A). Even at -30° the reaction of 

1-hexyn-l-yl thiolacetate (25) with hydrazine hydrate resulted in the 

formation of 3,6-di-n-pentyldihydrotetrazine instead of the thio- 

hydrazide, which most probably is an intermediate in the reaction, 

whereas reaction of 25 with amines leads to thioamides (cf. Chapter 
8)12. 

o r s 

n-BuC=CSCCH3 -aH4 > CH3CONHNH2 + n-BuCH2CNHNH2 -~2°°> 
(25) 

NH—N 
/ \ 

-n-BuCH2—C C—CH2Bu-n (33) 

\j—NH^ 

In the perfluoroalkyl series the A-unsubstituted thiohydrazides are 

more stable, but upon storage at room temperature they decompose 

with loss of hydrogen sulphide and sulphur, the latter being due to the 
Wuyts reduction (reaction 2). 
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Thiohydrazides can be detected on chromatoplates by the iodine- 

azide reaction (cf. Chapter 8). A special test for A2-monosubstituted 

thiohydrazides is the Wuyts reaction. From these compounds and 

benzaldehyde, dihydrothiadiazoles are formed (section IV.D, reaction 

54). Upon addition of hydrogen peroxide41,70 or sodium nitrite71 in 

concentrated sulphuric acid solution the presence of thiadiazolines is 

indicated by a blue or green colour. As in thioamides compared to 

amides, the sulphur atom in thiohydrazides has far greater nucleo- 

philicity than the oxygen atom in hydrazides. Therefore a number of 

analogies between thioamides and thiohydrazides are observed in 

their reactions. On the other hand, the presence of another centre for 

electrophilic attack in the thiohydrazide molecule brings about a 

number of differences between both classes. In many cases electro¬ 

philic attack on thiohydrazide seems to be equally or almost equally 
easy at the sulphur and the N2 atom. 

B. Acidity and Basicity of Thiohydrazides 

Acidity constants are of great importance for the decision as to 

whether formation of a zwitterionic form is possible at all. On the 

other hand it is reasonably safe to suppose that the two isomeric forms 

Table 1. Equilibrium constants for protonation and deprotonation of 

thiohydrazides. 

Compound pXal(-|-H+) pAa2(-H+) Refs. 

HCSNHNEt2 thiono form 

betaine form 

rr f J|l_l thiono form 

c6h5csnhnhch2c6h6 

c6h5ch2csnhnhch2c6h, 

rcsnhnh2 

Alkyl—CSNHNH—aryl 

Alkyl—CSNHNH—alkyl 

Aryl—CSNHNH—alkyl 

Aryl—CSNHNH—aryl 

rcsnhnr2 

rcsnr1nh2 

2-8 10-4 27 

3-4 11-7 27 

-2-68 8-30 66 

7-63“ 20 

8*7* 6 64 

5-0-6-0 10*2-11*4 23 

4-4-4-1 9*3-10*1 23 

5*6-6*2 10*7-11*1 23 

4*9-5*7 9*9-10-4 23 

4*2-4*3 9*2-9*6 23 

6*5-6*7 23 

7*2-7-5 23 

“ 3% EtOH, 97% HzO (w/w). 

6 20% EtOH, 80% H20 (w/w). 
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of a given thiohydrazide will show different pXa values, as was found 

for diethylthioformohydrazide27. In Table 1 p^Ta values of thio- 

hydrazides are listed. The ranges given in the lower part are those 

reported by Jensen and coworkers23 for classes of compounds. The 

data show that the basicity ranges from = 2-68 to 7*5, the 

acidity from pKa2 = 7-63 to 1T7. There are as yet insufficient data 

available for individual thiohydrazides of known structure to explain 

these rather large differences. 

C. Complex Formation of Thiohydrazides 

Holmberg72 prepared a number of complex salts of thiobenzo- 

hydrazide with transition metal ions. Later Jensen and Miquel73 

assigned the iV2-methylthiohydrazide structure to the ligand of the 

nickel complex of a methylated thiobenzobydrazide, for it was then 

thought that only compounds able to enolize to an imidothiol form 

could form complexes. Later Holmberg13 demonstrated that the 

ligand in this complex was actually the N1 isomer. Holmberg13 also 

synthesized the N2 isomer. The latter, too, forms a nickel complex as 

was reported by Bahr and Schleitzer74 who assigned the structures 
26a and 26b to the isomeric complexes. 

H3C / \ ch3 

YW 
/ s S \ 

Ph Ph 
ochre 

(26a) 

H M3C ^3 H \ / \,x 
n-A An J /Ni( II 
.0--/ V-c / s S \ 

Ph Ph 

olive green 

(26b) 

Diethylthioformohydrazide is reported to yield copper complexes 

of the thionohydrazide and the zwitterionic tautomer forms, 27a and 

27b respectively59. The formation of the complex of the thiono¬ 

hydrazide tautomer was only deduced from the ultraviolet spectrum, 

the other complex was isolated. Whereas structure 27a was derived 

H—C 
\ / 

N 
\/ 

N 

C-H 

Eto 

N- 

H 
C~ 

„N 

'S V 
if 

-N 

H 

Eta NEt2 NEt2 

(27a) (27b) 
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from ultraviolet spectral analogy with complexes of thioamides, 

assignment of structure 27b was based on the close resemblance of all 

physical properties of the isolated complex with the copper complex of 

dimethyl thioformohy dr azide, for which the structure was determined 

by x-ray diffraction53. As in space group P2l/c there are four general 

positions in the unit cell but only two molecules of the N2,N2-di- 

methylthioformohydrazide copper complex are found in it, the mole¬ 

cule must possess central symmetry. The bond lengths Cu—S 

(2-24 a) and C—N1 (T29 a) as well as the angle at N2 (114°) indicate 

trigonal hybridization of N1 and a practically localized C—N double 

bond. 

D. Alkylation of Thiohydrazides and Addition to Double Bonds 

I. Alkylation of Thiohydrazides 

Whereas the question whether O-alkylation of hydrazides is possible 

seems not to be settled (cf. Chapter 10) ^-alkylation of thiohydrazides 

is the general reaction, JV-alkylation being the exception. If Ar-un¬ 

substituted thiohydrazides are treated with alkyl halides in alkaline 

solution A-alkylation produces unstable a-hydrazono sulphides which 

are converted into dihydrotetrazines with elision of mercaptan (cf. 

reaction 64). Only in the perfluoroalkylthiohydrazide series N- 

unsubstituted a-hydrazono sulphide (28) was obtained38 (reaction 

34). Upon heating in hydrochloric acid solution 28 was decomposed 

s sch3 

rfcnhnh2 + ch3i rfc=nnh2 rfch2sch3 (34) 

(28) (29) 

with loss of nitrogen to form the sulphide 29 38, the reaction being 

analogous to the Wolff-Kischner reduction. 
The S-alkylation products of JV2-substituted thiohydrazides seem to 

be more stable. Sato and Ohta75 reported the formation of ethyl 
phenylhydrazonomethyl sulphide from A2-phenylthioformohydrazide 

and ethyl iodide in sodium ethoxide solution (reaction 35). 

s SEt 

HCNHNHPh + Etl Na°Et> HC=NNHPh (35) 

S-Alkylation is probably the first step in the formation of thiadi- 

azines from iV-monosubstituted or A-unsubstituted thiohydrazides 

and a-chlorocarbonyl compounds (cf. reactions 61 and 62). As in 
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the case of iV2-phenylthiohydrazides open-chain ^-alkylated products 

are formed14,76 (reaction 36). In stronger alkaline solution ben- 

S 

R1 —+ PhCOCHCIC02Et 

NHNHPh (30) 

R1—C 

S 

COPh 
/ 

—CH 

a XC02Et 

NNHPh 

(36) 

zoylhydrazones of ethoxycarbonylmethyl thiolcarboxylates (31) are ob¬ 

tained from 30 with thiohydrazides76 (reaction 37). In an acid- 

S S_CH2C02Et 

R1 CX + PhC0CHCIC02Et ^-OEt'A> R1—C COPh 

NHNHPh (30) V~N 

XPh 

(31) 

(37) 

catalysed reaction, compounds 31 are converted to 1,3,4-oxadiazoles77 
(reaction 38). 

H R2 

XN— 
// \ 

R1—/,C—Ph 

O' 
I 

CH2C02Et 

+ /R2 
N—N 

R1 C\ }c— Ph 
O 

(38) 

Two isomeric iS-methyl derivatives (32 and 33) were obtained by 

methylation of the two isomers of diethylthioformohydrazide in sodium 

ethoxide solution59 (reactions 39 and 40). The isomers 32 and 33 

7""^ /Et /s“ /Et /S-ch3 
H-Of a 

N T N T 
\ 

Et 
(32) 

H Et H Et H 
S=< V i^OEUS-_c/ N/ CH^ / 

NH E‘ N E, VlJ7 

(39) 

Et (40) 

\ 

(33) 
Et 

have different boiling points and different i.r. and n.m.r. spectra. 



503 9. The chemistry of the thiohydrazide group 

In sodium ethoxide solution slow interconversion of both into an 

equilibrium mixture is observed which becomes fast upon heating. 

A^-Methylthiobenzohydrazide is also ^-methylated to give com¬ 

pound 34 which may be formulated as a salt. This decomposes in 

hot aqueous solution with loss of methylhydrazinium iodide to form 

methyl thiolbenzoate13 (reaction 41). In no case has JV-alkylation of 

Ph—C 
// CH.I 

\ 
N—NH2 

/ 
Hac 

/S-ch3 ' 

Ph—'C?+ 

N—NH2 

h3c 

(34) 

a,h2o 

o 
Ph—C 

\ 

(41) 

+ hhCNH,—NH2 l- 

s-ch3 

an open-chain thiohydrazide been reported. In the cyclic series 

^-alkylation dominates as well. The reaction of thieno-[2,3-c/]-di- 

hydropyridazthiones46 (35, X = S) and of furo-[2,3-</]-dihydro- 

pyridazthiones47 (35, X = O) with chloroacetic acid produces 

carboxymethylthio derivatives (reaction 42). 

Only the reaction of acetobromoglucose (36) with the cyclic thio- 

hydrazides 3-mercaptophthalazine (37a), dihydropyridaz-3-thione 

(7)78, and cinnol-3-thione (37b)79 yields mixtures of S- and N- 

alkylated products. 

Aminomethylation or hydroxymethylation of 11 is possible at both 

one sulphur atom and at nitrogen81 (reactions 43 and 44). 
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s—CH20H 

(43) 

(44) 

2. Addition of thiohydrazides to double bonds 

3-Mercaptodihydropyridaz-6-thione (11) reacts at the mercapto 
site with quinone80 and acrylonitrile60 to yield compounds 38 and 
39 respectively. 

£. Oxidation Reactions of Thiohydrazides 

Already in 1939 Wuyts and Lacourt51 reported that A2-phenyl- 

thiobenzohydrazide is oxidized by iodine to the corresponding di¬ 

sulphide 40. The constitution of this compound, an orange-red 

S Ph Ph 

2PhCNHNHPh ——> PhNHN==CSSC=NNHPh (46) 

(40) 

solid of m.p. 149°, was proved by reduction to thiohydrazide with 

stannous chloride (reaction 47) and by reaction with methyl iodide to 
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yield the ^-methylated compound 41. The m.p. of 40 was later given 

S 

40 -S--C'2 > Ph—C—NHNHPh 

SCH3 

40 JM*. PhC=NNHPh 

(41) 

(47) 

(48) 

by Holmberg82 as 135-136° on slow heating and 141-142° on rapid 
heating with decomposition. 

Formation of disulphide upon oxidation of the perfluoroalkylthio- 
hydrazides was also observed by Brown and Pater38. The reaction 
proceeds with great ease with hydrogen peroxide or iodine. Even 
iV-unsubstituted heptafluorothiobutyrohydrazide yielded a disulphide 
stable at room temperature. Only upon heating in acid medium 
was the latter compound converted into the corresponding 1,3,4- 
thiadiazole (section IV.F). The u.v. absorption maxima of these 
disulphides are reported at 300-389, 247-291, and 232-238 nm. 

Holmberg82-84 also isolated disulphides upon oxidation of thio- 
hydrazides but only in a few cases, the most common oxidation 
products being heterocyclic compounds (section IV.F). 

In connexion with a study concerning mo calculations of phenyl- 
azocarboxylic acid derivatives, Bock and coworkers85 oxidized 
phenylthiobenzohydrazide with hypobromite. They obtained an 
orange-red solid of m.p. 136° for which they give the formula 
(C6H5N=NCSC6H5)2. However, the analytical values given agree 
much better with the calculated values for the disulphide 40. Con¬ 
sidering also the u.v. absorption maxima given for this compound at 
394, 324, and 268 nm, it seems quite certain, that in this case, again, 
40 was obtained. 

S-Oxides as obtained upon oxidation of thioamides (Chapter 8) 
and thioureas, have not yet been mentioned in the thiohydrazide 
series. 

F. Formation of Heterocyclic Compounds from Thiohydrazides 

Thiohydrazides have been used as starting materials for a variety of 
syntheses of heterocycles. These reactions will only be outlined in 
general here. As in many cases little is known about the reaction 
mechanisms, the classification takes account only of the structure of 
the reaction product. 

17* 
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I. Sulphur-containing heteroc/cles 

a. Thiadiazoles and thiadiazolines. The formation of thiadiazoles 

from compounds containing the thiohydrazide group has been used 

preparatively long before a thiohydrazide was isolated, for it is quite 

certain that Stolle’s 86,87 thiadiazole synthesis proceeds via an acyl- 

thiohydrazide intermediate that can not be isolated under the some¬ 

what rough reaction conditions. If acylthiohydrazides prepared by 

acylation of thiohydrazides or thioacylation of hydrazides are heated 

in acidic solution, thiadiazoles are formed in excellent yields36 
(reaction 49). 

H H 

N7 

r,-<\^Trs s 
X .= o, s 

H\ , xH 

V \ /R2 

VvV, 
N-N 

-H2X // \\ 

R1 S R2 

(49) 

The reaction of dithioacids with unsubstituted hydrazine (reaction 

5) 7,1 \ as well as the reaction of A-unsubstituted thiohydrazides with 

carboxymethyldithioates9,11 to yield thiadiazoles, is completely 
analogous to reaction (49). 

Nucleophilic attack of sulphur on the hydrazone carbon atom of an 

aldehyde A-thioacylhydrazone under oxidative conditions also leads 
to thiadiazoles83 (reaction 50). 

N—N 

pi r/ V- pi °xidant 
Vi r 

S H 

N —N 
J \\ 

> R1—CX/C—R2 
S 

(50) 

Another mechanism seems to be operative in the formation of 2,5- 

disubstituted thiadiazoles from A-unsubstituted thiohydrazides upon 
heating, or upon oxidation22,72 (reaction 51). 

HN—NH2 
/ 

s nhnh2 

■ H H 

R V^HR 
R\ / \/R 
/c\, /c\ 

-S s NHNH, 

H 

K V-V A 
V V 

Vyc- nhnh9 

-h2nnh2 
—h2s 

N- 
J 

-N 
W 

(51) 

R 
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Similarly Brown and Pater38 found that bis(a-hydrazonohepta- 

fluorobutyl) disulphide (42) is converted to the thiadiazole in acid 
solution (reaction 52). 

Rp—C' Oxidant 

\ 
R»-C. 

NH—NH, 

Cs — S R 

\s>c' \ Cm- 
N NH2 

(42) 

(H+) 

NH, 

N-N 

C \ /C 
Rf S 

(52) 

If a thiohydrazide is treated with an acylated carbodiimide, an inter¬ 

mediate presumably of structure 43 is obtained, which yields a 2- 

acylaminothiadiazole (44) upon standing in acidic solution 88 (reaction 

53). 

R1—C 
\ 

NH—NH, 

Cl 
I 

+ R2N=C—N—R3 
I 

COCH, 

— HCI 

NEt,’ 

N — NH2 

R1—,.N—R2 
+ HX 

\ //" '1„-H3NR2X- Ri^CxS/V'X X 

N-N 
// \\ 

S-C R- 
N 

C .R3 
VN 

(53) 

\ 
COCH, 

COCH, 
(44) 

(43) 

Nucleophilic attack of both the N2 and the S at a carbon atom is 

involved in the formation of dihydrothiadiazoles13,71,89 from N2- 

substituted thiohydrazides and aldehydes or ketones (reaction 54). 

R1—C 
// 

\ 
+ 

O 
II 
C 

,/ \ 
NH —NHR2 R3 R4 

C O- 
+A / 

R1—C -CC 
\ C XR4 

HN—NH 
I 
R2 

R1- 

N—N—R2 

-c;/ \^R3 
S XR4 

(54) 

The formation of dihydrothiadiazoles in the reaction of dithioacid 

and substituted hydrazines6 (reaction 7, section II.A.l) may be formu¬ 

lated accordingly with thioaldehyde instead of the O-analogue of 

reaction (54), as thioaldehydes are formed by reduction of dithioacids 

by hydrogen sulphide (cf. reaction 6). 
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If on the other hand an iW-alkylated thiohydrazide is reacted with 

aldehyde, no thiadiazoline is formed. iW-Methylthiobenzohydrazide, 

for example, reacts with formaldehyde to yield the open-chain com¬ 
pound 4513 (reaction 55). 

S S S 

2 PhCN(CH3)NH2 + CHzO -> PhCN(CH3)NHCH2NHN(CH3)CPh (55) 

(45) 

The action of thiohydrazides on orthoesters90 (reaction 56) to yield 

thiadiazole appears to take place in the same way as that of carboxylic 
acid hydrazides. 

R—C 
\ 

OEt 
! 

+ H—C—OEt -3 EtOH 

NH — NH, OEt 

N—N 

R-c^ )c-H (56) 

The reaction between thiobenzohydrazide and carbon disulphide 

gives 5-mercapto-2-phenyl-1,3,4-thiadiazole (46) (reaction 57). 

S 

Ph—C + CS, 
\ 

NH —NH2 

[KOH] 

Hv /H 
N—N 

Ph — c{ ^*.C=S 

S HS 

-H,s 
N—N 

Ph-cf^ )c- 
S 

(46) 

-SH 

(57) 

With the more reactive phosgene32’49’91’92 or thiophosgene91 meso- 

ionic 1,3,4-thiadiazoles 47 can be obtained from iV1-monosubstituted 
thiohydrazides (reaction 58). 

h3c nh2 

N 

PhxS 

ch3 
\ 
N-N 

CI2CX J + \\ 
-->• c - r 

Ph s Nx 
(47) 

(X = O, S) (58) 

b. Thiatriazoles. When 7V-unsubstituted aryl10’11’24’25-56 or per- 

fluoroalkylthiohydrazides 38 are treated with nitrous acid, thiatriazoles 

(48) and not the isomeric thioacid azides (49) are formed (reaction 

59). The same products are obtained from carboxymethyl dithioates 

and sodium azide24*25 (reaction 60). Reaction (59) is analogous to 

the well-known formation of 4-aminothiatriazole from thiosemicar- 

bazide and nitrous acid93. The cyclic character of these compounds 

has been established unequivocally by i.r. spectroscopy. 
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N3 

(49) 

c. Thiadiazines. Reactions of thiohydrazides with a-halogeno- 

carbonyl compounds leading to the thiadiazine ring system are closely 

related to the analogous reactions of thiosemicarbazides94. Thio- 

benzohydrazide reacts with a-halogenoacyl chlorides to yield 2- 

phenyl-l,3,4-thiadiazin-5-one72 (50) (reaction 61). 

S J~Ha N-NH 
Ph—of' ^C=0 -* Ph-C C=0 (61) 

\lH—NH2 ^ S—CH2 

(50) 

In the reaction of a-halogenoketones with thiohydrazides, e.g., 

reaction (62), formation of the thiadiazine ring system 51 has been 

observed77. The thiadiazines undergo ring contraction (cf. reaction 

66) and were not isolated in all cases. 

Ph—of + Ph—CHCI—CO—Ph 
\ 

NH—NH2 

N-NH Ph 
// \ / 

Ph—C C 
\ / \ 
S-CH OH 

Ph 

-H.o. 

(62) 

N-N 
// \\ 

Ph—C C—Ph 
\ / 
S—CH 

\ 
Ph 

(51) 
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The same ring system is formed by the reaction of ethyl benzoyl- 

chloroacetate (30) with iV-unsubstituted or iV2-benzylthiohydrazides, 

whereas the JV2-phenylthiohydrazides are ^-alkylated to give open- 

chain derivatives (cf. reaction 36). In all these cases the stable end 
product is a pyrazole (cf. reaction 66). 

2. Sulphur-free heterocycles 

a. Tetrazines. The formation of tetrazine in the reaction of hydra¬ 

zine with dithioacids was mentioned above in section II.A. 1. 1,4- 

Diphenyldihydrotetrazine (52) can be prepared from the Ar2-phenyl- 

thioformohydrazide by the action of cold sodium ethoxide16 (reaction 

Ph 

§5 HN—HN 
c v V/H H/S St 

H NH—NH S 

Ph 

Cold NaOEt 

~ —2H2S > 

Ph 
\ 
N-N 

h-< y-H 

N-N 
\ 
Ph 

(52) 

(63) 

If an A-unsubstituted thiohydrazide is treated with alkyl halide in 

alkaline medium 6-alkylation and elimination of mercaptide (section 

IV.D.l) leads to dihydrotetrazines which are easily oxidized to 
tetrazines11’72 (reaction 64). 

C_D 2 

q * h2n-n r1 
-r~ _->r-X -2 R2SH 
SS --> 

n-nh2 q_R2 

H^ (64) 

N-N 

R‘~s, q ^ «4q\-r. 

H 

b. Triazoles. If A2-phenylthioformohydrazide is treated with hot 
sodium ethoxide the triazole is formed via the dihydrotetrazine16 

Under the same reaction conditions 1,4-diphenyldihydrotetrazine 

(52) is converted into l-phenyl-3-phenylamino- 1,2,4-triazole (53) with 
ring contraction (reaction 65). 

2R1—C 
'\ 

+ 2R2—X — Hx> 

NH—NH, 
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Ph 
\ 

HC 

N-N 
\\ 

\\ 
CH 
/ 

N-N 
\ 

Ph 

(52) 

A.NaOEt 
-> 

Ph 
\ 

N-N 
/ \\ 

H—r—N 
N 

/ 

\ 

Ph 

H 

(53) 

(65) 

c. Pyrazoles. Thiohydrazides often react with a-halogenocarbonyl 

compounds to yield pyrazoles. The reaction proceeds via thiadiazines 

(cf. reactions 61 and 62) which rearrange with loss of sulphur89 

(reaction 66). The ring contraction with loss of sulphur is familiar, 

Reaction (61) 

Reaction (62) 

N-N 
// ^ 

-> Ph—C C—X 

's—CH 

-s 
N-N 
// W 

c c 
Ph CH X 

(66) 

R R 

too, for thiadiazines prepared from thiosemicarbazides94, thiocarb- 

azides95, and dithiocarbazic acid esters96. 

V. APPLICATIONS OF THIOHYDRAZIDES 

Although a number of investigations on thiohydrazides were under¬ 

taken with the aim of obtaining substances of pharmacological 

use9,39,44,97, these compounds seem to have no advantage over known 

compounds in their physiological activity, so that they have not been 

introduced as pharmaceutics, in contrast to thiosemicarbazides. 

A number of patents is concerned with thiohydrazides as pesti¬ 

cides33’44’97. Their application in this field, however, seems to be not 

very wide. 
Thiohydrazides are of increasing importance in the synthesis of 

heterocycles as was shown above. 
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I. INTRODUCTION 

In view of their high reactivity, hydrazides are important starting 

materials and intermediates in the synthesis of certain amines, alde¬ 

hydes, and heterocyclic compounds that are otherwise difficult to 

prepare. Many hydrazides, and in particular variously modified 

aromatic carboxylic acid hydrazides, have been tested for physio¬ 

logical effects since isonicotinic acid hydrazide (isoniazid) was found 

to be tuberculostatic. In analytical organic chemistry, hydrazides 

are used to identify carboxylic acids and to detect carbonyl compounds 

that form acylhydrazones. 
The chemistry of hydrazides which is summarized in several books 

of a general nature1 ~ 4, is described in the present work from the view¬ 

point of reaction mechanisms and related theoretical considerations. 

Carbonic acid derivatives, sulphonylhydrazines, and sulphinyl- 

hydrazines will be mentioned only when they are directly connected 

with the reactions of carboxylic acid hydrazides. 

II. NOMENCLATURE 

Hydrazides can be regarded both as derivatives of carboxylic acids and 

as derivatives of hydrazine. Simple members are described as car¬ 

boxylic acid hydrazides or acylhydrazines. The former is the pre¬ 

ferred name, and is used by Chemical Abstracts, as for example in 

‘acetic acid hydrazide’. However, it is usual to employ a shorter 

form where the ‘-ic’ ending of the acid is replaced by ‘-hydrazide’ or 

‘-ohydrazide ’ as in acethydrazide or butyrohydrazide. 

The nitrogens are designated as 1 and 2, or a and /3, or N and N', 

the first member of each pair denoting the nitrogen where the acyl 

group is inserted. The use of 1 and 2 is generally preferred, provided 
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there is no possibility of confusion with the numbers of other residues 

of the molecule. Substituted hydrazides are named as carboxylic 

acid hydrazides, e.g. acetic acid 2-phenylhydrazide (in the Chemical 

Abstracts Index), or else as acylhydrazines, e.g. l-acetyl-2-phenyl- 

hydrazine. According to Chemical Abstracts, the naming of multiply 

acylated hydrazines is based on hydrazine, e.g. 1,2-diacetylhydrazine, 

the term ‘ diacethydrazide ’ being less desirable. Diacylhydrazines 

are either symmetrical (1,2) or asymmetrical (1,1). The prefixes 

sym and asym are also used with alkyl and aryl substituents in simple 

carboxylic acid hydrazides. Thus, jym-acylmethylhydrazine is 1- 

acyl-2-methylhydrazine; however, the latter form is preferred. 

III. GENERAL AND PHYSICOCHEMICAL CHARACTERISTICS 

A. General Characteristics 

Unsubstituted hydrazides are generally easily crystallizable solids, 

their melting points increasing steadily in a given homologous series5. 

Diacylhydrazines are also crystalline, but triacetylhydrazine and 

tetrakis(trifluoroacetyl) hydrazine can be obtained only as oily sub¬ 

stances6. Tetraacetylhydrazine is crystalline, but its melting point 

is lower than that of 1,1- and 1,2-diacetylhydrazine. The melting 

points of 1,2-diacylhydrazines are consistently higher than those of 

1,1-diacylhydrazines. Similarly, 2-alkyl-substituted hydrazides melt 

at a higher temperature than 1-alkyl-substituted ones7. The sub¬ 

stitution of an alkyl group for the amide hydrogen generally lowers the 

melting point of the hydrazide8,9. 

The hydrazides of lower carboxylic acids readily dissolve in water. 

As the molecular weight increases the solubility in water decreases, be¬ 

cause the hydrophobic nature of the substituents eventually outweighs 

the hydrophilic nature of the hydrazide group. 

B. X-ray Structure Analysis 

The structure of isonicotinic acid hydrazide10, n-heptanoic acid 

hydrazide11, and n-dodecanoic acid hydrazide5 has been determined 

by x-ray crystallography. The N—N bond length is always between 

1-39 and 142 A, which is shorter than in hydrazine itself (146-147 A). 

This contraction is ascribable to the formal charge effect and to the 

fact that the electron-attracting acyl group reduces the repulsion be¬ 

tween the lone pairs of the nitrogens. The C—N bond length is 1-33 

A, which is the same as in the pyridine ring. This bond must therefore 
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have roughly a 50% double-bond character. The substituents on the 

terminal or /3-nitrogen atom have a pyramidal arrangement, with 

bond angles as depicted. The two hydrogens point in the direction 

of the carbonyl oxygen. All six atoms in the group lie almost exactly 

in the same plane. 

c-/ v- v- „a—-s. 

\ / A 

H ^ 

a = 101° 
P = 98° 

y = 109° 

In the crystalline state, the hydrazide molecules are linked together 

by intermolecular N—H • • • O and N—H • • • N linkages. In n- 

dodecanoic acid hydrazide, these hydrogen bonds give rise to ribbon¬ 

shaped macromolecules, which pair up to form molecular double 

layers5. The latter have the same structure in a given homologous 

series of hydrazides (though of course they increase in thickness with 

increasing size of the aliphatic acid residue), and this is why the melting 

points of homologues form a continuously increasing series. 

Like the monoacylhydrazines, diacylhydrazines such as 1,2- 

diformylhydrazine and 1,2-diacetylhydrazine are centrosymmetric 

planar molecules with an N—N bond length of T39 a12,13. The 

structure of iVjiV'-disuccinimide (1) has been determined by three- 

dimensional x-ray structure analysis14. The molecule possesses a two¬ 

fold symmetry axis parallel to the N—N bond. The angle between 

the planes of the two rings is 65°. The N—N bond length is T37 A, 

which is in agreement with expectations. On the other hand, the 

C—N distance is T39 A, which is somewhat longer than in acyclic 

hydrazides, but shorter than in the case of an ordinary C—N bond, as in 

aliphatic amines. The twist between the two imide rings is explained 

by non-bonding electron repulsion between acyl carbonyl groups. 

C. Nuclear Magnetic Resonance Spectroscopy 

The chemical shifts of the protons of simple hydrazides are similar 

to those of protons with a comparable chemical environment in other 

compounds, e.g. in amides. 
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The n.m.r. spectroscopy of trisubstituted hydrazides has given 

some interesting information about their conformation153"1513. Thus, 

the observation that at room temperature the two acetyl groups in 

A-(diacetylamino)tetramethylsuccinimide give a singlet at r = 7-91 

indicates free rotation on the part of these groups. In the case of com¬ 

pounds 2 and 3, on the other hand, the acetyl signals show a slight 

splitting, indicating hindered rotation about the N—N bond153. 

Owing to the non-bonding interaction of the four amide carbonyl 

groups, the preferred conformation is thought to be that in which the 

plane of the diacetylamino group is normal to the plane of the succini- 

mide ring, as a result of which, the methyl groups become magnetically 

non-equivalent. This is particularly noticeable in compound 4, 

where, if the planes of the two diacylamino groups are normal to each 

other, the lower acetyl methyl group is situated in a region where it is 

shielded by a benzene ring. Therefore, there is a large difference in 

the chemical shift (1-46 p.p.m.) between the signals of the methyl 

groups153. Similar results have been obtained with N- (diacetyl¬ 

amino) -3-methyl-3-phenylsuccinimide15b. The activation free en¬ 

thalpy for the free rotation about the N—N bond is estimated as AG* 
= 20-23 kcal/mole1513. 

(3) X = CH2CH2CH2CH2 W 

Restricted rotation about the N—N bond is also found in 1,2- 

diacyl-l,2-dibenzylhydrazines16. The spectrum of 5 (R = CH3) 

shows four different acetyl signals and four AB systems of benzyl 

methylene protons, indicating the presence of three conformations 

(5-7). Owing to hindered rotation about the N—N and the N—CO 

bond, each conformation exists in two chiral forms. The benzyl 

methylene protons are therefore non-equivalent, and AB systems are 

thus formed. As the temperature is raised, the four acetyl signals 

coalesce into a singlet, and the four methylene signals into one AB 

system. The temperature at which this happens is where the hin¬ 

dered rotation of the A-acetyl groups changes into free rotation in the 

sense of n.m.r. time scale. The fact that an AB system is retained 
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shows that the chirality and thus the hindered rotation about the 

N—N bond still persist. The AB system of the methylene groups gives 

way to a singlet only at higher temperatures (190°c), where the rota¬ 

tion about the N—N bond becomes unrestricted. On the basis of the 

coalescence temperature, the activation free enthalpy for the rotation 

about the N—N bond is AG* = 23.4 kcal/mole at 461° k in this case. 

c6h5ch2 Y—r 
\ / 

N—N 

R—Cf ''CH2C6H5 

Y> 
(5) 

R 

C6H5CH2 Y=0 

r-Y ''CH2C6Hs 

o 
(6) 

R 

c6h5ch2 Y=o 6 5 2 / 

N—N 

o=c^ CH2C6H5 

R 

(7) 

RCO 

NN—N 

C6H5CH2 

CHaC,H5 

\ 
COR 

(8) 

In 1,2-diacetyl- 1-benzylhydrazine, the splitting of the benzyl methyl¬ 

ene groups into an AB system occurs at a considerably lower tempera¬ 

ture, and the activation free energy for the rotation in this compound 

is estimated at only AG* = 13 kcal/mole at 277°k16. It is concluded 

from these results that the twist form 8 is the preferred conformation 

of l,2-diacyl-l,2-dialkylhydrazines in the ground state: it is in this 

form that the repulsion between the substituents on the nitrogen 

atoms is at its minimum. A similar effect has been found in cyclic 

diacylhydrazines of the tetrahydropyridazine type15a’16’17, exempli¬ 

fied by compounds 9 and 10. The outcome of the effect in this case 

is that the ring inversion is greatly slowed down and has a relatively 

high-energy barrier. 

ROCO 
I 

(9) R = CH3 

(10) R = C2H6 
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D. Dipole Measurements 

The conformation of the hydrazide group has been determined 

from the measured dipole moments of aliphatic and aromatic hydra- 

zides18. According to this, the R group and the N(/3)H2 group are 

trans with respect to the C—N(a) axis, as shown in 11. The hydrogens 

of the amino group form one or two hydrogen bonds with the carbonyl 

oxygen. In fact, such trans arrangement is exhibited by the hydrazides 

whose structure has been determined by x-ray analysis, e.g. by isoni- 
cotinic acid hydrazide. 

(11) 

It appears that 1,2-dibenzoylhydrazine is not a trans planar com¬ 

pound, but exists in a staggered conformation on account of the electro¬ 

static repulsion between the lone pairs on the nitrogens18. This 
result agrees with x-ray and n.m.r. findings. 

£. Infrared and Ultraviolet Spectroscopy 

The i.r. spectra of crystalline hydrazides show an amide I band at 

1625-1670 cm-1, due to the carbonyl group whose double-bond 

character is reduced by the mesomeric effect of the amide system. 

A weak band at 1610-1620 cm-1 is attributed to NH2 deformation19>20. 

The region 1530—1570 cm 1 contains a strong amide II band, which is 

ascribed to a C N H vibration comprising N—H deformation and 

C—N stretch21. A weak amide III band occurs in the range of 

1200-1305 cm-1 22. The spectra of trisubstituted hydrazides lack 

the amide II band and retain only the strong amide I band23. The 

band characteristic of trialkylamine acylimides (R^NNCOR2) 

appears at 1555-1590 cm"124. The characteristic frequencies for 

the N—H stretch are comprised between 3200 and 3250 cm-121*22. 

A much weaker absorption band at 3050-3070 cm’1 is probably a 
harmonic of the amide II band21. 

The spectra recorded for hydrazides in solution are different as re- 
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gards the position and the number of the absorption bands20. Thus, 

in a chloroform solution the amide I band is displaced by 20 cm-1 to¬ 

wards higher frequencies, while the amide II band occurs around 

1500 cm-1. When the solution is dilute, the N—H stretch band, 

situated at about 3250 cm-1 for crystalline hydrazides, appears at 

3450 cm-1. As the concentration of the solution is increased, a band 

appears gradually at 3340 cm-120, probably owing to the formation of 

intermolecular hydrogen bonds in concentrated solutions. Hydrazides 

are fully associated in the solid state, owing to the establishments of 

NH • • • O and NH • • • N bonds. This also explains the shift of the 

amide I and the amide II band that occurs when solid hydrazides are 

dissolved20. Since the spectra of solid 1,2-diacylhydrazines are 

characterized by the presence of associated NH bands only and the 

absence of non-associated bands, it is assumed that not only inter¬ 

molecular but also intramolecular hydrogen bonds are formed as in 

1222. Diacylhydrazines do not exhibit an absorption band at the 

stretching frequency of a free OH group in the solid state and neutral 

solutions22, in spite of other evidence pointing to the occurrence of 

enolization (cf. section V.A). 

/R 

?A / 
: N—H 0=C 

H—N N—H 
\ / • 

C=0.H—N : 

K C=6 

R 
(12) 

The u.v. spectra of hydrazides have not yet been investigated ex¬ 

tensively, but they are expected to resemble those of amides. The 

absorption maxima of carboxylic acid diarylhydrazides 

(RCONHNAr2) are in the same region as those of carbonyl compounds. 

This absorption is attributed to an transition25. 

F. Polarography and Electrochemistry 

The phenylhydrazides of dibutylglycolic and diphenylglycolic acids 

have been investigated polarographically in the pH range of 2—12, 

and so have their JV-methyl and A-acetyl derivatives. As the pH is 

raised, the half-wave potential is displaced towards negative values. 

A number of these hydrazides exhibit a second anode wave at pH > 

12. At concentrations between 5 x 10“6 and 5 x 10 4 mole/1, 
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there is a linear relationship between the anode wave height and the 

concentration, so that polarography can be used for quantitative 
analysis in this domain 26. 

The electrical conductivity of 1,2-diacylhydrazines increases con¬ 

siderably as the temperature is raised, and reaches a particularly high 

value on melting22. This is explained by assuming that, as the 

temperature is raised, 1,2-diacylhydrazines change into the enolic 

form, which has a higher conductivity because of dissociation. In an 

oxygen-free alkaline solution, the hydrazide group of phthalic acid 

hydrazides suffers irreversible oxidation at a platinum electrode27. 

G. Hudson’s Phenylhydrazide Rule 

To determine the configuration of aldonic acids at C(2), Hudson 

has formulated a phenylhydrazide rule and an analogous amide rule, 

which are of general applicability: the phenylhydrazide of an aldonic 

acid exhibits a more positive or a more negative optical rotation than 

the corresponding free acid, according to whether the OH group at 
C(2) conforms to a d- or an L-configuration28. 

H. Chemiluminescence 

Hydrazides capable of fluorescence exhibit chemiluminescence on 

oxidation in an alkaline medium. Substituted cyclic hydrazides of 

the type of luminol (13) show particularly strong chemiluminescence. 

Many modified and variously substituted compounds of the type of 13 
have been synthesized and tested for variation of the chemilumines¬ 

cence with the substituents29-31. For chemiluminescence to occur, 

the hydrazide group must have a hydrogen on both nitrogen atoms. 

The presence of a system from which nitrogen can be easily cleaved 

out is clearly a prerequisite of chemiluminescence. Nitrogen is 

probably cleaved out of the hydrazide 13 oxidatively, to leave be¬ 

hind an excited dianion (14), which returns to the ground state (15) 
after radiating its excitation energy29"31 (reaction 1). It is not 

yet known with certainty what intermediates are formed in the oxida- 

O 

(I3) (14) (15) 
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tion of the hydrazide into the dianion29. A general survey of the 

chemiluminescence of organic compounds has been given by 
Gundermann 29. 

IV. PREPARATION OF HYDRAZIDES 

A. Hydrolytic Methods 

I. Hydrolysis of nitriles 

Hydrolytic methods are not of great practical importance for the 

preparation of hydrazides, because they are often accompanied by 

side-reactions. Hydrazides can be prepared by partial hydrolysis of 

nitriles into amides, followed by the reaction of the latter with hy¬ 

drazine. 4-Cyanopyridine (16) can be converted into isonicotinic 

acid hydrazide (18) in a single operation by heating it with hydrazine 

hydrate in an aqueous alkaline solution32,33. However, the yield 

is not very good, because 3,5-di(4-pyridyl)-1,2,4-triazole (19) is 

formed as a by-product34 in a ring-forming condensation of the 

hydrazide with the unreacted nitrile. The yield of the hydrazide 18 
can be raised to 65% if the nitrile (16) is first converted into the amide 

(17) with dilute NaOH, and then the resulting reaction mixture is 

heated with hydrazine hydrate34 (reaction 2). 

C=N 
T 

conh2 CONHNH 
1 

■ifS) ^ o 
N N N 

(16) (17) (18) 

._. HN-N ,-x 

WO 
(19) 

2. Hydrolysis of hydrazidic halides 

Carboxylic acid hydrazides 24 are obtained by hydrolysis of hy¬ 

drazidic bromides 20 (reaction 3), which are readily accessible by the 

bromination of aldehyde hydrazones in a mixture of glacial acetic 

acid and acetic anhydride35-38. A'-Monosubstituted and A',A'- 

disubstituted aromatic and aliphatic carboxylic acid hydrazides can 

thus be prepared in good yields from aldehyde hydrazones35-38. 
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Alkylhydrazidic bromides often hydrolyse on dissolving in aqueous 

acetone or on being heated to 70°c. The rate of hydrolysis is generally 

higher for A'jA'-disubstituted compounds (20) than for A'-mono- 

substituted ones (21) 35,37. Arylhydrazidic bromides hydrolyse only 

at 100°c in 50% dioxan36 or at 150°c in dimethylformamide in the 

presence of KHG03. It is assumed that the bromine is displaced by 

the bicarbonate anion to form an a-bicarbonate (22), which decom¬ 

poses into the hydrazide on decarboxylation36. 

C6H5C=NNR1R2 

Br 

(20) Ri = CH3; R2 = 2,4-C6H3(N02)2 

(21) R1 = H; R2 = 2,4-C6H3Br2 

KHCO. 

N—NRXR2 
c6h5%v_^h 

>5 a o. 
Y 

o 

H,0 

(22) R1 = H; R2 = 2,4-C6H3Br2 

-CO, 

(3) 

C6H5C=NNR1R2 

OH 

(23) R1 = CH3; R2 = 2,4-C6H3(N02)2 

QHsCONHNRiR2 

(24) Ri = CH3; R2 = 2,4-C6H3(N02)2 
(25) R1 = H; R2 = 2,4-C6H3Br2 

3. Hydrolysis of gem-difluorohydrazines 

1,1 -Dimethylhydrazine adds on to 1,1-difluoroolefins (26) to give 

readily hydrolysable geminal difluorohydrazines (27). The latter 

immediately form A'A'-dimethylhydrazides (28) on contact with 

water39. A-Aminohydrazidines (29) are formed as by-products on 

account of hydrazinolysis by 1,1-dimethylhydrazine (reaction 4). 

R1R2C=CF2 + NH2N(CH3)2 -> R1R2CHCF2NHN(CH3)2 - H2°> 

(26) (27) (4) 

NN(CH3)2 

R1R2CHCONHN(CH3)2 + R1R2CHC^ 
(28) \ 

NHN(CH3)2 
(29) 

B. Acylation of Hydrazines 

The reaction of hydrazine and its aryl and alkyl derivatives with 

acylating agents is the most important method of preparing hydra- 
zides40. 
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1. Hydrazinolysis of amides 

Amides can be converted into hydrazides by heating them with 

hydrazine hydrate40 or anhydrous hydrazine41. This reaction re¬ 

quires fairly high temperatures and often a long time. The hydrazino¬ 

lysis of amides is used only in exceptional cases, because amides are 

generally obtained by acylating amines with esters, anhydrides, or 

acid chlorides, and hydrazides can be prepared by hydrazinolysis of 

these reagents. Akabori42 has made the important observation that 

the peptide linkages of proteins can also be cleaved by hydrazinolysis, 

which can therefore be used for the determination of terminal car¬ 

boxyl groups. In fact, this method has found extensive application in 

protein chemistry43. 

Activated amides can be converted into hydrazides with the aid of 

hydrazine hydrate under very mild conditions. In the imidazolide 

method, aromatic carboxylic acids, such as benzoic acid, are converted 

in a single operation into hydrazides with the aid of iVjA'-carbonyl- 

diimidazole in tetrahydrofuran containing hydrazine hydrate 44 (reac¬ 

tion 5). 

N=\ 

CrH,COOH + N—CO 

CrHsCON. 
(5) 

CbHrCON. 
nh2nh. 

CrHrCONHNH2 

A,iV-Dialkylcarboxylic acid amides, such as 30, react with sodium 

hydrazide in ether at 0°c to give hydrazides45,46. It is assumed that 

the hydrazine anion becomes attached to the carbonyl group in a 

nucleophilic reaction, after which the intermediate 31 decomposes 

into dialkylamine and the hydrazide 33 via the cyclic intermediate 

32 (reaction 6). A-Monosubstituted amides (34) do not react with 

sodium hydrazide in the same way, but form instead a resonance- 

stabilized amide anion (35) through deprotonation, and this anion 

regenerates the amide during processing46 (reaction 7). 

2. Acylation with esters and lactones 

The best method to prepare hydrazides is to react carboxylic acid 

esters with hydrazine hydrate1,3,40. This reaction proceeds both 
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+ NaNHNH2 

NHNH2 

c6h6c- 

(31) 

(32) (6) 

HN \ + C6H5C=NNH2 -* C6H5CONHNH2 

O- (33) 

CeH5CONHR 

(34) 

-.NR + H + 

(35) 

(7) 

without a solvent and in the presence of alcohol, dimethylforma- 

mide47,48, and other organic solvents. It often takes place spon¬ 

taneously, with evolution of heat. Reaction mixtures involving less 

reactive esters or hydrazines must be refluxed for a few hours49, or 

even heated for several days in a Carius tube50. When using a 

carboxylic acid, which is to be converted into the hydrazide via the 

ester, it is often unnecessary to isolate and purify the crude ester formed 

with an alcohol, for the desired hydrazide is obtained in a sufficiently 

pure state by mixing the crude ester with hydrazine in ethanol51,52. 

Dicarboxylic acid diesters can give high-molecular linear polyhydra- 

zides with dihydrazines53,54. 

R02C(CH2)*C02R + NH2NH(CH2)vNHNH2 -► 

-[-CO(CH2)a.CONHNH(CH2)j/NHNH-j-n 

Few systematic investigations have so far been done to find out 

which nitrogen is acylated by carboxylic acid esters in the case of 

unsymmetrically alkylated or arylated hydrazines7. With methylhy- 

drazine, esters react to give preferentially the l-acyl-2-methylhydrazine 

(36) , besides a small amount of the 1-acyl-l-methylhydrazine 

(37) (reaction 8). The larger the R2 group, the slower the 

reaction and the smaller is the amount of 37 compared with 36. In 

fact, with large R2 groups only 36 is found7,55-57. The reaction of 

esters with other monoalkylhydrazines similarly leads to more 36 than 

37. The larger the R1 group of the hydrazine58, the smaller the 

amount of 37. Steric effects clearly play a decisive part in the hydra- 

zinolysis of esters. Methyl formate reacts with monoalkyl-substituted 
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rinhnh2 + r2co2ch3 

R1 = alkyl 

> RiNHNHCOR2 + 
(36) 

/R1NNH2 

\ COR2, 
(37) 

(8) 

hydrazines (38a-38c) in an anomalous manner to give 1 -alkyl-1 - 
formylhydrazines56,57 (39a-39c). It is only in the presence of a 

bulky substituent, such as the cyclohexyl group in 38d, that the reac¬ 

tion takes place at unsubstituted nitrogen and gives 40. The small 

formyl group is therefore less hindered by alkyl groups in its attack on 
the substituted nitrogen atom. 

rnhnh2 + hco2ch3 - 

(38a) R = n-Bu; 
(38b) R = CH2C6H5; 
(38c) R = CH2CH2CN; 
(38d) R = cyclohexyl 

RNNH2 
I 

CHO 
(39a) R = n-Bu; 
(39b) R = CH2C6Hs; 
(39c) R = CH2CH2CN (9) 

RNHNH 

CHO 

(40) R = cyclohexyl 

1,1-Dimethylhydrazine does not form hydrazides with acetates and 

benzoates7, and can be converted into 2,2-dimethylhydrazides only by 

the use of esters containing, near the GO group, a strongly electron- 

attracting group such as CN, NOa or halogen, which promotes the 

nucleophilic attack on the CO group7,24. The nucleophilic character 

of unsymmetrical dimethylhydrazine is clearly not strong enough to 

ensure a reaction with non-activated esters59. The formate is again 

an exception, because it does form the hydrazide with 1,1-dimethyl- 

hydrazine7 (reaction 10). Symmetric dimethylhydrazine reacts 

with esters only with great difficulty, and the starting materials are 

generally recovered unchanged 23. 

+ fVC02R2 

fU=CH3 
R.2=C6H5 

+ hco2ch3 

R1CONHN(CH3)2 

HCONHN(CH3)2 

(10) 

Aryl-substituted hydrazines yield only l-acyl-2-arylhydrazines 

with esters 4,60 (reaction 11). The specific acylation of aryl-substituted 

hydrazines on the free amino group may be attributed to the fact that 

the mesomeric effect of the aryl group reduces the nucleophilic 

18-C.O.A. 



530 Hans Paulsen and Dieter Stoye 

character of the substituted nitrogen atom and thus favours the 
acylation of the adjacent nitrogen. However, the possibility that 
steric effects play a part cannot be excluded. 

C6H5NHNH2 + R1C02R.2 --> R1CONHNHCeHs (11) 

(R1 = H, CeH5CH=CH; R2 = CHS) 

Alkyl esters that do not undergo alkaline hydrolysis readily, often 
react with hydrazines only with difficulty or not at all. In such cases 
good results are frequently obtained by preparing and reacting with 
hydrazine the activated esters such as /Knitrobenzyl61,62 or cyano- 
methyl esters50,63,64, as in the case of ^-nitrobenzyl pyrroleacetate62 

and the cyanomethyl ester of benzoylglycine63. Under the normal 
conditions of the reaction of hydrazines with esters, diacylhydrazines 
are not formed in an appreciable quantity; their formation generally 
requires longer reaction times and higher temperatures. 

The reaction kinetics have been thoroughly investigated in the case 
of the hydrazinolysis of substituted ethyl phenylacetates65. The rate 
depends on the concentration of the conjugate acid NH2NH^ and 
the concentration of the base NH2NH2 according to the equation 

- = (*, + ib[NH2NHJ + 

*,[NH2NH+])[NH2NH2][Ester] 

where kn is a second-order rate constant for the nucleophilic substitu¬ 
tion of the alkoxy group of the ester, and ka and kh are third-order 
rate constants for the general acid and base catalysis of the reaction. 

Hydrazine is more strongly nucleophilic than could be expected 
from its basicity66. This is called an os-effect, because it is attributed 
to stabilization of the hydrazine group (acquiring a partial positive 
charge in the transition state 41 during the nucleophilic reaction) 

O 

nh2nh2+rch2c -* 

XOC2H5 

(R = XCeH4; X = H, 

m-, p-N02, p-CH3, p-CH30) 

H O 
-O I s+ lis- 

H2N^N?-C--OC2H5 
II 

H CH2R 

(41) 

NH2NHC 

.O 

xch2r 

+ HOC2l-k (12) 
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by the lone pair of electrons on the a-nitrogen atom66. This effect 

influences ka and kh more than kn, which is modified by it only to a 

small extent65. 

The significance of the general base catalysis is also manifested in 

the rate equation for the reaction of ethyl phenylacetate with mono- 

methylhydrazine67. The kinetics of the reaction between ethyl 

phenylacetate and (dimethylaminoalkyl) hydrazines suggest that the 

hydrazinolysis is catalytically assisted by intramolecular attack of the 

dimethylamino group. The transition state 42 has been proposed 

to explain this intramolecular base catalysis67. 

c6h5ch2co2c2h5 

/CH3 

+ NH2NH(CH2)nN 

Xch3 

(" = 2. 3) 

O 
lis- 

c6hsch2-q--oc2h5 

NH-NH 

H 
i/CH3 

(CH2)„ n 

8+xch3 
(42) 

The reaction of lactones with hydrazines is generally accompanied 

by ring opening and leads to hydroxycarboxylic acid hydrazides. 

Thus, ^-trichloromethyl-jS-propiolactone (43) reacts with hydrazine 

or phenylhydrazine to give 4,4,4-trichloro-3-hydroxybutyrohydra- 

zide (44)68,69 (reaction 13). Readily crystallizable phenylhydrazides 

can be used to identify naturally occurring lactones such as D-digi- 

toxonic acid lactone70. The preparation of crystalline phenyl¬ 

hydrazides from aldonic acid lactones and aldaric acid lactones is 

similarly used in the characterization of these groups of com¬ 

pounds28,71,72. 
,o 

+ nh2nhr 
-O 

CCI3 

(43) 

CCI3CHOHCH2CONHNHR (13) 

(44) 

Stroh and Henning71 investigated polarimetrically the way in 

which the rate of arylhydrazide formation from arylhydrazines and 

aldonic acid y-lactones varies with the configuration of the lactone 

and the substituents of the arylhydrazine. Aldonic acid y-lactones 

in which the OH groups in the lactone ring have the same configura¬ 

tion react to give hydrazides at the same rate. The rate of reaction 
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is higher for lactones with the arabino configuration (D-galactono- 
lactone and D-arabonolactone, reaction 14a) than for lactones with a 
lyxo configuration (D-mannonolactone and D-lyxonolactone, reaction 
14b)72. This difference is ascribed to a difference in the formation of 

O 
c- 

HOCH 
i 

HCOH 
I 

HC- 

R 

p nh2nhc6h4x 
fast 

arabino 
galacto (L form) 

^NHNHC6H4X 

HOCH 
I 

HCOH 
I 

HCOH 
I 
R 

(14a) 

O. 
c— 

I 
HOCH 

I 
HOCH 

I 
HC— 

R 

O nh2nhc6h4x, 
slow 

Ox /nhnhc6h4x 

vc 
I 

HOCH 

lyxo 
manno (L form) 

HOCH 
I 

HCOH 
I 
R 

(14b) 

hydrogen bonds going from the ring OH groups to the carbonyl 

oxygen, which is influenced by steric factors. However, no con¬ 

nexion has been found between the reaction rate and the basicity of 

the variously substituted phenylhydrazines. Unsubstituted phenyl- 

hydrazine (X = H in XC6H4NHNH2) reacts with all the aldonic 

acid lactones faster than the substituted ones (X = />-C02C2H5 
^-Br, ot-OCH3, m-CH3, jf?-CH3, and />-OCH3)71. 

nh2nh2 
R1ch=cconhnh2 

NHCOR2 

(45) (46) 

(R1 = XC6H4; X = H, 0-, p-CHaO, 
m-N02, m-, p-CH3l o-CI; 

R2 = CH3, C6H5, f>-(CH3)2NC6H4) 

Unsaturated azlactones (45) having an oxazolinone structure react 

with hydrazine to form a-acylaminoacrylic acid hydrazides (46). 

Variously substituted acrylohydrazides having structure 46 can thus 
be prepared73"75 by varying the substituents R1 and R2. 
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3. Acylation with acyl chlorides and anhydrides 

Carboxylic acid chlorides and anhydrides generally react very 

vigorously with hydrazine to form acylhydrazines, which often im¬ 

mediately react further to give 1,2-diacylhydrazines40. This second¬ 

ary reaction can be suppressed by diluting the acylating agent with 

ether40, benzene23, or hexane76,77, and by adding it dropwise to the 

hydrazine solution at low temperatures 76. In the case of unreactive 

carboxylic acid esters50 or low-basicity hydrazines, acylation with 

acid anhydrides or acyl chlorides might be the only possible way of 

preparing the hydrazides. This acylation is often carried out in 

pyridine78,79, in an aqueous alkaline solution23, or in an organic 

solvent containing sodium carbonate 80. With unreactive substances, 

the reaction mixture must be boiled for some time37,81,82. 
Acylation of alkyl-substituted hydrazines with acyl chlorides and 

anhydrides occurs preferentially on the substituted nitrogen atom7,55. 

Thus, methylhydrazine reacts with benzoic anhydride to give 1- 

benzoyl-l-methylhydrazine7,83 (reaction 15), since the CH3 group 

should enhance the nucleophilicity of N(1). On the other hand, 

phenylhydrazine, in which the mesomeric effect of the phenyl group 

reduces the nucleophilicity of N(1), reacts with acid anhydrides82 and 

acid chlorides60,78 to form A'-phenylhydrazides (reaction 16). The 

nucleophilic character of the nitrogens in 1,2-dimethylhydrazine is so 

strong that acylation leads to the diacylhydrazine as the main pro¬ 

duct 23 (reaction 17). With benzoyl chloride under normal conditions, 

the much less nucleophilic hydrazobenzene forms only 1-benzoyl-1,2- 

diphenylhydrazine78 (reaction 18). Asymmetrically disubstituted 

hydrazines, such as 1,1-dimethylhydrazine23,77, 1,4-diaminopipera- 

zine81, and hydrazones79 can be acylated on the unsubstituted amino 

group to give /S,^-disubstituted carboxylic acid hydrazides (reaction 

19). In contrast to the acylation of hydrazines with esters, where 

ch3nhnh2 + (C6HsC0)20-> ch3nnh2 (15) 

coc6h5 

C6H6NHNH2 + (RCO)zO (or RCOCI) -> CeHsNHNHCOR (16) 

CH3NHNHCH3 + (RC0)20 -> CH3N-NCH3 (17) 

COR COR 

C6H6NHNHCeH5 + (RC0)20 (or RCOCI) -^ C6H6NHNC6H5 (18) 

COR 

(CH3)2NNH2 + (RC0)20 (or RCOCI) -> (CH3)2NNHCOR (19) 
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steric effects were decisive, on acylation with acyl chlorides and an¬ 

hydrides the electronic effects of the substituents seem to be the im¬ 

portant ones. Steric effects operate here only with very large groups, 
as in the case of hydrazobenzene. 

Acylations with acyl chlorides and acid anhydrides offer the best 

means of preparing diacyl-, triacyl-, and tetraacylhydrazines (section 
VI.B.2). 

Chlorides and anhydrides of certain dicarboxylic acids can form 

cyclic hydrazides1’3. Thus, oxalyl chloride reacts with A,A'-diiso- 

propylhydrazine or N, A'-di-^-butylhydrazine to give the corresponding 

very unstable 1,2-diacetidinediones84 (47) (reaction 20). Other¬ 

wise cyclic hydrazides are obtained only when the resulting ring con¬ 

tains a double bond. Thus, succinic anhydride does not form a cyclic 

hydrazide, while maleic anhydride and phthalic anhydride do85-89. 

RNHNHR + CICOCOCI 

(R = i-Pr, t-Bu) RN—NR 

(47) 

(20) 

It is possible to acylate the less nucleophilic hydrazine nitrogen with 

the aid of an acyl chloride by utilizing the stronger acidity of the N—H 

bond involving the less nucleophilic nitrogen. Thus, the reaction of 

phenylhydrazine with sodium leads preferentially to the sodium com¬ 

pound 48, and on treatment with acyl chloride, 1-acyl-1-phenyl- 

hydrazine (49) is obtained as the main product90,91 (reaction 21). 

However, the yield is often low, since the reaction is difficult to control. 

By-products are thus obtained, particularly after a long reaction 

period, in the form of l-acyl-2-phenylhydrazine, 1,2-diacyl-1- 

phenylhydrazine, and—owing to reduction and N—N cleavage- 
aniline and ammonia. 

C8H5NHNH2 4- Na C6H5NNaNH2 C6H5NNH5 
(48) 

(21) 

COR 

(49) 

Another useful method for the preparation of hydrazides having an 

acyl group on the less nucleophilic nitrogen is the diacylation of sub¬ 

stituted hydrazines to symmetric diacylhydrazines, followed by partial 

acid hydrolysis. Thus, phenylhydrazine can be converted into 1,2- 

dibenzoyl-1-phenylhydrazine (50) with 2 moles of benzoyl chloride. 
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In the partial acid hydrolysis, the benzoyl group on the monosubsti- 

tuted nitrogen cleaves off faster, so that 1-benzoyl-1-phenylhydrazine 

(51) is obtained91a (reaction 22). 

C6HsNHNH2 + 2C6H5COCI -> C6H5NNHCOC6Hs 

coc6h5 

(50) C6H6NNH2 + C6HsCOOH (22) 

coc6h5 

(51) 

The primary amino group in substituted hydrazines can also be 

blocked by the formation of hydrazones, whereupon acylation can 

occur only on the other nitrogen79’92’93. This process first gives the 

hydrazone (52), which then liberates 1-acyl-1-phenylhydrazine (53) on 

acid hydrolysis (reaction 23). 

RCOCI 
C6H5NHNH2 + CO(CH3)2 -^ C6H5NHN=C(CH3)2 -^ 

(52) 

C6H6NN=C(CH3)2 C6H6NNH2 (23) 

COR COR 

(53) 

4. Acylation with ketenes 

In ether solution, phenylhydrazines give quantitative yields of 
l-acyl-2-phenylhydrazines when reacted with ketene, dimethylketene, 

or diphenylketene 94 (reaction 24). In the presence of hydrazine, the 

ketene formed in situ by the fragmentation of chloroacetic acid hydra- 

zide (reaction 25) gives acethydrazide41’95. With diphenylketene, 

methylhydrazine immediately gives the N,N'-diacyl derivative (54), 

and the monoacyl derivative cannot be intercepted (reaction 26). 

R2C=C=0 + ArNHNH2 -> R2C=C 

NHNHAr" 

OH 

NHNHAr 

(R = H,CH3,C6H5) 

_ NH2NH2 , /' 
CH2CICONHNH2 -> [CH2=C=0] -> ch3c 

CH3NHNH2 + 2 0=C=C(C6H5)2 --> CH3NCOCH(C6H5)2 

HNCOCH(C6H5)2 

(54) 

/ 
r2chc 

\ 
0 

(24) 

(25) 

vnhnh2 

(26) 
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C. Reaction between Carboxylic Acids and Hydrazines 

I. Thermal dehydration of hydrazinium salts 

The thermal dehydration of hydrazinium salts is rarely used for the 

synthesis of hydrazides, because it requires drastic conditions. The 

monoacylhydrazines formed primarily may disproportionate into 

symmetric diacylhydrazines, which often constitute the main product40. 

The hydrazide can frequently be obtained in a good yield, as for 

example in the reaction of 2-quinolylhydrazine with isobutyric acid96,97. 

Refluxing of acetic acid with l-methyl-2-phenylhydrazine gives 

1-acyl-1-methyl-2-phenylhydrazine98 (reaction 27). Isonicotinic 
acid hydrazide can be prepared in good yield from hydrazinium iso- 

nicotinate, by removing the water azeotropically with pentanol" 

(reaction 28). On the other hand, hydrazobenzene reacts with 

crotonic acid to form crotonic acid 1,2-diphenylhydrazide only in low 
yield 60. 

CH3COiNH2NHC6H5 

CH3 

A 
CH3CONNHC6H5 

ch3 

(27) 

N co;nh3nh. N CONHNH, (28) 

2. The carbodiimide method 

. N> ^'-Dicyclohexylcarbodiimide can be used as a dehydrating agent 
in the reaction of carboxylic acids with hydrazines. The reaction is 

carried out in methylene chloride at room temperature; it takes a few 

hours and gives a good yield of the hydrazide. In fact, the yield is 
often better than in the ester hydrazinolysis100. 

The reaction is thought to proceed as shown in reaction (29). The 

carboxylic acid first adds to the dicyclohexyldiimide to form 0- 

acyhsourea (55), which acylates hydrazine into hydrazide (58) giving 

also dicyclohexylurea (59). However, 55 can isomerize into N- 
acylurea (56). Thus, 56 has been isolated as a by-product in the 

reaction with />-nitrobenzoic acid and iV,A'-dimethylhydrazine. A 

side-reaction in which 55 interacts with carboxylic acid to give the 

acid anhydride (57) and dicyclohexylurea (59) is also possible. 

he acylation of monosubstituted hydrazines by the diimide method 

fol ows the same rule as acylation with acyl chlorides and 

anhydrides . The electronic effects of the substituents are again 
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more important than steric factors. Thus, methylhydrazine is acyl- 

ated by various acids always into 1-acyl-1-methylhydrazine. Analo¬ 

gously, aromatic hydrazines, such as phenylhydrazine, are acylated by 

benzoic acid on the unsubstituted amino group (cf. reactions 15 and 16). 

D. N-Amination of Amides 

I. Schestakov's reaction 

Similarly to Hofmann’s amide degradation, monoacylated ureas 

can be converted into hydrazides with the aid of sodium hypochlo¬ 

rite101. Accordingly, benzoylurea (60) reacts with sodium hypo¬ 

chlorite to give benzoic acid hydrazide (61) (reaction 30). 

NHCOC6Hs NHCOC6H5 NHCOC6H5 

o=c^ 0=C^ -* °=CCl -- 
nh2 nhci 'n 

(60) 

0=C=NNHCOC6Hs NH2NHCOC6H5 + C02 (30) 

(61) 

2. N-Amination with sodamide 

TV-Chloroamides (62) react with sodamide to give carboxylic acid 

hydrazides102. Only secondary amides can be used here as the starting 

materials, since they readily give 62. The reaction with sodamide 

18* 
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then leads to iV-substituted carboxylic acid hydrazides (63). Using 

the sodium salt of a substituted amide, such as sodium acetanilide (64) 

one can prepare similarly symmetrically disubstituted diacylhydra- 

zines (65) 102 (reaction 31). 

CfihUNCOCH, 

Cl 

(62) 

+ NaNH2 

+ C6H5NCOCH3 
Na 

(64) 

C6K5NNH2 

COCH3 

(63) 

C6H5N-NC6H5 

CH3CO COCH3 

(65) 

(31) 

3. N-Amination with 0-(2,4-dinitrophenyl)hydroxylamine 

0-(2,4-Dinitrophenyl) hydroxyl amine (67) is a highly reactive 

aminating agent for nucleophilic nitrogen compounds103. The 

phthalimide anion (66) reacts with 67 to give iV-aminophthalimide 
(68) in 88% yield (reaction 32). 

Ov 
o 

no2 

(66) 

N02 (32) 

O 

(68) 

4. Reduction of N-nitroamides 

In the presence of Ni, Co, or Fe catalysts, hydrazides can be pre¬ 

pared by the catalytic hydrogenation of iV-nitroamides (69), formed in 
the nitration of amides104 (reaction 33). 

RCONHNO2 --2/CaS RCONHNH2 + HaO (33) 

(69) 

£. Conversion of Azo Compounds 

Carbonylazo compounds, such as 70, can be converted into hydra¬ 

zides by hydrogenation of the N=N bond. However, since the car- 
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bonylazo compounds are prepared from hydrazides by oxidation, 

this method is hardly practical. Nevertheless, carbonylazo com¬ 

pounds may be useful for the synthesis of substituted hydrazides. 

Benzoylazobenzene (70) reacts with Grignard reagents to form by 

1,4-addition the Grignard compound (71), which can then be hy¬ 

drolysed into a 2,2-disubstituted hydrazide (72)105,106 (reaction 34). 

C6H6N=NCOC6H5 + RMgX -> C6H6NRN=CCeH6 
I 

(70) OMgX 

(71) C6H5NRNHCOC6H6 (34) 

(72) 

The azo compound 74, which is obtained by reacting benzaldehyde 

phenylhydrazone with dipotassium nitrosobisulphate (73), de¬ 

composes in aqueous solution into l-benzoyl-2-phenylhydrazine and 

hydroxylimidobissulphuric acid107 (reaction 35). 

C6H5CH=NNHC6H5 + 2 0N(S03K)2 -^ c6h5chn=nc6h5 -> 

(73) 0N(S03K)2 

(74) (35) 

C6H6CNHNHC6H5 + H0N(S03K)2 
II 
o 

The treatment of hydrazones of the type of 75 with an ethereal 4070 

peracetic acid solution leads to carboxylic acid hydrazides (80) in 

good yields108. The m-azoxy compound (76) formed in the first 

step rearranges into an JV-hydroxyhydrazone (77), then by addition 

and elimination gives the a-hydroxyazo compound (78), which finally 

tautomerizes into 79 and the hydrazide (80) (reaction 36). This 

O OH 
t I H + 

ArCH=NNHCH3 -> ArCH2N=NCH3 -^ ArCH=NNCH3 H2q» 

(75) (76) (77) 

OH OH 

ArCHN=NCH3 -ArC=NNHCH3 -> ArCONHNHCH3 (36) 

(78) (79) (80) 

mechanism, and particularly the step 76-^77 proceeds only with 

aromatic hydrazones, due to resonance stabilization in 77. However, 

in some cases, hydrazides can be prepared from aliphatic hydrazones 

as well108. 
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F. Cleavage of Cyclic Compounds 

I. C—C cleavage 

The C—C cleavage of cyclic systems to form hydrazides is known 
only in the case of the diazo cleavage of enediols and the hydrazinolytic 
cleavage of the cyclobutanone ring. A benzenediazonium cation 
adds in the enediol 81 on to the carbon atom that is next to the elec¬ 
tron-attracting carbonyl group109. With the assistance of the pri¬ 
mary OH group of the glycol side-chain, the resulting azo compound 
(82) cleaves into an a-hydroxyazo compound (83), which then re¬ 
arranges into the hydrazide (84) (reaction 37). 

O 

(82) 

.CO 

O' 

HC- 

N=NCrH, 

OH 
H 

-c=o 

HOCH-CH — O 

(83) 

CO 

o' "C 
N NHCbHs 

HC- 

OH 

-c=o 
hoch-ch2-o 

f 
..H /C6H5 

' N 

.C\ _/NH 
/ C ox Sd 

HC- -c=o 
hoch-ch2-o 

(84) 

(37) 

Acyclic enediols can be converted into hydrazides with diazonium 
ions, analogously to the cleavage of the cyclic enediol described above. 
Thus, l-benzoyl-2-a-pyridylethenediol (85) reacts with jCchloro- 
benzenediazonium sulphate in sulphuric acid solution, giving rise to 
a-picolinic acid 2-/>-chlorophenylhydrazide (87) via an a-hydroxyazo 
compound (86) (reaction 38)110. 

When 7,7-diphenylbicyclo[3,2,0]hept-2-en-6-one (88) is heated 
with hydrazine hydrate for a fairly long time, the strained cyclo¬ 

butanone ring opens to give ru-3-benzhydrylcyclopentene-4-carboxylic 
acid hydrazide (89)U1, which rearranges under the reaction conditions 
into the thermodynamically more stable trans form (90) (reaction 39) 
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N 

H' 
N' 

I 
xNH 

O 

+ C6H5C0C02H (38) 

/ 
c6H5 

-c6hs 

o 

(88) 

c6h4ci 

(87) 

(39) 

(89) (90) 

2. Cleavage of heterocyclic compounds 

a. Acyloxaziridines. Oxaziridines, which are readily accessible 

compounds, can be acylated on the nitrogen atom112. Acyloxaziri¬ 

dines (91) are very reactive towards amines, e.g. with piperidine the 

hydrazide 93 is formed in an excellent yield113,114 (reaction 40). 

However, mild conditions are sufficient only when R1 = H and R2 = 
C6H5. Thus, 2-benzoyl-3,3-pentamethyleneoxaziridine (91b) yields 

R2^ NCOR3 

/C\ 
R1 O 

(91a) R1 = H; R2 = CeHs; 
R3 = p-C6H4N02; 

(91b) R1, R2 = pentamethylene; 
R3 = C6H5 

COR3 

R2^ pNH —N, 

/cvci 
R1 O 

Q.NHCOR3 + 0=C^ 

(93) 

R2 

R1 

(40) 
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93 only after fairly long heating with piperidine, and even then in a 
smaller yield114. 

b. Diaziridines. Dibenzoyldiaziridine (94, R = C6H5) which has 

the structure of a cyclic hydrazone, can be cleaved by acid hydrolysis 

to give formaldehyde and 1,2-dibenzoylhydrazine113,115 (reaction 41). 

1,2-Diacylhydrazines can thus be easily prepared from diaziridines. 

3-Ethyl-3-methyldiaziridine (95) is converted into cyclic maleic 
acid hydrazide (96) when heated with maleic anhydride in ethanolic 
solution116 (reaction 42). 

<J 
NCOR 

NCOR 

(94) 

h2o 
ch2o + 

NHCOR 

JlHCOR 
(41) 

H3C NH 
XI + 

h5c2 nh 

(95) 

HoC. 
\ 

H5C^ 

,C—0 + (42) 

c. 1,2-Diacetidinedione. 1,2-Diacetidinediones (47), formed accord¬ 

ing to reaction 20, spontaneously react in alcohol in the presence of 

catalytic amounts of an inorganic acid, giving oxalic acid monoester 
hydrazides (97) 84 (reaction 43). 

Vi5 
CH3OH, H + 

RN—NR 

(47) 

(R = alkyl) 

CH3OCOCONRNRH 

(97) 
(43) 

d. Oxadiazoles. On heating a 2,4-substituted l,3,4-oxadiazolin-5- 

one (9S) m aqueous NaOH, the hydrazide 99 is obtained (reaction 

44) . The rupture of the ring is due to hydrolysis of the lactone 

group, followed by decarboxylation of the carbonic acid hydrazide. 

This method can be used to prepare jS-monosubstituted hydrazides. 

When prolonged heating is required the yield is reduced owing to 
alkaline hydrolysis of 99. 

. l>3,4-Oxadiazolinium salts (100) undergo basic hydrolysis with 

ring cleavage, thus forming 1,2-diacylhydrazines (101) 118-H9 (reaction 
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R2 

N-N/ 

^2* RRIONHNHR2 + CO. (44) 

p2 

OH- 

cio; 

R1 UH Ka tV l^3 

(100) 

(Rl, R2. R3 = CK 

(101) 

R: 

R1CONHN^ 

C6H 

C 
\ 

(45) 

(102) (103) (104) 

45). The hydroxyl ion effects a nucleophilic displacement of the 

OC bond, followed by deprotonation and rearrangement into 

diacylhydrazine. By varying the R2 group, one can thus prepare 

various monoalkyl- or monoaryl-substituted diacylhydrazines. The 

reaction of 100 with other nucleophilic reagents capable of removing a 

proton (e.g. aniline, H2S, and sodiocyclopentadiene) leads to ring 

opening and the formation of hydrazides 102—104 respectively 

(reaction 45)119. 
The recently described hydrogenolytic cleavage of 2,5-bis(trichloro- 

methyl)-1,3,4-oxadiazole120 in perchloric acid to give l,2-bis(di- 

chloroacetyl) hydrazine (101, R1 = R3 = CHC12; R2 = H) may well 
proceed by a similar mechanism, via the formation of an oxadiazolin- 

ium perchlorate (100, R1 = R3 = CC13; R2 = H), which is trans¬ 
formed into the l,2-bis(dichloroacetyl)hydrazine after hydrogenolytic 

removal of a chlorine atom from each CCI3 group. 

G. Interconversion of Hydrazides 

1. Acyl migration 

Acyl migration has only rarely been encountered in hydrazides. 

Under conditions of acid catalysis, 1-benzoyl-l-(2-hydroxycyclo- 
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hexyl)hydrazine (105) rearranges into 1-benzoyl-2-(2-hydroxycy¬ 

clohexyl) hydrazine (107)121, presumably via a diaziridine intermediate 
(106). When 108 is treated with alkali, the acyl group migrates 

from the oxygen to the nitrogen, forming 107121 (reaction 

46). Thermal acyl migration has been observed after heating 1- 

benzoyl-1 -methylhydrazine hydrochloride or 1-benzoyl-1-phenyl- 
hydrazine hydrochloride, as shown in reaction (47) 83. 

NH2 

HO NCOCrHr 

(c/s and trans) 

(105) (106) 

NHCOC6H5 

(46) 

NaOH 

NHRNHCOC6H5 + HCI 

(R = CH3, C6H5) 

(47) 

Cyclic hydrazides can rearrange reversibly from a six-membered 

ring 109 into a five-membered ring 110, as shown in reaction (48). 

Acid media favour the six-membered ring, and alkaline media the 
five-membered one122’123. 

(48) 

2. Reactions not involving the hydrazide function 

Oxalic monoester hydrazides (111) with various aryl and alkyl 

groups on the terminal nitrogen can be converted into diaryl- and 
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dialkylglycolic acid hydrazides (112) with the aid of Grignard re¬ 

agents124-126. Other reactions involving the acid group are often 

difficult to carry out, since the very reactive hydrazide group easily 

interferes in the process. It is therefore generally advisable to effect 

these reactions before the hydrazide group is introduced. 

R1R2NNHCOCOC2H5 + 2 R3MgBr -> R1R2NNHCOCR|OH 

O (112) 

(111) 

V. PROTOTROPIC AND COMPLEXING 
CHARACTERISTICS 

A. Enolization of the Hydrazide Group 

A hydrazide can in principle change from its resonance-stabilized 

amide form (113) to the tautomeric enol form (114) by the shift of a 

hydrogen from nitrogen to oxygen. However, monoacylhydrazines 

behave as amides, and no enolization can be detected. 

rRC—nhnh2 <—> rc=nhnh2- 

o o- 
(113) 

± rc=nnh2 
I 

OH 

(114) 

For />-nitrobenzhydrazide (116), which is used as an acid-base 

indicator, two pKa values have been found photometrically127, 

H H 
| | 

°% /N~NH3 VN 

0 ^ 

O
 

—
z NO2 

(115) (116) 

(117) 
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namely 2-77 and 11-17. It is believed that a protonated form 115 
exists in acid solutions, while in alkaline solutions the abstraction of a 
proton leads to a mesomeric anion 117. 

One of the hydrazide groups in vicinal bis-benzoylhydrazones 
probably exists in the enolic form (its proton gives an n.m.r. signal at 

r ~ 4-25), while the other hydrazide group is present in the normal 

amide form. The formation of a hydrogen-bonded species (118) is 

assumed to fix the bis-benzoylhydrazone groups in these forms128. 

CH3COOCH 

HCOCOCH3 

HCOCOCH3 

H2COCOCH3 

. As re£ards 1,2-diacylhydrazines, however, certain observations 
indicate that one of the acid hydrazide groups may be enolized. 

Thus, the product formed between 1,2-diacetylhydrazine and diazo¬ 

methane contains one methoxy group. In the case of 1,2-dibenzoyl- 

hydrazme, O-methylation amounts to 50%129. Furthermore, the 

increase in the conductivity observed when a melt of 2-benzoyl-1- 

methacryloylhydrazine is heated, can be explained by enolization22. 
On the other hand, the i.r. spectra show no enol form in diacylhydra- 
zines in the solid state or in solution22. 

Considerably more work has been done on the enolization of maleic 

acid hydrazide. The results of methylation with diazomethane129’130 

and of spectroscopic investigations86’131 indicate that it exists in the 

form of 2i/-6-hydroxypyridazin-3-one (119). Methylation with one 
mole of diazomethane leads to the ether 120, while further action of di¬ 

azomethane results in iV-methylation, i.e. 121 being formed129-130. 

In maleic acid hydrazide, enolization of an amide group is evidently 

promoted by the tendency to form a resonance-stabilized conjugated 

system. In fact, the C=C bond in 119 has no olefinic character- 

diazomethane does not add on with the formation of pyrazoline 

although reaction (49) readily proceeds with maleic acid imide129! 

Comparison of the u.v. spectra of various methylated pyridazinones 

with that of 120 also points to the presence of a monoenolic form86-131. 

Ihe situation with urazole is very similar to that with maleic acid 

ydrazide. Like 2-pyridone, 3-pyrazol-5-one exists preferentially in 
the keto form129a. 1 

n=c; 
/ 

■C6Hs 

N. 
HC^ "H 

\ 
OH 

R N COCfiH 
(118) 

6' '5 
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OH OCH OCH; 

O 

NH 

O 

(120) 

N—CH; 

(119) (121) 

O O 

CH2N2 + NH (49) 

B. Acidity and Basicity 

Monoacylhydrazines are weakly basic, and therefore form soluble 

salts with inorganic acids. Acetic acid hydrazide has a p7Ca of 3-24, 

about five units lower than that of hydrazine132. 
The electron-attracting phenyl group lowers the basicity of hydra¬ 

zides so much that the compounds assume an acidic character. Thus, 

l-benzoyl-2-phenylhydrazine no longer dissolves in acids, but it is 

soluble in bases. 
The pKb values of a series of aroylhydrazines of the type 

XC6H4CONHNH2 obey Hammett’s equation133, as can be seen from 

Figure 1. The influence of the substituents in aroylhydrazines 

(p = -0-69) is only about half as much as in arylhydrazines133 

(p = —1-21). 
The hydrogen on the nitrogen linked to the acyl group is weakly 

acidic and diacylhydrazines dissolve in bases and are capable of 

forming salts. Thus, diformylhydrazine forms both a monosodium 

and a disodium salt3, and various salts of dibenzoylhydrazine have 

been prepared134. The mercury salt of l,2-bis(trifluoroacetyl)- 

hydrazine is used as a starting material for the synthesis of tetrakis- 

(trifluoroacetyl) hydrazine 6. 
Maleic acid hydrazide dissociates in two steps. The pK value for 

the first dissociation is 5-67, while a value of 5 x 10 14 has been 

found for the dissociation constant for the removal of the second 

proton135. 

C. Complex Formation 

Aromatic carboxylic acid hydrazides such as the hydrazides of 

isonicotinic, benzoic, and salicylic acid react with metal salts to foi m 
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Fi°ure 1. Hammett s relationship for ring-substituted benzhydrazides of the 

type XC6H4CONHNH2. [Reproduced by permission of Verlag Chemie 

GmbH, from Chem. Ber., 101, 751 (1968).] 

complexes of general structure 122136’137. Isopropylidenehydrazones 
of the hydrazides are also capable of complexing138. In all these 

complexes the hydrazides are normally present in the keto and not the 

enol form50, so that ketonic chelation involving the C=0 group and 

[M(ArCONHNH2)„]Am 
(122) 

(Ar = C5H4N, C6H5, C6H4OH; 
M = Cu2 + , Cd2 + , Zn2 + , Fe2 + , Co2+, Ni2+, Mn2+; 
A = SCN-, C6H5C02, C4H204~, S04~; m, n = 1,2) 

H\ / 
8 C=0 .N—NH 

HN—^0=C—R 

HX XH 

(122a) 

so?- 

M = Cu", Cd"; R = 
;n 
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the primary NH2 group occurs (e.g. 122a) 137,138. The pH-dependence 

of the complexing in the presence of formaldehyde has been investigated 

by u.v. spectroscopy on the copper chelates of semioxamido- 

hydrazide, oxalic acid dihydrazide, and tV'-monophenyloxalodi- 

hydrazide139. The keto form has been found for the hydrazides at 

acidic pH values, but it is suspected that as the pH is raised from 2 to 

8 a semi-enol form gains ground, and a hydrazide-enol form exists at 
pH > 8. 

Polarographic work on the zinc complexes of acetylhydrazine, 1,2- 

diacetylhydrazine, and succinic acid hydrazide shows that dihydrazide 

complexes are more stable than monohydrazide ones. Dihydrazides 

also form higher complexes more easily140. The complexing of 

hydrazides with metal ions may be of importance for the biological 

action of these compounds50. Lewis acids such as SbCl5, TiCl4, 

SnCl4, and SnBr4 react with mono- and diacylhydrazines to form 

relatively stable complexes, in which the carbonyl oxygen functions 

as an electron donor to the metal atom141. 

The action of triethylaluminium on hydrazides leads to diethyl- 

aluminium carboxylic acid hydrazides (123) with the elimination of 

ethane. When 2 moles of triethylaluminium are used, bis (diethyl- 

aluminium) carboxylic acid hydrazides (124) can be isolated142 

(reaction 50). The organophosphorus compound 125 reacts with 

RCONHNH2 -> [(RCONNH2)AI(C2H5)2] + [(RCONNHAI(C2H5)2)AI(C2H5)2] 

+ AI(C2H5)3 (123) (124) (50) 

2 moles of benzoic acid hydrazide to form the cyclic compound 

126143 (reaction 51). 

Ar 

\=N—NH 

2ArCNHNH2 + [CH3PO-N(C2H5)2]+C|-->6 Vh3 (51) 

O (125) )=N—NH O 
Ar 

(126) 

VI. REACTIONS OF HYDRAZIDES 

Hydrazides can react both at the carbonyl group and at their hydrazino 

group. Owing to the polarization of the carbonyl group, hydrazides 

are expected to be subject to both electrophilic attacks on the oxygen 

and nucleophilic attacks on the carbon of the CO groups. However, 
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the reactions of the hydrazino group are much more important. 

These rely on the pronounced nucleophilic character of the nitrogen. 

The formation of heterocyclic compounds from hydrazides, involving 

all types of nucleophilic and electrophilic reactions, is sufficiently im¬ 
portant to warrant discussion in a separate section. 

A. Reactions Involving the Carbonyl Group 

I. Hydrolysis 

Hydrazides are generally stable to acids and bases in the cold3, 

and hydrolytic cleavage to form the free carboxylic acid in an acidic 

medium occurs only when the latter is strong and the hydrazide is 

heated for a fairly long time, e.g. for 8 hr in the case of Zl3-l,2-diacetyl- 

pyrazoline144 (with concentrated HC1) and A'-(l-methyl-4-piperi- 

dinyl)acethydrazide145 (with 23%, HC1). Alkaline hydrolysis, e.g. 

with a concentrated solution of Ba(OH)2, also requires heating for 

many hours. Hydrolysis with mineral acids144"147 is preferred to 

alkaline hydrolysis148’149, since redox reactions may accompany 
the latter150. 

The acid-catalysed partial hydrolysis of diacylhydrazines gives 

monoacylhydrazines in which the acyl group is on the nitrogen that is 

the less nucleophilic on account of the electronic effects of the sub¬ 

stituents9^. The hydrolysis of hydrazides is likely to proceed by a 

mechanism similar to that of the hydrolysis of amides, but no detailed 

studies have yet been done on the kinetics and on the mechanism of 
the cleavage. 

2. Ammonolysis 

In comparison with hydrazine, ammonia has a weakly nucleophilic 

character, and therefore hydrazides react with ammonia to give 

amides only at 150°c and under pressure, and even then the yields are 

low104. This reaction may be of interest in the preparation of hydra¬ 

zine from carboxylic acid hydrazides: the resulting amide is converted 

into A-nitroamide, which is recycled after reduction to the 

hydrazide104. On the other hand, the reaction between amides and 
hydrazine leads to good yields (section IV.B.l). 

3. Reduction with complex metal hydrides 

When heated with LiAlH4 in ether or tetrahydrofuran, 1,2- 

diacyl-1,2-dimethylhydrazines (127a) are converted into tetraalkyl- 

hydrazines (128a) in yields of up to 57%. Diacylhydrazines in which 
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the nitrogens carry hydrogen atoms (127b) are reduced only with 

difficulty with the aid of a fairly large excess of LiAlH4. The yield 

of the resulting dialkylhydrazines (128b) is up to 35%, and much of 

the diacyl compound (127b) is recovered unchanged23 (reaction 52). 

Lithium aluminium hydride reduces only the monoacylhydra- 

zines with no hydrogen at N(1), e.g. C6H5CON(GH3)NH2 and 
C6H5CON(C6H5)NH249. 

RdCON—NCOR1 + LiAlH4 -> R1CH2N—NChbR1 (52) 
II II 
R2 R2 R2 R2 

(127a) R1 = C6H6, CH3; R2 = CH3; (128a) 

(127b) R1 = C6H6l CH3i C2H50; R2 = H (128b) 

As regards the reduction by complex metal hydrides, it is as¬ 

sumed151-153 that, in the rate-determining step, the carbonyl oxygen 

and the metal atom form the complex 130 and a hydride ion is trans¬ 

ferred to the carbon with a partial positive charge. This adduct is 

then reduced by LiAlH4 to give the product (131) (reaction 53). The 

/ 
difference between the reactivity of R1CONR2N (129) and that of 

R1CONHN (132) is due to the mobility of the hydrogen on N(1) 

which gives rise to the complex 133 and resists further reduction by 

LiAlH4. 133 reforms 132 on hydrolysis49. 

R!C—NR2NR2 
II 
O 

(129) 

+ AIH* 

■rH~ 
• 

—> R^C—NR2NR| 

Qdaihj 
(130) 

R*C—NHNRi - 
II 
O 

(132) 

+ AlHy 

\C\ , 
—> R1cL=NR2NRE 

Ch- 

R1C=NNR| + H2 

oaih3 
(133) 

R1CH2NR2NR| 

(131) 

(53) 

This method is thus particularly suitable for the reduction of 

carbonyl groups in diacyldialkylhydrazines23,153. Cyclic iV-alkyl- 

hydrazides of the type 134144 and A-aminoimides of dicarboxylic acids 

of the type 135154 are also easy to convert into the corresponding 
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hydrazine derivatives by reduction with LiAlH4144 or NaBH4154 
(reactions 54 and 55). 

(135) 

(54) 

(55) 

The solvent in which the reduction is carried out plays a significant 

part. Thus, as expected, l-acetyl-2-phenylhydrazine is not reduced 

by LiAlH4 in diethyl ether, whereas l-ethyl-2-phenylhydrazine is 

formed in a 85-9570 yield in dimethoxymethane98. 

4. Reaction with chlorinating agents 

The formyl group of N', A'-disubstituted formic acid hydrazides (136) 
is chlorinated by phosgene in organic solvents at low temperatures. 

Dehydrochlorination in the presence of trimethylamine leads to N- 

isocyanodialkylamine (137). The latter reacts with formic acid, in 

the course of which CO is evolved and compound 136 is reformed'155 
(reaction 56). 

R.NNHCHO R2NNHCHCI2 

r2nnc 

(137) 

N “Aryl-substituted hydrazides of aromatic acids are chlorinated by 

phosphorus pentachloride to yield hydrazidic chlorides (reaction 57), 

while 1,2-diacylhydrazines give rise to 1,l'-bis-chloroazines (reaction 
58) 156.157. Xhe chlorination presumably occurs in the enolic form 

of the hydrazide129. Cyclic hydrazides are converted into chloro- 

azines by treatment with phosphorus oxychloride (reaction 59)158. 
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ArCONHNHAr 
PCI 
—5-> ArC=NNHAr 

I 
Cl 

553 

(57) 

(58) 

(59) 

B. Reactions Involving the Hydrazine Group 

I. Alkylation 

The sodium salts of hydrazides, formed by the action of metallic 

sodium on hydrazides, are alkylated by alkyl halides on the acylated 

nitrogen to give 138 in non-polar solvents such as ether and benzene 

(reaction 60). The reaction proceeds preferentially on the acylated 

nitrogen atom8,159. On the other hand, in neutral solution or in 

ethanolic solution in the presence of sodium alkoxide, alkyl halides 

alkylate the non-acylated nitrogen of the hydrazide and thus lead to 
139 (reaction 61) 16°-162. In the hydrazide, the electron-attracting 

effect of the acyl group confers a partial positive charge on the acylated 

nitrogen, and this favours the attack on the terminal nitrogen145. 

C6H5CONHNH2 — 

ch3i 
C2H5ONa 
(exhaustive) 

Na, 

benzene 

R2X 

C2H5ONa 

C6H5CONNH2 

Na+ 

R2X ■* C6H5CONNH2 

R2 

(138) 

CBH5CONHNHR2 

(139) 

(60) 

(61) 

C6H5CONN(CH3)3 C6H5CONH2 + N(CH3)3 

(140) 

(62) 

Exhaustive methylation of benzhydrazide or 1-benzoyl-2,2-di- 

methylhydrazine with methyl iodide and sodium ethoxide in ethanol 

results in quaternary benzoic acid 2,2,2-trimethylhydrazidinium 

iodide8’163. On treatment with concentrated alkali hydroxides, the 
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latter gives basic trimethylaminobenzimide (140) (cf. section VLB. 13), 

and this compound splits into benzamide and trimethylamine when 

subjected to hydrogenation in the presence of nickel (reaction 62). 

Diacylhydrazines are alkylated via the sodium salts164 or in an 

ethanolic solution in the presence of alkalis9. Cyclic succinic acid 

hydrazide (141) is readily converted into the V,V'-dimethyl derivative 

(142) with the aid of methyl iodide; with ethyl iodide, on the other 

hand, it forms only the V-monoethyl derivative (143). Tetra- 

methylene dibromide brings about dialkylation and gives the bicyclic 
product 144 9. 

(141) (142) (143) (144) 

Alkylation competes with acylation when an acylhydrazine reacts 

with a halogenated acid chloride. Thus, the reaction of 3-bromo-2,2- 

dipropylpropionyl chloride (145) with l-acetyl-2-benzylhydrazine 

(146) in benzene in the presence of triethylamine leads to l-acetyl-2- 

benzyl-4,4-di-n-propylpyrazolidin-3-one (147). The more basic, 
non-acylated nitrogen is the target both for acylation by the acid 

chloride group and for alkylation by the alkyl bromide group. The 
product shows that acylation predominates165. 

R 

O 
II 
CCI 

/c\ 
R CH2Br 

+ 
NHCH2CeH5 

NHCOCH3 

(145) (146) 

(R = n-Pr) 

O 

r/V-NCOCH 

nch2c6h5 

(147) 

When benzoic acid hydrazide is treated with propyl bromide in 

ethanolic sodium ethoxide for a few days, the reaction does not stop 

at the 1 -benzoyl-2-propylhydrazine stage, but proceeds further. The 

resulting product was first taken to be propyl 2-W-propylhydrazono- 

benzoate166’167, but it is in fact benzoic acid 2,2-dipropylhydrazide8. 

Hydrazides in which the terminal amino group is blocked by hydra- 

zone formation can obviously be alkylated only on the acylated 

nitrogen, if this still carries a hydrogen. Thus, the methylation of 
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2,3-butanedione monoacethydrazone leads after hydrazone cleavage 
to 1-acetyl-1-methylhydrazine168 (reaction 63). 

CH3CONHN=CCH3 
I 

o=cch3 

ch3i 

ch3co 

» nn=cch3 
/ I 

ch3 o=cch3 

ch3co 

nnh2 + ch3co 
/ I 

CHg CHaCO 

(63) 

Cyanomethyl benzenesulphonate transfers the cyanomethyl group 
onto the basic amino group of aromatic carboxylic acid hydrazides169 
to give rise to compounds of the type 148 (reaction 64). Cyano- 
ethylation and sulphoethylation of the hydrazide group are discussed 
in section VI.B.7. 

CeH5S03CH2CN + NH2NHCOAr -> C6H6S03H + ArCONHNHCH2CN (64) 

(148) 

Berdinskii and coworkers162 investigated the kinetics of the alkyla¬ 
tion of dibutylglycolic acid 2-arylhydrazide with ethyl iodide in 
absolute alcohol in the presence of sodium ethoxide, by determining 
the concentration of the products with the aid of a polarograph. The 
alkylation obeys second-order kinetics, as expected for an SN2 mecha¬ 
nism. The rate depends on the aryl substituents of the reacting 
nitrogen. In comparison with the phenyl group, the rate is increased 
by electron-repelling substituents in the para position (e.g. GH3 and 
CH30), and is strongly decreased by the electron-attracting bromine 
atom in the para position. A m-CH3 group seems to have a small 
influence on the rate, while the latter is lowered by a m-CH30 group. 
According to these investigations, the alkylation of hydrazides obeys 
Hammett’s equation. 

2. Acylation 

a. Acylation with carboxylic acid derivatives. Monoacylhydrazines are 
readily acylated by acyl chlorides or anhydrides to give 1,2-diacyl- 
hydrazines40 (reaction 65). Acyl chlorides react rapidly even at low 
temperatures in ether76, in aqueous solution containing NaOH121, in 
triethylamine165, chloroform170, pyridine171,172 and xylene173, the 
products being obtained in good yields. The yields are also good in 
the reactions with acid anhydrides170,172,173. Benzoylhydrazine is 
converted into 1,2-dibenzoylhydrazine in a moderate yield by the 
diimide method100 (section IV.C.2). 1,1-Dibenzoyl-2,2-dimethyl- 
hydrazine is formed by two consecutive acylations of 1,1-dimethyl- 
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hydrazine with benzoyl chloride in a cooled aqueous solution in the 
presence of sodium carbonate (reaction 66) 23. 

Further acylation of 1,2-diacylhydrazines is more difficult, since 

the remaining amide NH groups are only weakly nucleophilic. 

Tetraacylhydrazines can be prepared only by the use of a large excess 

of anhydride2,6 (reaction 67). Tribenzoylhydrazine has been ob¬ 

tained from the monosodium salt of dibenzoylhydrazine2 (reaction 
68). 

R1CONHNH2 + R2COCI (or (R2C0)20)  —> R^ONHNHCOR2 (65) 

NH2N(CH3)2 -gafococl > 

C6H5CONHN(CH3)2 -^H‘COCI> (C6HsCO)2NN(CH3)2 (66) 

RCONHNHCOR + (RCO)2Q -xcess> (RCO)2NN(COR)2 (67) 

C6H5CONNaNHCOC6H5 + C6H5COCI --* (C6H5CO)2NNHCOC6H5 

If the acyl residue of the hydrazide contains an acylatable hydroxyl 

group, as in the much investigated glycolic acid hydrazides174,175, 

then the more basic N(2) is acylated preferentially before the OH 
group. 

Dihydrazides of aromatic dicarboxylic acids (e.g. isophthalic acid) 

react with aromatic dicarboxylic acid dichlorides (e.g. isophthalic acid 

dichloride) in hexamethylenephosphonamide or iV-methylpyrrolidone 

at 0°c to form high-molecular polyhydrazides176_177a (reaction 69). 

Cyclic hydrazides of dicarboxylic acids react with dicarboxylic 

acid chlorides, giving bicyclic compounds. Thus, phthalic acid 

hydrazide and phthalic acid dichloride lead to the corresponding 
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bisphthalic acid hydrazide178 (reaction 70). Further combinations 

are possible when succinic and malonic acid derivatives are used178. 

b. Kinetic investigations. Berdinskii and coworkers175 have studied 

the kinetics of the acylation of glycolic acid hydrazides 

R1C6H4NHNHCOG(G6H5)2OH with various substituted aromatic 

acid chlorides R2C6H4COCl. The reaction is second order. The 

rate depends on the nature of R2 in the attacking acylium ion. In 

comparison with the phenyl group, the rate is retarded when R2 is 

electron repelling (/>-CH3) and accelerated when R2 is electron 

attracting Q&-C1). On the other hand, experiments in which, the 

R1 group is varied show that benzhydrazides that contain the electron¬ 

releasing groups, R1 = />-N(CH3)2 and j5)-OCH3, are easier to acylate 

than hydrazides containing electron-attracting groups such as R1 = 

o-N02, m-N02, and p-NOa. A similar influence on the rate has also 

been found in the acylation of similarly substituted benzhydrazides 

R1G6H4CONHNH2 with benzoyl chloride179. It can thus be seen 

that the aryl substituents affect the nucleophilic character of the react¬ 

ing hydrazide nitrogen, this influence being describable by Taft’s 

equation175. 
Taft’s equation can also be used in the case of aliphatic hydrazides. 

When R3 = CH3, C2H5, or C6H5 is substituted instead of R3 = H in 

the hydrazide R3CH2CONHNH2, the effect on the acylation rate 

is small. When, however, R3 is OGH3 or OC6H5, the rate of the 

acylation is considerably lowered, in accordance with the higher 

negative inductive effect of these groups179. 
The acylation kinetics of benzhydrazides and butyrohydrazide 

with anhydrides and particularly succinic anhydride in benzene have 

also been investigated 180_184. It has thus been found that the reaction 

undergoes autocatalysis by the acid formed from the anhydride during 

the process. The reaction is also catalysed when other organic acids 

are added to the mixture. There is a linear relationship between the 

pKa of the catalysing acid and the logarithm of the catalytic rate con¬ 

stant (log £a = const, x pXa). The experimental rate constants of the 

reaction obey the relationship: k = k0 + kjna, where m is the molarity 

of the acid, a is the degree of dissociation of the acid183, and k0 and &a 

are the rates of the uncatalysed and the catalysed reactions, respec¬ 

tively. 
c. Acylation with chlorides of sulphur-containing acids. Sulphonyl 

chlorides acylate hydrazides giving l-acyl-2-sulphonylhydrazines (149) 
(reaction 71a), which constitute the starting compounds for the 

preparation of aldehydes by the McFadyen—Stevens reaction185. 
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The sulphonation generally proceeds in pyridine as an exothermic 

reaction185~187. In organic solvents, aromatic sulphinyl chlorides 

react with hydrazides to form l-acyl-2-arenesulphinylhydrazines 

(150)188 (reaction 71b). The action of thionyl chloride leads to the 

replacement of two amino hydrogens and to the formation of l-acyl-2- 

sulphinylhydrazines189,190 (reaction 72) whose stability depends to a 

large extent on the structure of the hydrazide acyl group (cf. section 

VI.B.9). l-Phenylacetyl-2-sulphinylhydrazine (151) is a very stable 
compound189, but the stability is considerably lower with other alkyl 

and aryl groups in the acid residue; hydrolysis with water then leads 

back to the starting hydrazides, while heating results in the elimina¬ 
tion of carboxylic acids189. 

ciso2r2 

RlCONHNHa 

CISOR2 

FPCONHNHSCXjR2 

(149) 

R^ONHNHSOR2 

(150) 

(71a) 

(71b) 

C6H5CH2CONHNH2 + SOCI2 -* C6H5CH2CONHNSO (72) 

(151) 

Sulphamyl chlorides react with aromatic hydrazides to give 1-acyl- 

2-sulphamylhydrazines (152)191 (reaction 73a). When benzoic 

acid hydrazide is heated in chlorobenzene with 1 mole of PC15, 

N- (trichlorophosphaza) benzamide (153) is obtained192 (reaction 

73b). The corresponding compounds with Ar = 0-NO2C6H4 and 

/>-CH3C6H4 are of interest as intermediates in the reductive chlorina¬ 

tion of arylcarboxylic acid hydrazides (cf. section VI.B.9). 

OS02NR2 

ArCONHNH2- 

PCl6 

ArC0NHNHS02NR2 

(152) 

ArCONHN=PCI3 

(153) 

(73a) 

(73b) 

(Ar = C6H5, o-N02C6H4, p-CH3C6H4) 

3. Nitrosation 

Nitrosation of unsubstituted hydrazides is the method used most 

frequently for the preparation of acyl azides, whose Curtius degrada¬ 

tion leads to primary amines40,193. Acyl azides are important inter- 
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mediates in peptide syntheses194-201. Hydrazides are usually converted 

into azides by sodium nitrite in strongly acidic aqueous solutions 

at low temperatures201-203. When the temperature is insuffi¬ 

ciently low and the acid concentration insufficiently high, not only 

azides but also amides and nitrous oxide are formed on account of 

N—N cleavage197. This is understandable if one assumes that the 

hydrazide first gives rise to an iV-nitroso derivative, which can then 

form the azide 155 on dehydration, or the amide 154 on the elimina¬ 

tion of nitrous oxide197 (reaction 74). 

rconhnh2 hn°2> rconhnhn=o-> rconh2 + n2o 
A (154) (74) 

V 

RCONHN=NOH -^ RCON3 + HzO 

(155) 

2,2-Dialkyl-substituted hydrazides are attacked by nitrous acid at 

the tertiary nitrogen. The reaction products that can be isolated in 

the nitrosation of JV-benzamidopiperidine (156) are the carboxylic 

acid 161 and the aldehyde 160204. It is assumed that the nitroso- 

ammonium ion 157 is formed first, which changes into the immonium 

ion 158 after the elimination of NOH. Hydrolysis of 158 and re- 

nitrosation on the alkylated hydrazide nitrogen of the resulting 159 
lead to the nitroso compound 160. The latter is partly oxidized into 

the acid 161. Compounds 160 and 161 can be converted into the 

C.H,CONHN n> HN02 
* CrH5CONHN rv NOH 

/ \_/ 
NO - 

(156) 

C6H5CONHN 

(157) 

( / C6H5C0NHNH(CH2)4CH=0 

(158) (159) 

HNOo 

C6HsCONHN(CH2)4COOH (75) 

NO 

(161) 

:6h5con3 

(162) 

C6H5C0NHN(CH2)4CH=0 

NO 

(160) 
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azide 162 by repeated nitrosating dealkylation, as is known in the case 
of tertiary amines204 (reaction 75). 

4. Reactions with carbonyl and thiocarbonyl compounds 

a. Hydrazone formation. The free NH2 group in hydrazides as a rule 

reacts readily with carbonyl compounds such as ketones and aldehydes 

in the presence of catalytic amounts of acids, with the formation of 

hydrazones8,83,92,93,165,205-209. The hydrazones often crystallize 

very easily, and can therefore be used for the identification and purifi¬ 

cation of carbonyl compounds21,210. Sterically hindered ke¬ 

tones and aldehydes form hydrazones only with difficulty or 

not at all. Hydrazides carrying a quaternary ammonium 

group on the a-carbon of the acid residue, such as Girard’s reagent T 

(Cl- (CH3)3NCH2CONHNH2)211 give with aldehydes and ke¬ 

tones water-soluble hydrazones, which can be easily separated from 

complex reaction mixtures by shaking with water212. Optically 

active hydrazides, such as L-menthylglycine hydrazide, are used to 

convert DL-carbonyl compounds into their resolvable enantiomers via 

hydrazone formation, the carbonyl compounds being then recovered 

by hydrazone cleavage after separation of the optical isomers210,213. 

It is believed that the first step in the hydrazone formation is a 

nucleophilic attack of the hydrazide nitrogen on the carbonyl group 

of the ketone, which leads to carbinolamine (163); the latter then loses 

water under the reaction conditions and thus forms the hydrazone 164 
(reaction 76). As in the formation of semicarbazones, the rate of 

OH 

R1R2C=0 + H2NNHCOR3 -> R1R2C// ~H2C( 

\ 
NHNHCOR3 

RiR2C=NNHCOR3 (76) 

(163) (164) 

hydrazone formation is highest at intermediate pH values. 

Not only hydrazides with primary amino groups, but also N'- 

alkyl-substituted hydrazides and 1,2-diacylhydrazines can react with 

carbonyl compounds. With 5-nitro-2-furfuraldehyde, the cyclic 

hydrazide 165 forms the betaine 167 via a carbinolamine intermediate 

166 (reaction 77)214. After short heating with benzaldehyde, the 

1,2-diacylhydrazine (168) gives the corresponding phenyldiaziridine, 

owing to cyclization of the carbinolamine intermediate which is 
similar to 166 (reaction 78)215. 
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The condensation of monosaccharides with various benzhydrazides 

substituted in the ring leads to hydrazones. Paper chromatographic 

investigation of the way in which the rate of this condensation varies 

with the reaction conditions and with the basicity of the benzhydrazide 

has shown that more weakly basic acylhydrazines react faster with 

monosaccharides in a neutral medium than do the more strongly 

basic ones. In acetic acid solution, on the other hand, the rate in¬ 

creases with the basicity of the acylhydrazine133. 
Hydrogenation of acylhydrazones is a good general method for 

preparing Ar'-alkylhydrazides that are otherwise difficult to obtain 

(reaction 79). This reaction is usually carried out with hydrogen and 

a noble metal catalyst216-218, i.e. under conditions where the N—N 
and the C=0 bonds of the hydrazide are not attacked 146-149,165,205-208. 

R1CONHN=CR2R3 H2/Cat-> R1CONHNHCHR2R3 (79) 

Hydrazones are readily cleaved by acid hydrolysis, and yield the 
original hydrazide and the carbonyl compound93,168,219. jn difficult 

cases, and where the substances are sensitive to acids, the carbonyl 

compound can be recovered by reaction of the acylhydrazone with 

benzaldehyde in dioxan containing a small amount of acetic 

acid220-221. 

b. Semicarbazide formation. Aldonic acid hydrazides, such as d- 

gluconohydrazides, react with potassium cyanate in a strong HC1 

19 + c.o.A. 
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solution to form the corresponding aldonic acid semicarbazides222. 

With aryl isocyanates acid hydrazides generally give l-acyl-4-aryl- 

semicarbazides (169)223-224. Diisocyanates react with dicarboxylic 

acid dihydrazides, forming polymeric acylsemicarbazides (reaction 
80)225. 

RCONHNH2 + 0=C=NAr-► RCONHNHCONHAr 

(169) 

NH2NHCO—R1—CONHNH2 + OCN—R2—NCO -> 

4-NHNHCO—R1—CONHNHCONH—R2—NHCO^r (80) 

Kinetic studies concerning the formation of semicarbazides from 
acetic acid hydrazide and />-RC6H4NCO (R = H, CH3, OCH3, and 

Cl) have shown that the reaction is second order, as would be expected 

for a mechanism in which nucleophilic attack of NH2 on NCO is the 
rate-determining step226. 

1 -Acyl-4-ureidosemicarbazides (172) arise when cyanogen bromide 

acts on monoacylhydrazines in an aqueous solution of hydrazine227. 

The reaction presumably proceeds via an intermediate formed be¬ 

tween hydrazine and cyanogen bromide, namely 1,2-dicyanohy- 

drazine (170). This in turn reacts with the hydrazide by using a 

nitrile group to give the intermediate 171 and the latter is finally 
hydrolysed into 172 (reaction 81). 

NCNHNHCN + RCONHNH2 -> RCONHNHCNHNHCN - H2°> 
— nh3 

(17°) NH 

(171) 

RCONHNHCNHNHCONH, (81) 
II 
O 

(172) 

c. Thiosemicarbazide formation. Thiosemicarbazides are formed from 

thioisocyanates and acid hydrazides analogously to the semicar¬ 

bazides223’228-230 (reaction 82). For example, acetylated mono¬ 

saccharides carrying a thioisocyanate residue on C(1) react with 

isonicotinic acid hydrazide to give derivatives such as 1-isonicotinoyl- 

4-[2,3,4,6-tetra-0-acetyl-/3-D-glucosyl]thiosemicarbazide231. 

R1CONHNH2 + S=C=NR2 > R1CONHNHCSNHR2 (82) 



10. The chemistry of hydrazides 563 

5. Tetrazanes and tetrazenes 

a. Coupling with diazonium salts. Diazonium ions attack the more 

strongly nucleophilic, terminal nitrogen of monoacylhydrazines, 

leading to acyltetrazenes (173). However, these have not been 

isolated, but have instead been cyclized into tetrazoles (174) with the 

aid of NaOH (reaction 83)232 (cf. section VI.C.5). 
1,2-Diacylhydrazines react with equivalent amounts of aryldia- 

zonium salts, also to give tetrazenes. In the presence of two equiva¬ 

lents of the aryldiazonium salt both hydrazide nitrogens suffer 

electrophilic attack, and hexaazadienes (175) are formed232,233. On 

being warmed in an alcoholic solution of NaOH, these lose an acylium 

ion and decompose into the azide, aniline, and nitrogen. The acyl- 

triazene RCONHN==NAr can be intercepted by treating 175 with 

alkali at a low temperature (reaction 84)233. 

rconhnh2 

+ ArN2 

H H 
1 I 

RCON—N 

ArN=N 

(173) 

NaOH R—C. 

N-N 
J 

Vl-N 
I 

Ar 

(174) 

(83) 

RCONHNHCOR — 

+ ArN2 

(R = H, CH3; Ar = p-CIC6H4, 
p-BrC6H4, p-N02C6H4) 

rCON — NCOR Ar^2-» RCON—NCOR NaOH* 

N=NAr ArN=N N=NAr 

(175) 

(84) 

RCON—N 

ArN=N N=NAr 

-ArN. [RCON—N=NAr] —ArNH2 + N2 + RCOO 

RCONH—N = NAr 

b. Addition to azo compounds. Monoacylhydrazines react with 

azodicarboxylic esters with vigorous evolution of nitrogen and the 

formation of 1,2-diacylhydrazines (179)156. According to the 

mechanism proposed for this reaction, the hydrazide adds to the azo 

compound to form a tetrazane 176, hydrazodicarboxylic acid ester is 

cleaved out, and the liberated fragment 177 dimerizes into diacyl- 

tetrazene (178). The latter loses nitrogen and changes into 1,2- 

diacylhydrazine (179) (reaction 85)156. 
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R1CONHNH2 + R202CN=NC02R2 -> 

(R1 = C6Hs, R1CONHNHN ^R2o2cnhnhco2r2 
CH3; R2 = C2H6) \ 

NHC02R2 

(176) 

[R1CONHN] -> R^ONHN^NNHCOR1 ——2 > R^ONHNHCOR1 (85) 

(177) (178) (179) 

Neither the tetrazane (176) nor the tetrazene (178) have been 
isolated. 

c. Reaction with sulphur monochloride. The reaction of sulphur mono¬ 
chloride with 1-acyl-2,2-dimethylhydrazine, carried out by heating in 
benzene, gives a good yield of 2,3-diacyltetrazane (182) and small 
amounts of 1,3,4-oxadiazoline-2-thione 80. As regards the mechanism, 
it is assumed that the chlorodithio cation derived from S2C12 first 
delivers an electrophilic attack on the oxygen of the carbonyl group, 
and the O-chlorothio compound (180) rearranges into the iV-chloro- 
thio isomer (181); two molecules of the latter eliminate the S2C1 group, 
form an N—N bond, and give rise to 182 (reaction 86)80. Unsub¬ 
stituted hydrazides react with S2C12 to give heterocyclic compounds 
(cf. section VI.C). 

RCONHN(CH3)2 SsCI > RC=NN(CH3)2 -> RCONN(CH3)2 _> 

^s2ci la 
(!80) (181) 

RCONN(CH3)2 (86) 

RCONN(CH3)2 

(182) 

d. Oxidative. tetrazene formation. The oxidation of 1-acetyl-1- 
methylhydrazine with potassium permanganate or hypobromite at 

«7U68eadS t0 154"diacety!-1,4-dimethyl-2-tetrazene (i83) (reaction 

2 CH3CONCH3NH2 — ] > ch3conch3n=nnch3coch3 

(183) 

(87) 

6. Amidrazone formation 

Amidrazones (185) are reactive intermediates formed in the svn- 
thesis of triazoles (cf. section VI.C.3) from imidic esters (184) and 
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acylhydrazines51,234 (reaction 88). However, it has been possible 

to isolate intermediate acylamidrazones (185), such as that formed 

from benzhydrazide and benzimidic ethyl ester (185, R1, R2 = 

C6H5)235, and the one formed from caprolactim methyl ether and iso- 

nicotinic acid hydrazide236. 

R1COCH3 + NH2NHCOR2 ~CH3°H> R1CNHNHCOR2 (88) 
II II 
NH NH 

(184) (185) 

7. Reactions involving C=C bonds 

In view of the predominating nucleophilic character of the hydrazide 

group, additions to ordinary carbon-carbon double bonds are not 

likely to occur. However, the C=C bonds activated by the presence 

of strongly electron-attracting neighbouring groups can react with 

hydrazides. Thus, alkenylnitriles (186) react with hydrazides to 

form carboxylic acid 2-cyanoethylhydrazides (187) (reaction 89)145. 

Ethylenesulphonyl compounds (188), which carry the strongly 

electron-attracting sulphonyl group next to the olefinic bond, can 

sulphoethylate cyclic hydrazides such as phthalic and maleic acid 

hydrazide to give products like 189 (reaction 90)237. 

ncch=ch2 + NH2NHCOR 

(186) 

NCCH2CH2NHNHCOR (89) 

(187) 

ch2=chso2r 

(188) 

o Cnch2ch2so2r 

N 

OH 
(189) 

(90) 

8. Hydrogenolytic rupture of N—N bonds 

Under normal conditions of hydrogenation with platinum or 

palladium, when the C=C and the C=N bonds become hydrogenated, 

the N—N bond does not break238. Hydrogenation in the presence of 

catalytic amounts of Raney nickel generally does not lead to rupture 

of the N—N bond of the hydrazide. However, if the latter is heated 

in ethanolic solution with an excess of Raney nickel, the N—N bond 

breaks and the amide is formed in a yield of 60-807o 238,239. 

1,2-Diacylhydrazines are also reduced by Raney nickel, but require 

a longer time (reaction 91). The reaction is incomplete if one of the 
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nitrogens is alkylated. Treatment of N,#'-dialkyl-A7,Ar/-diacyl- 

hydrazines with Raney nickel does not cause bond fission, nor can the 

asymmetric N', AT,-dialkyl-A7, A^-diacylhydrazines be cleaved under 

these conditions. Evidently the substituents on the nitrogens protect 

the N—N bond from contact with the surface of the nickel catalyst on 
which the reaction should take place240. 

RiQONHNf^COR3 
H2/Raney Nl 

R1CONH2 + R3CONHR2 (91) 

■NCH 3 H2/Raney Ni 

■NCH. 

.CONHCH3 

CONHCH3 

(92) 

Cyclic hydrazides, such as phthalic and maleic acid hydrazide, do 

not suffer bond fission when treated with Raney nickel. However, 

phthalic acid 1,2-dimethylhydrazide is cleaved in this manner as 

shown in reaction 92 240. Raney nickel and hydrazine form another 

very active mixture for the reduction of hydrazides into amides241. 

This mixture can split maleic acid hydrazide, but not phthalic acid 
hydrazide241. 

9. Oxidation 

a. General methods. Hydrazides that cany hydrogens on their 

nitrogen atoms are very sensitive to oxidizing agents. Thus, 2- 

substituted monoacylhydrazines or 1,2-diacylhydrazines are con¬ 
verted into the corresponding disubstituted diimides by oxygen242, 

nitrous acid, mercuric oxide, potassium permanganate243-244, ferric 

chloride245, manganese dioxide246, silver oxide247, halogens248-249, 

iV-bromosuccinimide250-251, peracetic acid252, and lead tetraace- 

tate78-253-253a (reaction 93). The diimides can generally be iso¬ 
lated78-242-247-249 7 

R^ONHNHCOR2 RiCON=NCOR2 (93) 

The monoacyldiimides formed by the oxidation of monoacyl¬ 

hydrazines have a low stability; they function as acylating agents and 

form 1,2-diacylhydrazines with unoxidized hydrazide, with the 

elimination of nitrogen 150-251-252. Thus, the oxidation of acetic acid 

hydrazide with peracetic acid leads to 1,2-diacetylhydrazine in 95 °7 
yield252. /0 

Other strongly nucleophilic compounds, such as amino compounds, 
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are acylated by the acyldiimide formed in the oxidation of monoacyl- 

hydrazines. This reaction can be used for peptide synthesis250,251. 

A benzyloxycarbonylamino acid hydrazide (e.g. Cbz2-L-lysine hydra- 

zide) is oxidized by iV-bromosuccinimide or iodine in tetrahydrofuran 

in the presence of a second amino acid ester (e.g. Gly-0C6H4N02), 

the resulting diimide stage reacting to give the peptide ester (e.g. 

Cbz2-L-Lys-Gly-0C6H4N02) in 90-99% yield251. 2-Phenylhydra- 

zides can also be converted in this manner. Thus 190 is oxidized 

by iV-bromosuccinimide to 191, bringing about terminal iV-acylation 

of a second peptide hydrazide (192) 254,255 to yield 193. The 

hydrazide group in 193 can be easily removed by oxidation to the 

diimide 194. This reacts with water to yield the acid, or with alcohol 

to yield the corresponding ester246,254,255 (reaction 94). 

Cbz—Gly—L-Phe—NH—NH—C6H5 -> Cbz—Gly—L-Phe—-N=N—C6H5 

(190) (191) 

191 + Gly— L-Phe— NH—NH—C6H5 -> 

(192) 

Cbz—Gly—L-Phe—Gly—L-Phe—NH—NH—C6H5 

(193) 

193 —Cbz—Gly—L-Phe—Gly—L-Phe—N=N—C6H5 

(194) 

H2O /\ ROH 

/ \ 
Cbz—Gly—L-Phe—Gly—L-Phe—OH Cbz—Gly—L-Phe—Gly—L-Phe—OR 

(94) 

b. Kalb-Gross oxidation. In the oxidation of monoacylhydrazines 

with potassium ferricyanide in ammoniacal solution, the acyldiimide 

formed as an intermediate decomposes with the evolution of nitrogen 

to give aldehydes248,256 (reaction 95) (see also section VI.B.10 for 

another reaction leading to aldehydes). 

RCONHNH* K3[^(hC_N)6]> RCON^NH ~Nz > RCHO (95) 

C. Carpino reaction. The oxidation of hydrazides with gaseous 

chlorine in organic solvents in the presence of excess hydrogen chloride 

does not lead to 1,2-diacylhydrazines, but to the formation of the cor¬ 

responding carboxylic acid chlorides accompanied by liberation of 

nitrogen257,258. When the reaction is carried out with benzhydrazide 

and hydrogen bromide and bromine, one can isolate an intermediate 

hydrazide hydrobromide perbromide (195), which forms benzoyl 



568 Hans Paulsen and Dieter Stoye 

bromide on treatment with cold water (reaction 96). The formation 

of acyl chlorides from hydrazides probably takes place through an 
analogous intermediate. 

C6H5CONHNH3Br - Brz > C6H5CONHNH3Br3 -> CeH5COBr + N2 (96) 

(195) 

d. Related reactions. Various reactions can be considered as variants 

of the Carpino reaction. The sulphinylhydrazides formed in the 

interaction of hydrazides with thionyl chloride (cf. section VI.B.2) 

give carboxylic acids spontaneously, or on warming, and the acids 

thus formed are chlorinated into acyl chlorides by the excess of thionyl 

chloride (reaction 97). The acyl chloride can react further with the 

unchanged hydrazide to give a 1,2-diacylhydrazine. The final 

product is the carboxylic acid, acyl chloride, diacylhydrazine, or a 

mixture of all three, according to the conditions of the reaction and the 
nature of the hydrazide189. 

RCNHNSO RC=NNSO RCOH + N2 + S 522!^ RCOC, (97) 

O OH o 

With two equivalents of sulphur monochloride, hydrazides form 

carboxylic acid chlorides. According to the proposed mechanism, 

the electrophilic chlorodithio cation first attacks the amino group of 

the hydrazide to yield the A'-chlorodithio compound 196, which then 

forms the intermediate 197 on combining with a second chlorodithio 

cation. 197 decomposes into the azo compound 198 and finally into 

the acyl chloride on elimination of nitrogen and sulphur259 (reaction 

98). The formation of tetrazane from S2C12 and 2,2-dialkyl-substi¬ 

tuted hydrazides in which the terminal nitrogen cannot be attacked 
was discussed in section VI.B.5. 

RCONHNH2 

s2ci2 

[RCONHNHS2CI] 

(196) 

+ HCI 

R—C— 
r ci 

H 
N—N 

\ 
S2CI 

— HCI 

(197) 

O Cl 

-cl A 
N=N 

(198) 

* RCOCI + N2 + 2S (98) 
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On being heated in chlorobenzene in the presence of PC15, N-(tri- 

chlorophosphaza)arylamides (e.g. C6H5CONHN=PCl3, prepared 

from benzoic acid hydrazide and PC15) decompose into the corres¬ 

ponding benzylidene chlorides (e.g. C6H5CHC12)192. However, 

nothing is known about the mechanism of this reaction. 

10. McFadyen-Stevens reaction 

This is a base-induced elimination of sulphonic acid from carboxylic 

acid A'-sulphonylhydrazides (199) to give an aldehyde via the acyldi- 

imide 200. The transformation occurs in alkaline medium analo¬ 

gously to the Kalb-Gross reaction (cf. section VI.B.9.b) with liberation 

of nitrogen185-187,260. By a bimolecular mechanism the reaction 

(99a) may lead directly to the diimide 200. Alternatively deprotona¬ 

tion into the anion 201 (reaction 99b) has also been considered as the 

first step261. The anion 201 then eliminates a sulphonic acid anion 

and gives the fragment 202, which might rearrange into 200. 

Ar^CON —NH-^?02Ar2 

bHh 
(199) 

Ar^CONH—N—SOoAr2 

H B1 
(199) 

Ar1CON=NH + (Ar2S02 + BH)-> Ar^CHO + N2 

AdCONH—NS02Ar2 -* AdCONH— N (99b) 

(201) 

+ HB (202) 

In homogeneous solution, aldehydes are formed with great difficulty 

or not at all. By contrast, in a heterogeneous medium involving 

sodium carbonate or glass powder, the reaction is generally very fast. 

Evidently, it is catalysed by the solid surface185. While the reaction 

proceeds very well in the case of aromatic hydrazides, aliphatic 

hydrazides with hydrogen atoms on the a-carbon of the acyl group 

present some difficulties, due to secondary reactions of the derived 

aldehydes in alkaline solution. Aliphatic hydrazides in which these 

hydrogens were replaced by alkyl groups undergo the McFadyen- 

Stevens reaction to give aldehydes in the same way as aromatic 

hydrazides187. 
A variant of the McFadyen-Stevens reaction is represented by the 

reductive cleavage of 2-acyl- 1-sulphonylhydrazines262. The reduc¬ 

tion of sulphonylhydrazides with LiAlH4 leads to intermediate sul- 

phonyl-alkylhydrazino compounds, which form a hydrocarbon on 

elimination of nitrogen and sulphinic acid (reaction 100). Good 

19* 
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results are obtained with aliphatic sulphonylhydrazides, while the 

yields with aromatic hydrazides are very low. Alcohols and alde¬ 

hydes have been detected as by-products. 

RCONHNHS02R —-4> [RCH2NHNHS02R] -> RCH3 + N2 + RS02H (100) 

II. Kametani reaction 

Hydrazides react with chloral to give chloral hydrazones263 (203) 

which are good starting materials for the preparation of various 

carboxylic acid derivatives. Amines add on to the carbonyl group of 

203 to form the amide 204. Treatment of203 with ethanol leads to the 
ester 20 5 264. 

R1CNHN=CHCCI3 

o 
(203) 

R2NH2 

R2OH 

O 
II 

RXCNHR2 

(204) 

+ nh2n=chcci3 

OH 
I 

ricnhn=chcci3 

OR2 

+ nh2n=chcci3 

o 
II 

R1COR2 

(205) 

O-t-H 
l-*w 

FPC-^-NH—N=CHCCIg 

NHR2 

12. Fragmentation 

Hydrazides which carry on the ce-carbon of the acyl residue a nucleo- 

fugic group that readily cleaves off as an anion undergo base-induced 

cleavage of the type of Grob’s fragmentation41’95-265*1. Thus, 

chloroacetic acid hydrazide is fragmented on treatment with alkali; 

the chlorine anion splits off as a nucleofugic fragment, ketene as an 

olefinic fragment, and diimine as an electrofugic fragment (reaction 

101) 95. The diimine disproportionates into nitrogen and hydrazine, 
while the ketene gives acetic acid with water95. 

OH — 
Cl—CH2CO—NHNHa ->■ Cl" + CH2=CO + NH=NH(->^N2 + ^-NH2NH2) 

(101) 

When heated with hydrazine, derivatives of 5-O-methylsulphonyl- 

a-D-glucuronic acid hydrazide (206) exhibit a similar fragmentation: 

diimine splits off and the sugar ketene 207 is formed. The latter 

forms either the lactone 208 (by intramolecular reaction with an OH 

group of the acid residue) or, with excess hydrazine, the 5-deoxyglu- 
curonic acid hydrazide41 (209). 
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(209) 

Investigations on the influence of Ar'-substituents have shown that if 

both the hydrogens on this atom are replaced by alkyl groups the 

fragmentation does not take place. An JV'-methyl group retards the 

reaction, while a phenyl group causes it to proceed very quickly. 

On the basis of these results, it is assumed that the first step is abstrac¬ 

tion of a proton from the A'-position. This is slowed down by the 

inductive effect of a methyl group, and is accelerated by the meso- 

meric effect of the phenyl group. The resulting hydrazide anion 

210 splits out of a preferred conformation that satisfies the stereo- 

electronic conditions of the antiparallel orientation of the electron 

pairs participating in the reaction, these being the conditions for a 

synchronous process41 (reaction 102). 

IT 

R1 

R2 R2 
(210) 

R2CH=CO (102) 

+. NH=NR1 
+ OMs- 

The cleavage of aziridine-2-carboxylic acid hydrazide (212) bears 

a certain resemblance to the fragmentation reactions above. When 

212 is heated in water the three-membered ring opens and ketene 

(213) and diimine are formed. The ketene reacts further to give a 
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carboxylic acid. Heating the ester 211 with an excess of hydrazine 

gives immediately the ketene 213 and then the hydrazide 214 (reaction 
103)265b. 

R 

(211) 

(R = t-Bu, 

ch2c6h5) 

13. Amine imide* rearrangements 

Zwitterion-type 2,2,2-trialkylamine 1-acylimides, obtained by ex¬ 
haustive alkylation of hydrazides8i266~267a or from carboxylic acid 

esters24 or chlorides268’269 with 1,1,1-trialkylhydrazinium salts in the 

presence of alkalis, can undergo various rearrangements. Thus, 215 
rearranges into 216 by migration of the benzyl residue, in a thermolytic 

reaction of the type of a Stevens rearrangement268 (reaction 104). 

(CH3)2NNCOCH3 . (CH3)2NNCOCH3 (104) 
I —> I 

CH2C6H4N02-p CH2C6H4N02-p 

(215) (216) 

In the amine imide-hydrazide rearrangement only benzyl groups 

migrate, other groups being incapable of rearranging163. Thus, 1- 

methyl-2-phenylpyrrolidine-1 -acetimide (218) gives only a small 

amount of the rearrangement product 217 under pyrolytic conditions, 

the main products being l-methyl-2-phenylpyrrolidine (219) and 
methyl isocyanate163 (reaction 105). The cyclic amine imide 220 
with a benzyl group on the quaternary nitrogen rearranges into 221 
with benzyl group migration (reaction 106). However, the quater¬ 

nary dimethyl compound 222 cannot undergo rearrangement; under 

the same conditions, the ring opens and 1-methacryloy 1-2,2-dimethyl- 
hydrazine (223) is formed270 (reaction 107). 

In acyclic amine imides in which the quaternary nitrogen does not 

* The nomenclature of these compounds can be derived by analogy to 

(CH3)3NNH, trimethylamine imine, or (CH3)3NNCOCH3, trimethylamine 
acetimide. 

O 
conhnh2 

I 
-CH, 

NH 
I 
R 

(103) 

(214) 
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CH3N^n CeH5 

COCH3 

C crh5 

(217) 

^ NCOCH3 

(218) 

CH3 

'N 

I 
CH3 

(219) 

-crh. 
+ ch3n=c=o 

H3C\r _ 
/ N 

C6H5CH2 

(220) 

CH,N. 

CHa 

O 

HaC 

HaC 

\ i + 

ch3 

D=o 

N 
I 
ch2c6h5 

(221) 

CH2=CCONHN(CH3)2 

(222) 

ch3 

(223) 

(105) 

(106) 

(107) 

carry a benzyl group, (224), pyrolytic conditions produce cleavage of the 
N_N bond, as in the Curtius-Hofmann degradation. The products 

are trimethylamine and an isocyanate (reaction 108), which undergoes 

the usual further reactions 271~273. In the thermolysis of 2,2,2-tnmethyl- 

- 0 FX A N T-l\l(CH3)3 

Y7' 

0=C=NR + (CH3)3N (108) 

O 
(224) 

amine benzimide (225), the formation of the main products—trimethyl¬ 

amine and phenyl isocyanate—is accompanied by a number of by-pro¬ 

ducts, whose formation is explained by the reaction of225 with phenyl 

isocyanate to give the intermediate 227 via 22 6 274. Thermolysis of 

227 leads to elimination of trimethylamine and ring closure, forming 

2-phenylbenzimidazole (228), or-after migration of the phenyl 

group from the carbon to the nitrogen—the N,N -diphenylcarbodi- 

imide, which can be isolated as iV, iV'-diphenylurea after reaction with 

water274. Benzanilide is formed in a small amount as a hydrolysis 

product of 227 (reaction 109). 
Trimethylamine imides of acyclic, alicychc, and aromatic dica - 

boxylic acids pyrolyse to diisocyanates, which can either be isolate 
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(225) 

+ CeHsNCO 

O (109) 

H 

(228) 

or reacted in situ to yield elastomeric polyurethanes with polyesters 
having terminal OH groups77’275. 

14. Thermal reactions 

As can be seen from the formation of hydrazides on heating of 

hydrazinium salts of carboxylic acids (section IV.C.l), monoacyl- 

hydrazines have a high thermal stability. On strong heating, how¬ 

ever, hydrazine is eliminated and 1,2-diacylhydrazines are formed150, 

which have the highest thermal stability among hydrazides. Triacyl- 

and tetraacylhydrazines readily cleave in aqueous or acidic solutions 

to eliminate respectively one and two acyl residues and to give 1 2- 

diacylhydrazines2. Above 200°c, diacylhydrazines are unstable and 
dehydrate to 1,3,4-oxadiazoles (cf. section VI.C.2). 

C. Formation of Heterocyclic Compounds 

I. General aspects of the cyclization of hydrazides 

The cyclization of hydrazides to yield heterocyclic compounds, 

is particularly important for the synthesis of five-membered hetero¬ 

cyclic rings. 1,3,4-Oxadiazoles, 1,3,4-thiadiazoles, sym-triazoles, pyra- 
zoles, and their substituted, hydrogenated, and oxidized derivatives 
can be readily obtained from hydrazides. 

Five-membered heterocyclic rings can generally be prepared from 

compounds of type I as shown in reaction (110), when an activated 

nucleophilic group X attacks the electrophilic carbon of the carbonyl 

group (route 1). Nucleophilic ring closure of the carbonyl oxygen to 

form oxadiazoles (route 2) is expected as a competing reaction. The 
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actual route taken depends on the substituents and on the reaction 

conditions. Structures of type II contain on the /3-carbon atom of 

N—N 

R-4 }c 
X 

-O 
(0 

N-N 

r-c7^ (3^c 

\X/ 
O X 

-X 
N—N 
/ \ 

(2) R C\0/C 

Type 

(110) 

N—N 
/ \ 

O—C. .C—X 
c 

Type II 

N—N 

o=4c> 

RCO 

\l-N 

Type III 

RCO 

Vn 
cvc 

(111) 

(112) 

the acyl residue a reaction centre susceptible to nucleophilic attack 

by the N' atom of the hydrazide, leading to the formation of a pyrazole 

system (reaction 111). The most important syntheses of heterocyclic 

compounds with a five-membered ring start from these two types. 

Less frequently, the reaction involves compounds of type III, m which 

a heterocyclic compound is formed by interaction of N(1) with a side- 

chain attached to N(a) (reaction 112). . 
The four systems 229-232 can be used for the preparation ol six- 

membered heterocyclic rings in corresponding ways (section VI.G.6). 

To the authors’ knowledge no piperidazine synthesis has been accom¬ 

plished by cyclization of hydrazides, in a manner similar to type III. 

c-/ 

< > 
C^-N 

X 

(229) 

C—C 

C7 Vj—N 

w 
X 

(230) 

R 

/°_C\ 
X—C N 

C—N 

(231) 

C. 
\ / 
C—N 

N 

(232) 

2. 1,3,4-Oxadiazole and 1,3,4-thiadiazole 

2 5-Disubstituted 1,3,4-oxadiazoles (234) are formed by the dry 

heating of 1,2-diacylhydrazines (233), accompanied by the elimination 
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of water >150>276> The reaction is facilitated by the addition of water¬ 

absorbing materials such as phosphorus pentoxide170, phosphorus 

pentachloride120’277, phosphorus oxychloride7’278, thionyl chloride279, 

sulphur trioxide in dimethylformamide28°, or polyphosphoric acid281! 

Polyhydrazides react on heating to yield polyoxadiazoles282’283, which 

have a high thermal stability. Heating of 1,2-diacylhydrazines (233) 

with phosphorus pentasulphide results in 2,5-disubstituted 1,3,4- 
thiadiazoles (236)235’284. It may be assumed that the intermediate 

is a monothiodiacylhydrazine (235), which then undergoes ring 
closure to give 236. 

Monothiodiacylhydrazines (235) in acid medium lead exclusively 
to thiadiazoles (236), with the elimination of water, while in the case of 

base catalysis, the preferred course is elimination of hydrogen sulphide 

and the formation of oxadiazoles (234) 238. The dependence of the 

°f tlie nn§ c*osure on medium has been examined in 

°^. 236 from Jym-benzoylthiobenzhydrazide 
^ 5 — ^ ~ ^6^5) is 71—91% in acetic acid, JV-methylpyrroli- 
done, butyl glycol’, and a mixture of ‘butyl glycol’ and dimethyl- 

aniline In a mixture of ‘butyl glycol’ and tripropylamine, on the 
other hand, compound 234 is obtained in a yield of 87% 

N-N 

■LJ-: 

(236) 

be isolated from the reaction mixture of the cc 

(237, R1 = CH3) and acetic acid hydrazide 

1 iV = w = v.n3, zdo can 

corresponding imidic ester 

le 288. The action of the 
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hydrochlorides of bifunctional imidic esters on dicarboxylic acid 

hydrazides leads to polyoxadiazoles288. 

FOC 

NHiCI' 

xoc2h5 

(237) 

NHo—NH 

+ 
c/\° 

-NH*CI 
N-NH 

II I -C2H5OH 

C\ CO - 
h1 OC2H5> 

(238) 

N-N 

(234) 

Hydrazides react with phenyl isocyanide dichloride (239, R2 = 
C6H5) to form 2-phenylamino-l,3,4-oxadiazoles (240) with the elimi¬ 

nation of hydrogen chloride291. The reaction of hydrazides with 

iV-sulphonylisocyanide dichlorides (239, R2 = S02C6H5) giving 2-N- 

sulphonylamino-l,3,4-oxadiazoles, is entirely analogous (reaction 
113N 292.293> 

RxCONHNH2 

+ CI2C = NR2 

(239) 

HN 

R'C. 

-NH 
Cl 

NR2 
R1 

N-N 

^j-NHR2 (U3) 
O 

(240) 

The type of reaction (113) comprises also the oxadiazole formation 

from jfr-nitrobenzoic acid hydrazides with methylmercaptochloro- 
methylene-N,JV-pentamethyleneimmonium chloride (241)294. The 

reaction conditions determine whether the product is a2-(iV-piperidyl)- 
1,3,4-oxadiazole (243) or a 2-methylmercapto-l,3,4-oxadiazole (244), 
resulting from the competing elimination of methyl mercaptan or 

piperidine. The analogous reaction of benzoic acid hydrazide with 
methylmercaptochloromethylene-iV, Ar-diphenylimmonium chloride 

can be stopped at the corresponding intermediate analogous to 242 by 

carrying it out at a relatively low temperature294. 

£>-N02CeH4CONHNH2 

Ok 
.Cl 

Cl 
+ 

Cl" SCHg 

(241) 

p-NOzC6H4 

p-N02C6H4C0NHNHC=N 

SCH3 
(242) 

p-N02C6H4 

N-N 

AJL SCHg 
O 

(244) 
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The carboxylic acid N'-cyanohydrazide (245), formed by re¬ 

action of hydrazides with cyanogen bromide, immediately rearranges 

by nucleophilic attack of the hydrazide carbonyl on the carbon of the 

CN group, the outcome being cyclization into a 2-aminooxadiazole 
(247) 222,224,295,296. The reaction can also be carried out in a single 

step with KCN, bromine, and the hydrazide in an aqueous297,298 or 

an alcoholic230 solution of an alkali. Alternatively, on treatment 

R1CONHNH2 

HN- -NH 

Rlcv-c%N 
(245) 

HN NH 2 
I I /OR2 

A, 
NH 

(246) 

N-N 

r1-^ J-NHa 

(247) 

with cyanates, hydrazides form 2-amino-1,3,4-oxadiazoles (247) by 

nucleophilic attack of the hydrazide carbonyl on the isourea residue 

of intermediate 2462". With dihydrazides and dicyanates the pro¬ 
ducts are bis (2-amino-1,3,4-oxadiazoles) (reaction 114) 299,299a. 

NH2NHCQ-^J^-C0NHNH2 + NCO-Ar—OCN ——> 

(114) 

? r\0/l ? + HO—Ar —OH 
H2NA.N - N^ ^-NH2 

N N 

The competition between the carbonyl and the amino group in 

intramolecular nucleophilic substitution is clearly manifested in the 

cyclization of 1-cyano-formamidinobenzhydrazide (248). With the 
elimination of ammonia, the reaction leads preferentially to 2-cyano- 

1,3,4-oxadiazole (249), which hydrolyses under the reaction conditions 

to give 2-carboxamido-l,3,4-oxadiazole, whereas the 2-cyanotriazole, 
250, is formed as the dehydration product only in a small amount300 
(reaction 115). 

Owing to the fact that sulphur is more nucleophilic than oxygen, 

2-amino-1,3,4-thiadiazole can be prepared by the acid-catalysed 

cyclization of acylthiosemicarbazides230, while triazolinethiones are 
formed in basic media229 (cf. section VI.C.3). 
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c6h5A 

N-N 

O 

(249) 

-CN 
‘ NH° - c6h5cnhn=cnh2 —^ 

O—CN 

(248) 

N-N 

C6H6JI Ji-CN (H5) 
N 
H 

(250) 

Phosgene or thiophosgene form with hydrazides the intermediates 

251 and 252, which cyclize into l,3,4-oxadiazolin-5-ones 

(253) 230’301-302 and l,3,4-oxadiazolin-5-thiones (254)230’303 on being 

heated in toluene, dioxan, chloroform, or acetic ester (reaction 

116) 80>230. These reactions also proceed when 2,2-dialkyl-substituted 

hydrazides are brought into contact with phosgene or thio¬ 

phosgene117,303. The intermediate is thought to be a quaternary 

ammonium salt (255, 256) which then loses alkyl chloride and forms 

257 or 258 (reaction 117). 

rconhnh2 

Cl\ 
+ c=x 

CIX 

HN-NH 
I I 

RC%s. X=X 
w \ u Cl 

N-NH 

R-l. J=X (H6) 
O 

(251) X = 0 (253) X = 0 

(252) . X = S (254) X=S 

RiCONHNRl 

Ck + c=x 
Cl7 

R1 

N-NR! Cl- 

A Ax 
o 

- R2CI 
N- -NR2 

R1—/^X 
O 

(255) X = 0 (257) X = 0 

(256) X = S (258) X = S 

(117) 

Hydrazides having a substituent on the a-nitrogen cannot form 

1,3,4-oxadiazolin-5-one with phosgene, thus, when 1-benzoyl-1- 

methylhydrazine is reacted with phosgene, one obtains 4-methyl-5- 

phenylisosydnone (260) by cyclization via the intermediate 259 

C6H5CONCH3NH2 

Cl\ 
+ X=o 

cr 

ch3n- -NH 

C6H5C^ c=o 
Cr* 

(259) 

ch3n 

c6h5 

Cl 

N 
+ ) 1 Q_ 

o' 
(260) 

+ COCI2 N-N 

CrH; -Cl 
O 

(261) 

(118) 
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The chlorination of 260 with phosgene gives 2-chloro-5-phenyl-l,3,4- 
oxadiazole (261), which is presumably formed by the elimination of 
methyl chloride from an intermediate quaternary salt83 (reaction 118). 

This course corresponds to the synthesis of a meso-ionic 1,3,4- 
oxadiazole-2-thione (264) by the treatment of ammonium dithio- 
carbazinate (262) with phosphorus oxychloride and triethylamine in 

c6H5 c6h5 
I POCI l H5C6N-y=^-N 

C6H5CNNHC=S [C6H5CNN=C=S] -> (119) 

6 S- NH+ O 
(262) (263) (264) 

ether, in which the isothiocyanate 263 has been postulated as an 
intermediate304 (reaction 119). 

3. 4H-1,2,4-Triazole 

Symmetric triazoles can be prepared from hydrazides having an 
N(2)—C—N partial structure. The latter has to be sufficiently 
nucleophilic, so that the ring can be closed by attack on the hydrazide 
carbonyl carbon. Oxadiazole formation may proceed as a competing 
reaction. Acylamidrazones (265) thus give AH-1,2,4-triazoles (266) 
in a good yield when they are heated in an alkaline or a neutral 
medium, the ring closure being accompanied by loss of 
water51’234-236-289-290-305. In a strongly acidic medium, on the other 
hand, the preferred reaction is elimination of ammonia, leading to 
1,3,4-oxadiazoles (234) (reaction 120)235. In the latter case the 
strongly basic nitrogen is protonated, giving an ammonium ion, which 

N-N 

R1-^ J-R2 
O 

(234) 

-NH3 
RJC 

N-NH 
'/ \ 

\ /Ra 
H2N O 

OH- 

-h2o 

(265) 

N-N 

R1-! J—R2 
N 
H 

(266) 

(120) 

is cleaved off by the nucleophilic carbonyl oxygen on account of its 
good nucleofugic character. 

Hydrazides of the structure 267, in which the C—N attached to 

NT "NH 

RCO-NH 

(267) 

\ 

(121) 
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N(2) forms part of a heterocyclic system, form bicyclic triazole systems 

(268) in weakly acidic solutions (reaction 121) 96’97>306. 

Aromatic 1,2-diacylhydrazines are converted with phosphaza 

derivatives (269) of various aromatic amines into 3,4,5-triaryl-l,2,4- 

triazoles (270)307 (reaction 122). This reaction does not take place 

with aliphatic compounds. 

N-N 
AHCONHNHCOAr1 -> i J1 |j_ + HP°2 (122) 
+ ArzN = PNHAr2 Ar1—+ Ar2NH2 

(269) ^2 

(270) 

The condensation of two hydrazide molecules gives JV-aminotriazoles 

(271) (reaction 123)30S- C-Aminotriazoles (273) are formed in the 

cyclization of acylaminoguanidines (272) (reaction 124)309. 

HN — -nh2 | 

Rlc^o nh-cor2 
1 

nh2 

HN— -NH 

R'C 
II 
O 

CNHR2 
// 

NH 

N-N 
+ 2H,0 (123) 

(272) 

NH2 

(271) 

N-N 

Ri-il J—NHR2 

I 
H 

(273) 

(124) 

Triazolin-5-ones (276) and triazolin-5-thiones (277) can be prepared 

by alkaline internal condensation of acylsemicarbazides (274) and 

acylthiosemicarbazides (275) (reaction 125), since in alkaline media 

HN-NH 

R-k- J=X 
N 

RCNHNHCNH2 
II II 
O X 

(274) X = 0 
(275) X = S 

- H,0 125) 

(276) X = 0 
(277) X = S 

R2NI-|\| 

R1CNR2NHCNHR3 riA0J-X~ ^ 

OX- 

(278) X = 0 R3 
(279) X = S (280) X = 0; R1 = Me; R2=Me; R3=Ph 

(281) X = S; R1 = Me, Ar; 
R.2= Me, Ar; R3 = Ar, Me 
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the amino group is more nucleophilic than either the oxygen of the 

carbonyl group or the sulphur of the thiocarbonyl group228,229,295. 

Acylsemicarbazides (278) and acylthiosemicarbazides (279) the a- 
nitrogen of which carries an alkyl or an aryl substituent (R2) often 

cyclize rapidly to a meso-ionic triaza system (280, 281) (reaction 126), 

analogously to the isosydnone formation from a-substituted hydrazides 
and phosgene shown in reaction (118) 31°. 

4. Pyrazole 

1,3-Dicarbonyl compounds react with hydrazides in acid media 
to give 1-acylated pyrazoles (282) 311-314. The reaction proceeds via 

the monohydrazone, which is then cyclized with loss of water (reaction 

127). It has been found with a steroid (283) that under certain 

R1C=0 
/ 

H2Cv nh2nhcor3 
R2C—O 

conditions acylhydrazones with an epoxide ring in the a,^-position 

with respect to the hydrazone also react to give a pyrazole (284) 
(reaction 128)315. 

R1C=N ri_ 
/ \ ^ 

H2C^ NHCOR3 -> Hc( 

R2C=Q R2- 

=N 

(127) 

-NCOR3 

(282) 

(128) 

/3-Ketocarboxylic acid esters can be cyclized with 1-acetyl-1- 

phenylhydrazines in the presence of phosphorus trichloride. The 

reaction is accompanied by the loss of acetic acid, and leads to pyra- 

zolinones (285) (reaction 129)316>317. Similarly, ethoxycarbonyl- 

thioacetanilide (286) can be converted into 3-anilinopyrazoline-5-one 
(287) with the aid of hydrazine318 (reaction 130). 

a,/3-Unsaturated carboxylic acid hydrazides give pyrazolidinones 
on heating72’73’219. Thus, the thermal treatment of methacrylic acid 

2-methylhydrazide leads to l,4-dimethyl-3-pyrazolidinone (288)270 
(reaction 131). The acylation of tf^/m-dimethylhydrazine with 
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methacrylic acid chloride gives the cyclic ammonium salt 289, which 

can be converted into the cyclic amine imide 290 in the presence of 

bases270 (reaction 132). When 290 is heated to 220°c under vacuum, 

V 
CO NC„HS 

h,c; 
/ 

+ NH2NC6H5 

COC2H5 coch3 

o 
(R = CH3iC6H5) (285) 

c6h5nh 

cs 
h2c( + NH2NH2 

coc,h5 
II 
o 

(286) 

O 

(287) 

(129) 

(130) 

the ring opens and acrylic acid 2,2-dimethylhydrazide is formed 

(reaction 132). This compound can be reconverted into 290 by 

heating to 120°c in a sealed tube267,320. 

CH2=C(CH3)CONHNHCH3 

CH2=CRCOCI + NH2N(CH3)2 

ch3hc 

h2/c-nch3 

'\ 
C-NH 

// 

° (288) 

CH2 = CRCONHN(CH3)2 

A 

H2C—N(CH3)2 

RHcf I Cl--^ \ 

o / 
,C-NH 

H2C-N(CH3)2 

RHC 

,C-N- 

(289) (290) 

H2C-N(CH3)2 

RH<OI 
/ 

o- 
C-N 

(131) 

(132) 

Thermolysis of Wacrylyl derivatives of cyclic hydrazides (291) 
leads to condensed pyrazolidinones (292) (reaction 133) 321. With 

alkylated hydrazines and unsubstituted hydrazine, propargylates 

form pyrazolinones (293a,b) 322. In the case of phenylpropargylic 

acid the pyrazolinone (293c) can also be obtained in a good yield from 

the corresponding amine imide323 (reaction 134). 
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O 

NCOCR1=CHR2 

NH 

(291) (292) 

(X = (C2H5)2C 

RJ = H or CH3; 
R2= H, CH3 or C6Hs) 

033) 

fVCssCCOaCaHs + NH2NHR2 

(R1 ~~CH3; R2 = H, CH3) 

C6H5C^CCONN(CH3)2C6H5 

(134) 

(293a) R^CHg; R2=H 

(293b) R^CHg; R2=ChU 
(293c) R1 = CeHs; R2 = CH3 

5. Other five-membered heterocyclic compounds 

Analogously to Fischer’s indole synthesis, phenylhydrazides can 

be cyclized with sodamide or calcium oxide at elevated temperatures 

to give indolinones (294) 324>325. The course of the reaction is ex¬ 

plained by a mechanism similar to that assumed in the case of the 
indole synthesis (reaction 135). 

(135) 

(294) 

.The heating of o-aminothiophenol, o-aminophenol, or o-phenylene- 
diamine with benzoic acid hydrazide leads to loss of water and hydra¬ 

zine, and to the formation of the corresponding benzazole derivatives 
(295)326 (reaction 136). 
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(X=0, S, NH) 

Tetrazoles (296) can be obtained from tetrazenes (cf. section VI.B.5) 

by treatment with alkalis233 (reaction 137). 

H 
RCON—N—COR 

N—N 

-RCOOH 

N=NC6H5 

% 
CR (137) 

N—N 
I 
c6h5 

(296) 

Vicinal bis(benzoylhydrazones) (297) rearrange into l-(benzoyl- 

oxybenzylideneamino)-1,2,3-triazoles (299) on oxidation with 

mercuric oxide or iodine128 (reaction 138). It is possible that the 

bis(acyldiazo) compound 298 which is formed in the oxidation and 

which behaves as a strong acylating agent similar to acyldiimides, 

acylates the carbonyl group of an acyl residue intramolecularly into a 

benzoyloxy group. A diimine residue with a partial negative charge 

attacks the partially positive nitrogen of the other azo group, and the 

ring closes to form a 1,2,3-triazole (299)128. 
R2 

/N=C/ 

-N XOCOR2 

N 

-n7/ 

C=N—NHCOR2 HC n=4Qcor2 

A / 
C=N—NHCOR2 

1 
C N=NCOR2 

1 
R1 

1 
R1 R 

(297) 

AcOCH 

(298) (299) 

e.g. Ri= hCOAc. R2 = c6h5 

HCOAc 
I 

H2COAc 

(138) 

6. Six-membered heterocyclic compounds 

All four reaction types (229-232) can be used to prepare six- 

membered heterocyclic compounds from hydrazides. 
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Thus, type 231 occurs on warming chlorodiphenylacetyl chloride 

with l-acetyl-2-/>-chlorophenylhydrazine in toluene, whence the 

oxadiazinone 301 is produced, presumably via the acyclic diacyl- 

hydrazine 300 (reaction 139) 327,328. The attack of the OH group 

(QH 

+ HN 
I 

COCH3 C6H4CI-p C6H4CI-p 

(300) (301) 

5)2CCICOCI 

NHC6H5CI-p 

(c6h5): 
/C,A 

CCH, 
H,Cfi 

O. 

O 
NH 

H5C6 
CHa 

N' 
,N 

(139) 

in the hydrazide 302 on the carbonyl carbon is an example of type 232 
where an oxadiazine system (303) is formed (reaction 140)121. 

Following a reaction of type 229, y-ketocarboxylic acid hydrazides 

form pyridazinones (304) with the elimination of water329-330 (reaction 

141).. a-Acetylaminocarboxylic acid hydrazides cyclize in the same 

way in alkaline solutions, by an attack of the hydrazide group on the 

acetyl carbonyl group, the product being a 6-hydroxy-1,2,4-tria- 

zine (reaction 142), whereas in acidic solution an unsaturated 

R1 

HN 

RaC‘ 

C 

R1 
c=o 1 

nh2 
1 1 
X /NH 

C 
tnh II 

o o 

(304) 

CH3 
1 

/c=° 
1 nh2 

ch3 
1 

HN'^^N 

VNH 
II 

R2C^r^N 
o OH 

(141) 

(142) 
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azlactone like 45 is formed330a. The preparation of a pyridazine (306) 
by the action of 10% HC1 on a dicarboxylic acid dihydrazide (305) also 

belongs to reactions of this type331 (reaction 143). However, it is not 

yet certain whether 306 exists in a semi-enolic form (like 119). 

o 

(305) 

(143) 

(306) 

Cyanoacetic acid hydrazide, in which the methylene group is ren¬ 

dered acidic by the neighbouring cyano group, condenses with 1,3- 

diketones to form 2,4-dialkyl-l-amino-5-cyanopyrid-6-one (307)332. 
This is an example of the less frequent cyclizations of type 230 (reaction 

144). 

(307) 

(R^CHa, C6H5; R2=CH3i C6H5) 

VII. ANALYSIS OF HYDRAZIDES 

A. Qualitative Determination 

Hydrazides can be detected by an examination of i.r. spectra for 

characteristic bands (cf. section III.E), by carrying out the specific 

Biilow reaction72,333 (in which a characteristic colour is formed in the 

presence of ferric chloride and concentrated sulphuric acid), or by 

utilizing the less specific colour reaction involving picryl chloride and 

ammonia334. 
Easily hydrolysable hydrazides are detected on paper by spraying 

with an ethanolic solution of j^-dimethylaminobenzaldehyde hydro¬ 

chloride7,335, which gives an intense red colour owing to the formation 

of the azine from free hydrazine and ^-dimethylaminobenzaldehyde. 

Aqueous solutions of the salt of the azine are yellow. A stable colour 
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of maximum intensity which obeys Beer’s law is reached in 15 min 

which can be used for quantitative determinations. Stable hydrazides 

must first be hydrolysed into the acid and hydrazine before the colour 
reaction is carried out336. 

2- (Diphenylacetyl)indane-1,3-dione (308) reacts with carboxylic 
acid hydrazides to form the hydrazone 309 (reaction 145), which is 

generally crystalline and is readily detected by thin-layer chromato¬ 

graphy or fluorimetrically on account of its brilliant fluorescence337. 

or 
o 

o 

COCH(C6Hs)2 + rconhnh2 

(308) 

(309) 

B. Separation of Hydrazides 

Different alkyl-substituted hydrazides can be separated from one 

another by paper chromatographic elution with organic solvents 

containing acetic acid7. 1,2-Substituted hydrazides have higher 

Rf values .than asymmetric ones which contain a free amino group. 

2,4-Dinitrophenylhydrazides of organic acids can be resolved by 
thin-layer chromatography on silica gel, alumina, and polyamide 

plates. The best results are obtained on polyamide layers, particularly 

in the case of carboxylic acid hydrazides with 6-18 carbon atoms338. 

Hydrazides have also been separated electrophoretically on paper after 

uttering the latter with an acid, so that the hydrazide cation could 

C. Quantitative Determination 

Hydrazides have been determined semi-quantitatively by measuring 
the size of the spots obtained after chromatography on thin layers7,340. 

On the basis of the colour reactions with heavy metal salts (complexing) 

or with ^-dimethylammobenzaldehyde, hydrazides can be easily 
determined colorimetrically and spectrophotometrically336,341-342. 

The polarographic determination of hydrazides has been employed 

111 • a1 j invfstigations 26’343. Adipic acid dihydrazide and oxalic 
acid dihydrazide have been titrated potentiometrically with sodium 
nitrite and with potassium iodate 345. 
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VIII. PHYSIOLOGICAL ACTIVITY 
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Since the discovery that isonicotinic acid hydrazide has a strong 

antituberculotic action206, many derivatives of this compound 

have been synthesized and tested for antibacterial proper¬ 

ties50,171,206,209,346-349. It is not yet known with certainty how 

isonicotinic acid hydrazide derivatives exert this effect. The par¬ 

ticularly high activity of certain derivatives is assumed to be due to the 

diacylhydrazine group as the biologically active centre350. 

Carboxylic acid 1,2-diarylhydrazides have been reported to possess 

anti-inflammatory properties351,352, and a diuretic action has been 

ascribed to benzoic acid hydrazide derivatives302. Isoxazolecarboxy- 

lic acid hydrazides301 are active against leprosy, and an anticonvulsive 

action has been reported for phenothiazinecarboxylic acid hydra¬ 

zides353. Hydrazones of hydrazides frequently act as monoamine 

oxidase inhibitors207,208,216, which find application as psychopharma- 

ceutical preparations. Dihydrazides have recently been introduced 

as anthelmintics354. A fungicidal action is ascribed to pentachloro- 

benzoic acid hydrazide355. Maleic acid hydrazide is used to regulate 

and inhibit the growth of plants336. 

IX. MISCELLANEOUS APPLICATIONS 

Hydrazides are used for the heat and corrosion stabilization of cellu¬ 

lose and cellulose derivatives356, and as antioxidants for polyolefins 

and polyurethanes, which are otherwise oxidized in the presence of 

copper. The incorporation of hydrazides has improved the applic¬ 

ability of these plastics as cable insulation357-359. Small amounts of 

hydrazides sensitize electrophotographic layers made of poly(vinyl- 

carbazole) 360. Dihydrazides can be used in cigarette filters for the 

selective removal of aldehydes from tobacco smoke361. Dihydrazides 

can be reacted with other bifunctional compounds to give polyhydra- 

zides, which can be spun from dimethyl sulphoxide solutions53,54,177. 

Ion-exchange resins for the separation of Cu, Ni, Co, Mg, and transi¬ 

tion metal ions have been prepared from copolymers of 2-methyl-5- 

vinylpyridine and hydrazides of 1,2-ethylenedicarboxylic acids362. 
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I. INTRODUCTION 

Ammonia is the common precursor for cellular nitrogen compounds 

and central to the utilization of nitrogen for the synthesis of proteins 

and nitrogen-containing biological compounds essential to the struc¬ 

tural and functional integrity of all organisms. Many microorganisms 

are able to derive all of their cellular nitrogen from ammonium salts 

of the culture medium. Inorganic nitrogen from atmospheric nitro¬ 

gen, nitrate and nitrite salts can serve as a source of ammonia for 

certain organisms. A number of bacteria which include Azotobacter, 

Clostridium, Rhodosphrillum and blue-green algae are able to meet their 

nitrogen requirements by the conversion of nitrogen gas to ammonia. 

Bacteria of the genus Rhizobium live in the root nodules of legumes in a 

symbiotic relationship with the plant. Neither the bacteria nor plant 

alone is capable of fixing nitrogen but combined they are responsible 

for the conversion of large quantities of atmospheric nitrogen to 

ammonia. Plants, fungi and some bacteria obtain ammonia for in¬ 

corporation into organic compounds through the reduction of nitrate 

or nitrite. Animals can derive a major portion of their cellular 

nitrogen through the assimilation of ammonia but some preformed 

amino acids must be supplied in the diet. The requirement for a 

dietary source of the essential amino acids arises from an inability to 

synthesize the appropriate carbon skeleton rather than an inability to 
utilize ammonia in amino acid synthesis. 

There are three quantitatively important pathways for the in¬ 

corporation of the inorganic nitrogen of ammonia into organic com- 
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pounds. Glutamic acid derives its a-amino nitrogen directly from 

ammonia and in subsequent transamination reactions with a-keto 

acids indirectly provides amino nitrogen for all other amino acids. 

The formation and transamination reactions of glutamic acid were 

considered in the volume of this series on the chemistry of the amino 

group. 
The incorporation of ammonia into the amide function of glut¬ 

amine, catalysed by the enzyme glutamine synthetase, is a second im¬ 

portant pathway. The third route for the incorporation of inorganic 

nitrogen into organic compounds results from the reaction of am¬ 

monia, carbon dioxide and adenosine triphosphate to form carbamoyl 

phosphate. Because of its participation in the assimilation of am¬ 

monia and its precursor role in the synthesis of the carbamic acid 

amide (urea) and amidine derivatives, the formation and reactions of 

carbamoyl phosphate will be considered in this chapter. 

Although the quantitative importance of glutamine and carbamoyl 

phosphate formation in ammonia utilization has not been investigated 

as thoroughly as the incorporation of ammonia into the a-amino 

nitrogen of amino acids, there is a good deal of evidence that a signifi¬ 

cant quantity of ammonia is assimilated through the formation of these 

compounds. Metabolic studies1 employing 15N-labelled inorganic 

compounds show that the a-amino nitrogen of glutamic acid and amide 

nitrogens are the first groups to be labelled. The percent of total 

15N incorporated into amide groups of the protein decreased with 

time as other nitrogen-containing compounds increased in relative 

15N content, indicating that ammonia is ‘fixed’ in an amide linkage 

then utilized in subsequent reactions for the synthesis of other nitrogen 

compounds. The rate of glutamine synthesis in exponentially growing 

yeast cells is far more than would be required for protein synthesis , 

suggesting an additional function in the assimilation of ammonia. 

The combined administration of glutamine and asparagine, and a 

carbohydrate, as a carbon source, adequately supports the growth of 

barley embryos'1. The amide and amino nitrogens of glutamine and 

asparagine apparently can supply all the nitrogen requirements for 

the growing embryo. The rapid incorporation of 15NH3 into the 

uracil of growing bacteria4 and the guanidine nitrogens of arginine in 

yeast cells2 indicates that the synthesis of carbamoyl phosphate, a pre¬ 

cursor to these compounds, accounts for a part of ammonia assimilation 

in these organisms. A quantitative analysis of ammonia assimila¬ 

tion shows that 61% of the total ammonia utilized in growing yeast 

cells is associated with the a-amino groups of free and protein amino 
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acids. Utilization of the remaining 39% probably can be accounted 

for in part by the synthesis of the amino acid amides, glutamine and 

asparagine, and carbamoyl phosphate. The rapid assimilation of 

ammonia into these compounds might be expected since they partici¬ 

pate in the biosynthesis of many compounds requisite for growth. 

These compounds play an equally important role in the transport 

and elimination of nitrogen compounds. Degradative metabolism 

of nitrogenous compounds in organisms leads to the formation of the 

major excretion products ammonia, uric acid and urea. Higher 

plants incorporate into and store ammonia in the amide groups of 

asparagine and glutamine. Uricotelic animals (birds, reptiles) 

eliminate nitrogen by the formation of uric acid. Two of the four 

nitrogen groups of uric acid are derived from the amide nitrogen of 

glutamine. Free ammonia in mammals is highly toxic and the very 

low concentration found in tissues and fluids testifies to an efficient 

mechanism for its removal. The formation of glutamine from gluta¬ 

mic acid and ammonia appears to serve an important function in the 

trapping and transport of free ammonia. Glutamine concentrations 

in the blood are relatively high compared to tissue levels and glutamine 

amide nitrogen accounts for most of the ammonia excreted by mam¬ 

mals. In man and other terrestrial vertebrates most of the ammonia 

is converted to and excreted as urea (ureotelism). The ammonia 

utilized for urea formation is released from the amides of glutamine 

and asparagine, and from amino acids by deamination reactions, to 

form carbamoyl phosphate. The carbamoyl phosphate enters into a 
cyclic reaction with ornithine to yield, ultimately, urea. 

The biochemical utilization of ammonia in the formation of amide 

groups and carbamoyl phosphate and the reactions of these compounds 

in the biosynthesis of amines, other amides, and amidine and guanidine 

derivatives will be considered in detail. Consideration has also been 

given to the mechanism of these reactions, albeit incompletely under¬ 

stood, in hopes of acquainting the organic chemist with a few of the 

current problems and complexities of enzyme-catalysed reactions. 

II. FORMATION OF AMIDES AND AMIDINE DERIVATIVES* 
ATP -> ADP + Pi REACTIONS 

In sections II and III the biosynthesis of biological acyl derivatives of 

ammonia, which require adenosine triphosphate (ATP), are con¬ 

sidered. Some attention has been devoted to the yet unresolved 

mechanisms of these reactions in the hope that common features 
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will permit a meaningful organization of the biosynthetic formation 
of these compounds. Grouping of the ATP-dependent synthesis of 
amide, amidine and guanidine groups is based on the product formed 
from the nucleotide on the assumption that its cleavage to ADP and 
Pi or to AMP and PPi may result from a common mechanism. 
Generally, cleavage of ATP to ADP-Pi is associated with the bio¬ 
synthesis of amide groups and amidine derivatives, whereas cleavage 
to AMP-PPi occurs in the biosynthesis of guanidine groups. The two 
known exceptions are the synthesis of the amide bonds catalysed by 
the bacterial asparagine synthetase and nicotinamide-adenine di¬ 
nucleotide (NAD) synthetase. The formation of AMP-PPi in 
asparagine biosynthesis, catalysed by the bacterial enzyme, indicates 
a mechanism of catalysis which differs from the synthesis of other 
biological amide compounds. The deviation of NAD synthetase from 
this organization is discussed in section III. 

The evidence from studies of the nucleoside triphosphate dependent 
synthesis of amides and amidine derivatives, which are accompanied 
by the formation of the corresponding nucleoside diphosphate and Pi, 
generally suggest a mechanism of carboxyl-group activation by the 
formation of an acyl phosphate intermediate or by electrophilic 
catalysis of a quaternary complex which results in the cleavage of the 
terminal phosphate of ATP. 

A. Glutamine Synthesis 

Glutamine synthetase in the presence of adenosine triphosphate 
(ATP) and metal ions (Mg2+ or Mn2 + ) catalyses the enzymatic 
synthesis of glutamine from glutamate and ammonia (equation 1). 

coo- 

:h2 

d:H2 + nh3 + ATP 

CHNHJ 

coo- 

Mg2 + 

conh2 

ch2 

CH2 + ADP + Pi 

CHNHJ 

coo- 

(1) 

L-glutamate L-glutamine 

The energy requirement for glutamine synthesis can be derived from 
the hydrolysis of ATP; that is, the free energy resulting from the ulti¬ 
mate hydrolysis of the pyrophosphate linkage can be utilized in a 
coupled reaction to shift the equilibrium of an otherwise unfavourable 
reaction more nearly to completion. Reaction (1) can be formulated 
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as the sum of two reactions: (a) the endergonic reaction 5 of glutamate 

and ammonia to form glutamine (equation 2a) and (b) the exergonic 

hydrolysis of ATP to adenosine diphosphate (ADP) and inorganic 

phosphate (Pi) (equation 2b). A standard free-energy change of 

Glutamate + NHS Glutamine + HsO AF+3400 cal (2a) 

ATP + HzO ADP + Pi AF -7770 cal (2b) 

— 4300 cal associated with the overall reaction has been calculated 

from the experimentally determined equilibrium constant6. The 

mechanism by which the energy is made available to couple these 

reactions is not completely understood. However, there is considerable 

information regarding glutamine synthetase and the enzyme has been 
the subject of several reviews7-9. 

I. Reaction mechanism 

Carboxylic acids at physiological pH values are primarily in the 

ionized form as carboxylate ions and are chemically unreactive to¬ 

ward nucleophilic substitution at the carboxylic site. Biochemical 

activation is accomplished by conversion of the carboxylate ion to an 
ester, a thioester or an anhydride. 

There are two general mechanisms responsible for carboxyl activa¬ 
tion utilizing the phosphate bond energy of ATP. Both mechanisms 

involve the formation of an intermediate by the transfer of some portion 

of the ATP molecule to the substrate. Direct carboxyl-group activa¬ 

tion is achieved by one group of activating enzymes by the transfer 

of a phosphate group from ATP to form an acyl phosphate inter¬ 

mediate in the biosynthetic pathway (equation 3). The free inter¬ 

mediate is catalysed by a second enzyme to liberate the inorganic 

phosphate and form the final product. /3-Aspartyl kinase, an enzyme 

of this type, catalyses the formation of /3-aspartyl phosphate an inter¬ 
mediate in the biosynthesis of threonine10. 

O 

OOC ^ CH2—COO- + ATP “OOC—CH—CH2—C—OP03H- + ADP 

NH3 NHJ (3) 

A second group of activating enzymes catalyse a two-step reaction 

sequence which includes the synthesis of an enzyme-bound acyl 

adenylate intermediate followed by acyl transfer from the ATP 

moiety to an acceptor molecule (equation 4). Enzymes that catalyse 
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the formation of acyl adenylates are associated with AMP-PPi 

cleavage of ATP and are responsible for the activation of amino acids 

in protein synthesis, acetate in acetyl coenzyme A formation and alkyl 

carboxylates in the synthesis of fatty acids. In most cases evidence 

O O 
Enzyme II II RlX 

RCOO- + ATP „_^ E .. .R—C—O—P—O—Ad + PPi -> 

R—C—X—R1 + AMP (4) 

for an acyl adenylate intermediate is indirect and consists of trapping 

the intermediate by formation of acid hydroxamates on treatment of 

enzyme—substrate reaction mixtures with hydroxylamine, and showing 

that the synthetic acyl adenylates participate in the forward and reverse 

enzymatic reaction. Other evidence includes observation of the 

reversible step of reaction (4) as evidenced by an ATP-PPi exchange. 

In a few cases, this intermediate has been demonstrated unequivocally 

by chemical isolation and identification11-14. 
The mechanism of activating enzymes associated with the cleavage 

of ATP to yield ADP and inorganic phosphate is less well understood 

but at least for some of the enzymes in this group, probably involves 

the formation of an enzyme-bound activated complex intermediate. 

A detailed consideration will be given to the activation of the carboxyl 

group by this mechanism since this is important in reactions in which an 

amide bond is formed. 
Glutamine synthetase is the most extensively studied enzyme of the 

group. Early studies established the general reaction catalysed by 

glutamine synthetase as shown in equation (1). Krebs15 investigated 

the synthetic activity in a number of tissues from mammals and birds 

and concluded that the formation of glutamine was dependent on 

energy-giving reactions, and the tissue slices must contain a factor 

concerned with this transmission of energy. Speck16 demonstrated 

that the reactions of glutamate and ammonia in pigeon liver extracts 

required ATP, and the disappearance of ammonia was stoicheiometric 

with the formation of ‘acid-labile ammonia’ and inorganic phos¬ 

phate. Similar findings were reported for preparations from Staph¬ 

ylococcus aureus17, sheep brain and lupine seedlings18. Participation o 

ATP in glutamine synthesis was further substantiated by the demon¬ 

stration that 32P-labelled phosphate was incorporated into ATP when 

the reaction was studied in the reverse direction . 



608 J. E. Reimann and R. U. Byerrum 

Radioactive tracer studies20’21 employing 180-labelled glutamate 

indicated that ATP coupled the reaction in some manner which 

resulted in the transfer of one oxygen atom from glutamate to in¬ 

organic phosphate. In the reverse reaction Varner and associates22, 

observed the incorporation of 180 from inorganic phosphate into 

glutamate. The transfer of oxygen from glutamate to inorganic 

phosphate suggested a direct reaction between ATP and the y- 

carboxyl group. These facts led to the hypothesis that ATP reacted 

with glutamate to yield a y-glutamyl phosphate intermediate. 

Although no evidence could be obtained for the formation of a free 

intermediate or for the utilization of added y-glutamyl phosphate23 

further investigation indicated an activated carboxyl was formed but 

remained bound to the enzyme. Glutamine synthetase also catalyses 
a transfer reaction first reported by Stumpf and Loomis24, where the 

y-glutamyl moiety is transferred from glutamine to hydroxylamine to 
form the hydroxamate according to equation (5). 

Glutamine + Hydroxylamine -> Glutamyl hydroxamate + Ammonia (5) 

When this reaction was carried out in the presence of 14C-labelled 

glutamate little isotope was incorporated into the synthesized y- 

glutamyl hydroxamate25. The results of this experiment suggested 

that the activated form of glutamate was firmly bound to the enzyme 
and not in equilibrium with glutamate in solution. 

More direct evidence was obtained for the formation of an activated 

carboxyl intermediate in experiments based on the tendency of the 

y-glutamyl derivative to undergo a rapid cyclization reaction to form 

pyrrolidonecarboxylate26,27. A reaction mixture containing en- 

zyme, glutamate, ATP and magnesium ions, but no ammonia was 

allowed to react, then heated at 60°c. Significant formation of pyr¬ 

rolidonecarboxylate was observed. Little or no cyclization product 

was formed in control experiments in which the enzyme was heat- 

mactivated prior to the addition of substrates. On addition of am¬ 

monia to the system, glutamine was formed, accompanied by a 

marked decrease in pyrrolidonecarboxylate formation. 

The nature of this activated glutamyl intermediate was not evident 

from the above findings and a number of mechanisms were considered 

m an attempt to explain the participation of ATP in glutamine syn¬ 

thesis. Proponents of a consecutive mechanism postulated the forma- 

rD°|an enzyme-bound y-glutamyl phosphate from glutamate and 
ATP (equation 6a) followed by nucleophilic attack on the activated 

intermediate to form glutamine (equation 6b). A number of experi- 
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mental facts were not explicable in terms of phosphoanhydride inter¬ 

mediate formation or consistent with the above formulation. The 

arguments were based primarily on the role of ADP and the inability 

Enzyme + Glutamate + ATP ^ T Enzyme .. . y-Glutamyl phosphate + ADP (6a) 

Enzyme ... y-Glutamyl phosphate + NH3 s — Enzyme + Glutamine + Pi (6b) 

of the enzyme to catalyse partial reactions. When studied in the 

forward direction, free ADP is not detected unless ammonia is present 

in the reaction mixture. This suggested that the formation of the 

amide bond occurred concomitantly with the cleavage of ATP in 

contrast with equation (6a) in which ADP is liberated in the first step 

of intermediate formation. 
Studies with 32P label showed that all three substrates had to be 

present for ADP-ATP or Pi-ATP exchange reactions to take place27. 

From equations (6a and 6b) one might expect that catalysis of partial 

reactions could occur, however, such interpretations can be misleading. 

The failure to observe exchange reactions in the absence of one com¬ 

ponent is neither evidence for nor against the formation of an acyl 

phosphate intermediate. A number of enzymes28 exhibit activity 

only in the presence of a second substrate which is not involved in 

covalent-bond formation. The binding of substrates may result in 

conformation or electronic changes necessary for the catalytic step to 

occur. 
In the reverse reaction catalysed by glutamine synthetase, arsenate 

can replace phosphate. According to a consecutive mechanism a 

glutamyl arsenate intermediate is formed which would spontaneously 

react with water since arsenate anhydrides are inherently unstable. 

The enzyme is then regenerated for further reaction. The arsenolysis 

reaction, however, requires catalytic amounts of ADP indicating that 

the nucleotide is a necessary component of the catalytic reaction . 

To account for the apparent role of ADP as part of the activated 

intermediate’ Buchanan and Hartman29 postulated a concerted 

mechanism in which all three substrates, the nucleotide, glutamate and 

ammonia, form a complex on the enzyme. The reaction occurs with 

the simultaneous cleavage of the carbon-to-oxygen and oxygen-to- 

phosphorus bonds and formation of the nitrogen-to-carbon bond oi 

glutamine as depicted in equation (7). Although the free energy of 

activation is larger than in the one involving an acyl phosphate inter¬ 

mediate, this concerted mechanism has not been unequivocally ruled 

The nature of the activated glutamyl intermediate has been the 
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subject of a continued investigation, principally by Meister and 

associates. Their efforts were directed towards the isolation and 

utilization of phosphate intermediates in support of a consecutive 
mechanism. 

Glutamine synthetase can catalyse amide formation from a number 

of isomeric analogues of glutamine. The position of the amino group 

is not critical for enzymatic activity so that /3-aminoglutarate is en¬ 

zymatically converted to /3-aminoglutaramate by glutamine synthetase. 

Since the proposed intermediate for this substrate, /3-aminoglutaryl 

phosphate, is less prone to cyclization than y-glutamyl phosphate, 

it has been possible to synthesize and test it as a substrate for the 

enzyme30. Glutamine synthetase catalysed the conversion of /?- 

aminoglutaryl phosphate to /3-aminoglutaramate. The synthesized 

phosphate intermediate was also utilized by the enzyme in the back 

reaction as indicated by the formation of ATP. Although these results 

are in accordance with a consecutive mechanism, they do not constitute 

direct evidence that an acyl phosphate is in fact an intermediate in 

the enzymatically catalysed process. ^-Aminoglutaryl phosphate 

has not been isolated as an enzyme-catalysed intermediate. 

Methionine sulphoximine, methionine sulphone and methionine 

sulphoxide are effective inhibitors of glutamine synthetase. In recent 

studies, Ronzio and Meister31 have isolated a phosphorylated deriva¬ 

tive of methionine sulphoximine from incubation mixtures containing 

glutamine synthetase, ATP and MnCl2. The structure of the deriva¬ 

tive has not been established, but from a consideration of the chemical 

properties these investigators suggest the phosphate is linked to the 

sulphoximine sulphur atom as in 1. Methionine sulphoximine is a 

o nh 

■ O—C—CHCH2CH J—OPO3H - 
I 
ch3 nh3+ 

(1) 

f 
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convulsion-producing agent and its antagonism towards glutamine 

synthetase suggests an important function of this enzyme in brain 

metabolism. Since the enzyme is irreversibly inhibited with this 

non-physiological substrate, secondary reactions may be responsible 

for the product formed. More convincing evidence for the formation 

of an acyl phosphate intermediate was obtained in Meister’s laboratory 

with the enzyme glutathione synthetase (section II.D). 
According to a consecutive-mechanism hypothesis glutamate and 

ATP react to form an acyl intermediate in the absence of a nucleo¬ 

phile, in contrast to a concerted mechanism which requires the pres¬ 

ence of a nucleophile for a reaction to occur. Isotopic dilution 

studies27 have provided evidence that the formation of a carboxyl- 

activated intermediate does in fact occur in the absence of a nucleo¬ 

phile. Reaction mixtures containing 14C-labelled glutamate and 

ATP were allowed to react with glutamine synthetase in the absence 

of hydroxylamine. At the end of a two-minute incubation period, a 

mixture of excess unlabelled D-glutamate and hydroxylamine was 

added. The protein was precipitated after 15 seconds and the radio¬ 

activity of the y-glutamyl hydroxamate was determined. The y- 

glutamyl hydroxamate formed contained a greater amount of C 

label than would be expected if the labelled and unlabelled glutamate 

had equilibrated prior to reaction. The preferential conversion of 

labelled glutamate was interpreted as evidence for a y-glutamyl 

phosphate intermediate since the glutamate bound in the 2 minute 

incubation period was immediately available for reaction with hy¬ 

droxylamine, presumably as the ATP-activated intermediate. 

Evidence was also obtained for the cleavage of ATP m the absence 

of a nucleophile which was associated with glutamate binding . The 

formation of equimolar quantities of ADP and Pi was demonstrated 

in reaction mixtures of glutamine synthetase, ATP and glutamate, 

however, ADP appears to remain bound to the enzyme. In order 

to detect these products the protein first had to be denatured. 
ADP resulting from the formation of an acyl phosphate intermediate 

does in fact remain bound to the enzyme, some of the observations that 

appeared inconsistent for a consecutive-mechanism hypot esis wou 

be clarified. The failure to detect ADP prior to the reaction with a 
nucleophile would be a consequence of its remaining associated with 

the enzyme after the reaction of ATP and glutamate. Similar y, 

exchange reactions of Pi-ATP and ADP-ATP would not be expected 

to occur if the formed ADP was not in equilibrium with components 

in the solution. 
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Since the binding of nucleotides appeared to be of some significance, 

the binding of glutamine to the enzyme in the reverse reaction was 

investigated27,32. In protein separation experiments, it was found 

that 14C-labelled L-glutamine sedimented with the protein only in the 

presence of ADP. The need for ADP in order to bind the substrate 

COO" 

Figure 1. Reactions catalysed by glutamine synthetase. 

m the bade reaction explains the requirement for catalytic amounts of 
ADr in the transfer and arsenolysis reactions. 

, '7i* *he ev.idence *at ADP is a part of tte activated complex, the 
mulauon of a consecutive mechanism is more accurately described 

oy equation (8). 
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Enzyme + Glutamate + ATP — 

y-Glutamyl phosphate 

Enzyme 
nh3 

Enzyme + Glutamine + ADP + Pi (8) 

ADP 

On the basis of accumulated evidence Meister and coworkers8’9 

have proposed the scheme in Figure 1 to account for the known reac¬ 

tions of glutamine synthesis. 
These investigators have proposed that the synthesis of glutamine 

occurs in a step-wise reaction sequence consisting of an initial binding 

of ATP to the enzyme in the presence of metal ions (Mg2+ or Mn2 + ) 

which then reacts with glutamate to form an enzyme-bound activated 

y-carboxyl intermediate, presumably glutamyl phosphate. ADP 

remains bound to the protein. The activated intermediate then reacts 

with ammonia to yield glutamine, inorganic phosphate and ADP. 

Conclusive evidence for the formation of an intermediate should 

also include evidence that the rates of formation and utilization of the 

proposed intermediate are sufficient to account for the observed rates 

of product synthesis in order to eliminate the possibility that the pro¬ 

posed intermediate is formed in a side-reaction. 
Distinguishing between a concerted and a consecutive mechanism 

must wait until measurements of the timing of the transformations 

involved can be made. The reservations concerning the inter¬ 

pretations of exchange studies, catalytic activity with non-physiological 

substrates and the isolation of intermediate products should be kept in 

mind for the mechanism discussions in the following sections. 

2. Stereospecificity 

The stereochemical requirements of glutamine synthetase are rela¬ 
tively non-specific in that a number of glutamic acid derivatives, in¬ 
cluding optical and structural isomers, are enzymatically active. The 
enzyme acts on both the l- and D-isomers of glutamate33 and the 
derivatives, a-methylglutamate34>35, ^-methyl- and /3-hydroxygluta- 
mate, y-methyl-25 and y-hydroxyglutamate36. /3-Glutamic acid is 
converted to D-/3-glutamine30. 

Kagan and Meister37’38 carried out comparative studies on the 

enzymatic activity of the resolved optical isomers of these compounds. 

The Michaelis constants (Km) and the relative maximum velocities 

were measured for amide and hydroxamate synthesis. The optical 

isomers of these glutamate derivatives that were subject to enzymatic 

catalysis are listed in Table 1. These authors38,39 have presented a 
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Table 1. Optical isomers of glutamate derivatives subject to enzymatic 

catalysis. 

L-Glutamic acid 

D-Glutamic acid 

a-Methyl-L-glutamic acid 

tAra?-/J-Methyl-D-glutamic acid 

t/zraj-jS-Hydroxy-D-glutamic acid 

tAra?-y-Methyl-L-glutamic acid 

t/m?0-y-Hydroxy-L-glutamic acid 

en/^Aro-y-Hydroxy-L-glutamic acid 

Z/zrgo-y-Hydroxy-D-glutamic acid 

en/<Aro-y-Hydroxy-D-glutamic acid 

hypothesis concerning the conformation of the enzyme-bound sub¬ 

strates to account for the observed activity of certain substituted gluta¬ 

mic acid optical isomers. It is assumed that substrates are oriented on 

the enzyme in an extended conformation and that the a-carboxyl and 

amino groups are bound to the same respective sites. Examination 

of a constructed isomer model shows that the a-hydrogen of L-glutamic 

acid (2a), so oriented on a hypothetical enzyme surface, is directed 

away from the enzyme surface. The a-methyl derivative of l- 

glutamic acid is an active substrate. In contrast, when D-glutamic 

acid (2b) is rotated 69° to the right about an axis formed by a line 
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L-glutamate D-glutamate 
(2a) (2b) 

intersecting carbon atoms 1, 3, and 5 to permit binding of the a- 

carboxyl and amino groups, the a-hydrogen is directed towards the 

enzyme and substitution of a methyl group in this position results in 

loss of enzymatic susceptibility. The hypothesis states that the intro¬ 

duction of a bulky group in the substrate in a position directed towards 

the enzyme results in loss or marked reduction of the enzymatic 
activity. 
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Substrate specificities observed for the iomers of /3- and y-substituted 

derivatives of glutamic acid are consistent with this proposal. For 

example, models show that both the erythro- and /Areo-/3-hydrogens of L- 

glutamic acid and the erythro-\3-hydrogen of D-glutamic acid are orien ted 

approximately in the same direction as the a-hydrogen of D-glutamic 

acid, towards the enzyme. Erythro- and threo-hydrogen assignments 

were made with respect to a staggered conformation shown in 2a and 

2b so that substitution of threo hydrogen leads to the formation of a 

threo isomer. Substitution of a methyl or hydroxyl group into these 

positions leads to a loss of activity. On the other hand, replacement 

of the threo-fi-Yiy&xogcn of D-glutamic acid, which is directed away from 

the enzyme, does not destroy enzymatic activity. Steric hindrance 

with the enzyme surface is consistent with the fact that of the four 

y-methylglutamic isomers only f/htfo-y-methyl-L-glutamic acid serves 

as a substrate. Similarly it was found that i/zreo-y-hydroxyl-L- 

glutamic acid was the most active of the four possible isomers of y- 

hydroxyglutamic acid, although substantial activity was exhibited 

by the erythro-y-hydroxy isomers of both l- and D-glutamic acid. 
Meaningful conclusions regarding the specific effects of structural 

and stereo alterations of the substrate on the various parameters that 

constitute the overall enzymatic activity are difficult to evaluate unless 

a detailed study of the kinetic constants is undertaken. Studies re¬ 

lating structural requirements for catalysis to the kinetic constants 

of the reaction have been carried out with acetylcholinesterase40 and 

chymotrypsin41,42. Introduction of a bulky group may influence the 

conformation of the enzyme—substrate complex in two general ways. 

(1) Steric hindrance may prevent binding of substrates to the enzyme 

or promote different modes of binding which lead to unproductive 

complexes, or (2) may result in an unfavourable orientation of the 

substrate on the enzyme for catalysis or for nucleophilic attack in the 

subsequent reaction steps. A comparison of the enzymatic activity 

with various substrates may reflect differences in the affinity of the 

enzyme for a substrate, changes in the rate constants of the catalysed 

reaction or a combination of both factors. Moreover an interpreta¬ 

tion of the effects of structural parameters on the individual reaction 

steps requires that the experimentally measured kinetic constants are 

properly related to the constants of the rate equation. For example, 

the meaning of the measured Michaelis constant, ^(app), may be 

a true dissociation constant (Ks) or a complex term containing Ks 

and rate constants depending on the rate-determining step of the 

reaction42,43. 
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A consideration of two aspects of structural alterations on glutamine 

synthetase activity indicates some of the problems encountered in 

making semi-quantitative interpretations. The experimentally meas¬ 

ured ifm(app) values for a series of substituted glutamic acid deriva¬ 

tives in hydroxamate synthesis are quite constant, whereas the Xm(app) 

values for the same derivatives in amide synthesis show considerable 

variation. The experimentally measured ifm(app) for amide forma¬ 

tion may not be a true dissociation constant but rather a complex con¬ 

stant containing equilibrium and rate terms. The larger variations 

observed in this constant then may be attributable in part to changes 

in rate constants. The relatively constant Am(app) values for various 

substrates in hydroxamate synthesis suggest that the corresponding 

Ks is perturbed to a lesser extent by the rate constants. This may be 

due to the non-enzymatic reaction of hydroxylamine known to occur 
with activated carboxyl groups234. 

The ratio of rates for nucleophilic attack (f7-hydroxylamine/ T- 

ammonia) on a common intermediate should be reasonably constant 

for a series of substrates. The measured ratios, however, show con¬ 

siderable variation. For example, maximum-velocity measurements 

of L-glutamate with ammonia and hydroxylamine are nearly the 

same, whereas the isomers of a-aminoadipate exhibit substantial 

activities in hydroxamate synthesis but are less than 3% as active in 
the reaction with ammonia44. 

Meister7 has interpreted these findings in terms of a relatively non¬ 

specific activation step in the formation of a glutamyl intermediate 

followed by an optically specific reaction of ammonia (which is 

presumably enzyme bound). Hydroxamate formation exhibits less 

specificity presumably due to the known non-enzymatic reaction of 
hydroxylamine with an activated intermediate. 

Determination of inhibition constants (Kt) for the optical isomers, 

which are considered true binding constants, would provide useful 

information in the separation of the effects of rate constants on the true 
dissociation constant. 

Changes in the substrate adjacent to the reacting centre of the gluta¬ 

mate derivatives might be expected to produce two different effects. 

Substitution at the y-carbon of glutamic acid may provide steric hin¬ 

drance for the formation of an optimal conformation of the enzyme- 

substrate complex or it may influence the rate constants of the bond¬ 

breaking and bond-making processes through inductive or electron- 

withdrawing effects. Contributions of such combined effects are 

impossible to separate simply in terms of overall activity. For ex- 
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ample, of the four y-methylglutamic acids, only the threo-y-methyl 

isomer had measurable activity in amide synthesis. In contrast, 

substantial rates were observed for three of the y-hydroxyglutamic acid 

isomers. These relative activities were interpreted in terms of a 

critical ‘available’ space for substituents near the enzyme surface. 

The available space could accommodate a hydroxyl group but not a 

methyl group. Alternatively, the inhibition effects on enzyme activity 

by steric hindrance may be offset by the substitution of an electron- 

withdrawing group adjacent to the reacting carbonyl, thereby in¬ 

creasing its susceptibility to nucleophilic attack. 

3. Control mechanisms 

Highly complex cellular activities require regulatory mechanisms 

which enable the organism to maintain appropriate biological balance 

of metabolic systems. Cellular balance is achieved by the regulation 

of certain critical enzymes through a number of regulatory mechanisms. 

The amide group of glutamine is the preferred source of nitrogen for 

the end-product of several important biosynthetic pathways including 

pyridine nucleotides (3), purines (4,5), pyrimidines (6), certain amino 

acids (7,8), amino sugars (9) and carbamoyl phosphate (10) as illus¬ 

trated in Figure 2. Multiple pathways with a common intermediate 

must maintain a delicate balance and the regulatory processes include 

repression or genetic control of de novo synthesis of enzymes, cumulative 

feedback inhibition by the end-products of glutamine metabolism, 

alterations of glutamine synthetase by enzyme-catalysed reactions, 

and modulation of enzyme activity by conformational changes 

mediated by divalent cations. 
Glutamine synthetase in Escherichia coli is subject to feedback inhibi¬ 

tion by the end-products of six compounds that derive nitrogen from 

the amide group of glutamine in addition to glycine and alanine. 

Inhibition at saturating concentrations of the compounds tested 

separately is only partial, but collectively they cause almost complete 

loss of activity. A mechanism of limited maximum inhibition of 

glutamine synthetase is biologically advantageous, otherwise total 

inhibition of an intermediate common to several pathways might 

result from an excess of only one of the end-products. The nature of 

the inhibition is attributed45 to specific, separate, non-interacting 

binding sites on the enzyme for each of the eight inhibitors. Alterna¬ 

tive models such as a single enzyme with a single non-specific allo¬ 

steric site, isoenzymes with sites differing in inhibitor susceptibility 

or a single enzyme with multiple sites of different affinities for the 
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inhibitor were ruled out on the basis of kinetic analysis and establish¬ 

ment of the cumulative nature of inhibition by combinations of the 
end-products. 

Evidence for separate binding sites was obtained by kinetic measure¬ 

ments which showed that the eight inhibitors could be grouped into 

Figure 2. Fate of amidic nitrogen of glutamine. 

three inhibitions types45. Alanine, AMP and carbamoyl phosphate 

were non-competitive inhibitors with respect to substrate; glycine, 

tryptophan and cytidylic acid were partially competitive with respect 

to glutamate; histidine and glucosamine 6-phosphate were partially 

competitive with respect to ammonia. Effects of modifying the 

enzyme by aging, acetone or urea treatment on the behaviour of the 

inhibitor indicated different sites were involved for each compound 
within a kinetic category. 
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The independent nature of the binding sites was established by 

demonstrating that the fraction of enzymatic activity measured in the 

presence of two or more inhibitors was equal to the product of residual 

activities for each inhibitor measured separately. The mechanism 

by which cumulative inhibition is effected by a number of chemically 

diverse products is not understood. 
Glutamine synthetase from bacterial sources exists in two distinct 

forms which differ in specific activity, end-product inhibition patterns 

and specificity for metal ions. Mecke and coworkers 46 found that the 

active enzyme was converted enzymatically to a second form which had 

markedly reduced glutamine synthesizing ability although the trans¬ 

fer activity was unaffected. The two forms of the enzyme have the 

same amino acid composition and sedimentation behaviour, but differ, 

in that the altered form contains a covalently bound AMP molecule47. 

A comparison48 of the activities showed that the adenylation reaction 

converts a more active form of the enzyme, specific for Mg2+ ions, to 

a less active species that is specific for Mn2+ ions. The adenylated 

enzyme is more sensitive to inhibition by histidine, tryptophan and 

AMP. Regulation of synthesizing activity in this case is achieved by 

enzymatic modification of the enzyme itself. 
The enzyme catalysing the adenylation reaction has been partially 

purified48 and the reaction probably proceeds according to equation 

(9). The modifying enzyme also appears to be subject to a control 

Glutamine synthetase + ATP -YM a+-> Adenyl glutamine synthetase + PPi 

(9) 

mechanism in that the substrate and product can regulate the syn¬ 

thesizing activity. The adenyl transfer reaction is stimulated by 

glutamine and retarded by glutamate. In addition the predomi¬ 

nant form of the enzyme found in vivo is dependent on the constituents 

of the culture medium. The adenylated enzyme is the principal form 

isolated from cultures containing an excess of ammonia, whereas 

growth conditions limiting in ammonia, lead to the formation of the 

more reactive form. _ . 
A third control mechanism for the bacterial glutamine synthesis, 

which involves conformational changes of the enzyme is suggested by 

the recent studies of Stadtman and associates 49~51. In an interesting 

series of studies, these investigators have demonstrated the mtercon- 

versions of a catalytically active form to an inactive glutamine 

synthetase. It was noted that some preparations of the enzyme from 

E. coli exhibited a lag period in the rate measurements of the enzymatic 
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reaction before maximal velocity was obtained. The lag phase was 
attributed49 to a time-dependent conversion of an inactive form, 
produced by the removal of divalent cations, to a catalytically active 
form of the enzyme on exposure to cations in the assay mixture. 
Treatment of the enzyme with 0-5 mM concentrations of Mg2+ or 
Mn2+ ions or higher concentrations of Ca2+ ions for an interval prior 
to rate measurements eliminated the lag phase. The enzyme was also 
activated by prior incubation of the enzyme at alkaline pH and high 
ionic strength, or at pH 7T with glutamate. These effects are thought 
to activate the enzyme by the concerted action of glutamate or alkaline 
buffers and trace amounts of divalent cations since EDTA prevented 
this activation. 

Evidence was obtained that activation was associated with confor¬ 

mational alterations of the protein. Removal of divalent cation from 

the enzyme produces a catalytically inactive form which has a lower 

sedimentation coefficient, high viscosity and a higher apparent 

specific volume than the active form50 indicating a less compact and 

somewhat more asymmetric structure. Conformational changes on 

removal of cations from the protein are also indicated by the increased 

susceptibility to inactivation by sulphydryl reacting reagents and the 

change in environment of the aromatic amino acid groups. Difference 

spectra between the active and inactive forms show that tyrosine and 

tryptophan are transferred from a non-polar to a more polar environ¬ 

ment ; that is, some of these groups are exposed to the solvent. The in¬ 

active form is much less stable to mild protein denaturing agents. 

Treatment with 1 m urea at alkaline pH induces complete dissociation 

to twelve subunits. Electron microscopic examination 51 of the active 

and inactive forms of the enzyme show the subunits are arranged in 
two hexagonally stacked layers. 

The physiological significance of conformational alterations media¬ 

ted by metal ions and substrate as a control mechanism is difficult to 

evaluate, since little is known about the intracellular concentrations or 
fluxes of divalent cations or glutamate. 

6. Asparagine 

Enzyme activity capable of catalysing the synthesis of asparagine 

has been demonstrated in animal tissues, yeast and plants. Investiga¬ 

tion of the synthetic activity in these diverse systems has provided 

evidence for several mechanisms for the biosynthesis of asparagine 

An enzyme, isolated and purified 100-fold from yeast cells, was re- 
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ported to catalyse the formation of asparagine from ammonia and 

aspartate with the concomitant cleavage of ATP to ADP and in¬ 

organic phosphate52. The synthesis of asparagine in yeast appears to 

be completely analogous to the pathway for glutamine synthesis. 

Preparations from two bacterial sources, Lactobacillus arabinosus53 

and Streptococcus bovis54: catalyse asparagine synthesis from aspartate 

and ammonia but unlike the yeast enzyme and glutamine synthetase, 

ATP is converted to AMP and inorganic pyrophosphate. AMP was 

identified as the product by chromatography. Furthermore, 32P- 

labelled pyrophosphate is incorporated into ATP during the course of 

the reaction. The activation of the substrate by the bacterial enzyme 

may occur by the formation of an enzyme-bound aspartyl adenylate. 

Evidence for a novel pathway for asparagine biosynthesis has been 

observed in a number of plants. It was noted during in vivo experi¬ 

ments using sorghum, barley, pea, flax and clover seedlings adminis¬ 

tered with 14C-labelled cyanide that considerable radioactivity was 

incorporated into asparagine 55. In decarboxylation studies of aspara¬ 

gine, and of aspartic acid obtained by enzymatic hydrolysis of the 

isolated asparagine, essentially all the 14C label was found in the 

amide carbon atom. 
The more immediate precursor for the biogenesis of asparagine by 

this pathway is ^-cyano-L-alanine (equation 10a) and y-glutamyl-/3- 

cyanoalanine (equation 10b)56. Radioactive N-y-glutamyl-^-cyano- 

CN conh2 

ch2 

1 
ch2 

1 

chnh3+ + h2o - —> chnh3+ 

coo- coo- 
jS-cyano-L-alanine asparagine 

(10a) 

CN 
I 
ch2 

I 
CH2CONH—CH 

CH2 COO- + H20 

CHNH3 
I 
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y-glutamyl-jS-cyanoalanine 

CONH2 

-> ch2 
| 

CHNH3 
I 
COO- 

asparagine 

(10b) 

alanine was isolated from common vetch seedlings to which re¬ 

labelled cyanide had been administered. On hydrolysis of the pep¬ 

tide, 99-870 of the recovered activity was found in the formed aspartic 
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acid. The biosynthesized iV-y-glutamyl-/3-[x4G]cyano-alanine and 

chemically synthesized /3-[14C]cyano-L-alanine served as excellent 

precursors of asparagine when administered to species of Lathyrus. 

That the cyano carbon of /3-cyanoalanine provided the amide carbon 

of asparagine was established by degradation of the isolated radio¬ 

active asparagine to alanine which contained less than 1 % of the 
specific activity of aspartic acid. 

Studies on the HeLa strain human carcinoma cells indicated that 

the amide nitrogen of glutamine is utilized directly for asparagine 

synthesis. Levintow57 found that significant quantities of isotope 

were incorporated in protein asparagine when cells were grown on a 

medium containing glutamine 15N-labelled in the amide nitrogen. In 

similar experiments using 15N-labelled ammonia no significant in¬ 
corporation occurred. 

The inability of certain malignant cells to biosynthesize asparagine 

has provided an important chemotherapeutic approach for the treat¬ 

ment of cancer. Certain types of cancer cells require an external 

source of L-asparagine whereas normal cells do not. Treatment of 

animals with transplanted or induced tumours with L-asparaginase 

an enzyme which hydrolyses the amide group of asparagine, deprives 

the malignant cells of an extracellular source of asparagine and they 
die. 

Observations regarding this metabolic defect of some cancer cells 

were first made by Kidd58. In experiments designed to measure 

immunological responses he noted that transplanted lymphomas were 

suppressed in control animals injected with guinea pig serum. Neu¬ 

man and McCoy59, in testing amino acid requirements for the cultiva¬ 

tion of Walker carcinosarcoma 256 in tissue culture, found an absolute 

requirement for L-asparagine and L-glutamine. The addition of the 

free dicarboxyhc amino acids, ammonia and ATP, did not replace the 

amide requirement. Broome60 correlated these observations by 

demonstrating that the antileukemia factor in guinea pig serum was 

L-asparaginase. The ability to suppress the growth of implanted 

mouse lymphomas paralleled L-asparaginase activity in protein 

purification studies, and pH or temperature inactivation of the enzyme 

resulted in the loss of this ability61. Tumour cells which lacked an 

asparagine requirement for optimal growth in tissue culture were also 
resistant to the effects of guinea pig serum. 

Since that time, asparaginase isolated from E. coli has been found 

effective in suppressing growth of a variety of cancer cells62. Pre¬ 

liminary experiments indicate that human leukemias are sensitive to 
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this treatment, but more extensive clinical studies have been limited 

by the availability of the purified enzyme. 

C. Glutathione 

The tripeptide, y-glutamylcysteinylglycine, is biosynthesized in two 

reaction steps (lla,b). Equation (11a) is discussed in section 

IV.E. The activation of the dipeptide carboxyl group (equation 1 lb) 

Mg2 + 

L-Glutamate + L-Cysteine + ATP v ^ L-y-Glutamylcysteine + ADP + Pi (11a) 

Mg2 + 

L-y-Glutamylcysteine + Glycine + ATP s ^ L-Glutathione + ADP + Pi (11b) 

involves the formation of an a-carboxyl amide rather than the y- 

carboxyl amide. 
Analogous to glutamine synthesis, the formation of glutathione is 

associated with breakdown of ATP to ADP and Pi; isotopic oxygen is 

transferred from the free carboxyl group of the dipeptide to inorganic 

phosphate; and when glycine is replaced with hydroxylamine, a 

hydroxamate is formed. In the reverse reaction the enzyme catalyses 

the arsenolysis of the tripeptide, hydroxamate formation and an ex¬ 

change reaction of glycine. These reactions require a catalytic amount 

of nucleotide64’65. Efforts to obtain evidence for a carboxyl-activated 

intermediate were successful in the glutathione synthetase catalysed 

formation of opthalmic acid from the dipeptide y-glutamyl-a- 

aminobutyrate and glycine. Pulse labelling experiments 66, analogous 

to those carried out with glutamine synthetase, indicated hydroxyl¬ 

amine reacted preferentially with a preformed intermediate. The 

presumed intermediate was isolated from reaction mixtures which con¬ 

tained 14C-labelled y-glutamyl-cc-aminobutyrate and ATP-y-32P, and 

substrate quantities of enzyme, but no glycine or hydroxylamine. 

Following treatment of the reaction mixture with perchloric acid the 

protem-free solution was subjected to paper electrophoresis and a 

‘dipeptide derivative’, containing both 14C and 32P, was separated 

from the other components. The ‘ dipeptide derivative ’ on treatment 

with hydroxylamine was converted to y-glutamyl-a-aminobutyryl 

hydroxamate as judged by its electrophoretic mobility. Properties of 

the chemically synthesized intermediate were the same as those of the 

enzymatically formed ‘dipeptide derivative’ with respect to perchloric 

acid stability, reactivity with hydroxylamine and electrophoretic be¬ 

haviour. Moreover, the chemically synthesized acyl phosphate inter¬ 

mediate was utilized by the enzyme for opthalmic acid synthesis in 

the forward reaction and ATP formation in the back reaction 
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Studies 68 on glutathione synthetase from yeast, which has been 

purified to homogeneity by electrophoretic and ultracentrifugal 

criteria, have revealed interesting mechanistic aspects of the enzyme. 

The ability of enzyme preparations to catalyse an ADP-ATP exchange 

reaction is markedly decreased on purification, indicating this activity 

is not a function of the enzyme. However, a 14C-labelled intermediate, 

presumably y-glutamyl-a-aminobutyryl phosphate, exchanges rapidly 

with unlabelled dipeptide in the absence of a nucleophile. The ex¬ 

change rate is rapid relative to the breakdown of the activated inter¬ 

mediate. If the activated intermediate is y-glutamyl-a-aminobutyryl 

phosphate, as the previous studies have suggested, one would not ex¬ 

pect to observe this exchange reaction, but a transfer of the activated 

acyl moiety to water with a loss in the group potential gained in its 
reaction with ATP. 

The exchange of dipeptide into the activated intermediate in the 

absence of a concomitant ADP-ATP exchange is consistent with a 

concerted-reaction mechanism hypothesis. Exchange was demon¬ 

strated by preincubation of the enzyme, 14C-labelled dipeptide and 

ATP so that the activated intermediate was isotopically labelled. 

Unlabelled dipeptide was added to the reaction mixture and allowed 

to equilibrate for varying periods of time prior to the addition of 

hydroxylamine and formation of the hydroxamate. The isotope con¬ 

tent of the y-glutamyl-a-aminobutyryl hydroxamate decreased with 

the time allowed for equilibration. The complete complex envisaged 

by a concerted mechanism is shown in equation (7) of section II.A. 

These results indicate that the substrates, ATP and dipeptide, are 

bound to the enzyme and that the bound dipeptide is in equilibrium 
with dipeptide in the medium. 

An alternative mechanism involving a phosphorylated enzyme inter¬ 

mediate might also be consistent with these results. The pathway for 

this mechanism, depicted in equations (12a,b) would proceed by an 

ATP reaction with some group on the enzyme, with release of ADP 

which remains firmly bound to the enzyme and consequently is not in 

equilibrium with ADP in solution. The dipeptide reacts with the 

enzyme phosphate to form an activated enzyme-bound acyl phosphate 

ATP + Enzyme—X~ E—X—P03H- + ADP (12a) 

E—X—POaH- + R—COO- 

R—CO 

E 
\ 
x- 

(12b) 
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intermediate. The freely reversible reaction (12b) would permit the 

exchange of the preformed 14C-labelled dipeptide intermediate with 

unlabelled dipeptide of the solution. Attempts to isolate a phos- 

phorylated enzyme intermediate were not successful68. 

D. S'-Phosphoribosyl-glycineamide 

The ability to synthesize purines (e.g. 11) is nearly universal in that 

only a few organisms must be supplied these bases from an exogenous 

source. The synthesis of carbon-to-nitrogen bonds through formation 

of an amide linkage in the purine biosynthetic pathway will be con¬ 

sidered in the present and following sections. 

The enzyme phosphoribosyl-glycineamide synthetase catalyses the 

reaction of ribosylamine 5-phosphate (12) and glycine70 to yield 13 

according to equation (13). The characteristics of this reaction are 

-HO,POCH, ^C> NH 

OH OH 

ribosylamine 5-phosphate 

(12) 

+ -OOCCH2NH2 + ATP 

glycinate 

O 
(13) 

-ho,poch2 /O^ nhcch2nh2 
+ ADP + Pi 

OH OH 

ribosyl-glycineamide 5'-phosphate 

(13) 

so similar to the glutamine and glutathione synthesizing enzymes that 

in all probability the same general mechanism is operative in all three 

reactions. Buchanan and Hartman69-72 postulated a concerted 

reaction of three substrates in contrast to a consecutive-reaction 

21 + C.O.A. 
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mechanism inherent in the formation of an enzyme-bound acyl 

phosphate intermediate (as discussed in section II.A.l). 

Studies72 using an enzyme preparation partially purified from avian 

liver showed that catalysis was ATP dependent, ADP and inorganic 

phosphate were the products of the ATP utilized, and there was no 

evidence for the participation of more than one enzyme or for the 

formation of a free intermediate. The formation of an activated 

bound carboxyl intermediate was evidenced by synthesis of glycyl 

hydroxamate from a reaction mixture containing glycine, ATP and 

hydroxylamine. Reversibility of the reaction was demonstrated, and 

in the back reaction, the same hydroxamate was formed when 13, 

inorganic phosphate, ADP and hydroxylamine were allowed to react 

with the enzyme. The latter reaction is analogous to the catalysed 

transfer of the y-glutamyl moiety from ammonia to hydroxylamine 
with glutamine synthetase. 

Isotope experiments showed that the formation of the amide was 

coupled to ATP hydrolysis through a reaction of the terminal phos¬ 

phate group of ATP with the carboxyl group of glycine. One lsO- 

labelled oxygen atom in phosphate was transferred to the carboxyl 
group of glycine in the course of the catalysed reaction. 

Another common property of the two enzymes is that they are both 

subject to arsenolysis reactions. Arsenate was found to cause cleavage 

of the glycineamide to glycine, and the presence of ADP was an abso¬ 

lute requirement. The incorporation of 32P into ATP in the reverse 

reaction is inhibited by arsenate although the production of glycine is 

unchanged. Arsenate, with a catalytic amount of ADP, reacts in a 

manner which prevents the synthesis of ATP but liberates glycine. 

According to a concerted-mechanism hypothesis an ADP-arsenate 

compound is formed, analogous to ATP formation, which then breaks 

down spontaneously to regenerate ADP. A consecutive mechanism 

requires the formation of an unstable acyl arsenate intermediate and 
the ADP is required for the binding of substrates. 

£. l-(5'-Phosphoribosyl)-4-(N-succinocarboxamide)-5- 
aminoimidazole 

The third reaction in purine biosynthesis in which a nitrogen atom 

is incorporated by formation of an amide group is the synthesis of 
15 (equation 14). 

The product was isolated and characterized from a system in which 

1 -(5'-phosphoribosyl)-5-aminoimidazole was the precursor, and its 
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conversion to 15 required two fractions obtained from partially 

purified chicken liver extracts73. One fraction was responsible 

for the formation of the 4-carboxy intermediate 1474. Conversion 

to the corresponding succinocarboxamide derivative was dependent 

-ooc 

h2n 

M 

N 
I 

ribose-5-P 

coo- 
I 

CHNHo 
I 

+ CH2 + ATP 
I 
coo- 

Mg2 

coo- o 

CH—NH—C 
i 
ch2 

coo- H2N 

N 

N 

+ ADP + Pi 

ribose-5-P 
(14) 

I -(5'-phosphorisbosyl)- 

4-carboxy- 

5-aminoimidazole 

I -(5'-phosphoribosyl)-4- 
(N-succinocarboxamide)- 

5-aminoimidazole 

(14) (15) 

on aspartic acid71, ATP and Mg2+ ions; the breakdown of ATP to 

ADP and inorganic phosphate was equivalent to the amount of succino¬ 

carboxamide synthesized, thus establishing the stoicheiometry of the 

reaction. Although no mechanistic studies were done, the role of 

nucleoside phosphates appears to be similar to that found in glycine- 

amide synthesis. In the cleavage of the amide bond of the succino¬ 

carboxamide in the reverse reaction, phosphate can be replaced by 

arsenate and only catalytic amounts of ADP are needed. 
In the next step of the biosynthetic pathway the enzyme adenylo- 

succinase catalyses the conversion of 15 to 16, another amide-containing 

intermediate in purine biosynthesis75. 

F. 5'-Phosphoribosyl-formylglycineamidine(l8) 

Formation of the amidine nitrogen atom corresponding to the N(3) 

position of the purine ring is biosynthetically accomplished by the 
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formation of an amidine derivative (18) from S^phosphoribosyl- 
formyiglycineamide (17) as shown in equation (15). 

H 

I 
N 

CONH2 

I 
ch2 

HoC CHO + CH2 + ATP ; 
Mg2 + K + 

o NH 

I 
ribose-5-P 

CHNHJ 

I 
COO- 
glutamine 

5'-phosphoribosyl- 
formylglycineamide 

(17) 

H 

I 
N 

/ \ 
H2C CHO 

^ \ 
NH NH 

I 
ribose-5-P 

coo- 
I 
ch2 

! 
+ CH2 + ADP + Pi 

CHNH3+ 

coo- 
glutamate 

5'-phosphoribosyl- 
formylglycineamidine 

(18) 

(15) 

The substituted amidine 18 was separated76 from a reaction mixture 

of substrates and pigeon liver extract by an anion resin exchange 

column.. Studies77 on a 45-fold purified enzyme preparation from 

pigeon liver showed that phosphoribosyl-formylglycineamidine syn¬ 
thetase utilized glutamine and ATP as substrates, and Mg2+ and K + 

were needed as activators. Glutamic acid was identified as the pro¬ 

duct in the amide transfer reaction and ATP was cleaved to ADP and 
Pi. 

The transfer of the amide nitrogen of glutamine to an acceptor 

molecule, in contrast to amide formation from ammonia, involves an 

additional carbon-to-nitrogen bond-breaking process, thus increasing 

the complexity of the catalytic function of the protein. For these 

transfer reactions which require a nucleotide, the activation of the 

acceptor molecule for reaction with the amide group presumably 

occurs by interaction with ATP by a mechanism similar to those dis¬ 

cussed under glutamine synthetase. The activated carbonyl must then 
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react with the amide nitrogen of glutamine. This reaction may take 

place before, after or concomitantly with the C—N bond-breaking 

step resulting in the expulsion of glutamate. Some insight into the 

mechanism for the enzymatic catalysis of this step, has been gained 

through the use of the inhibitor azaserine. 

In the course of experiments designed to identify intermediates in 

biosynthesis of purines, it was found78 that the addition of the anti¬ 

biotic azaserine (O-diazoacetyl-L-serine, 19) to reaction mixtures re¬ 

sulted in the accumulation of ribosyl-formylglycineamide. Kinetic 

analysis 79 showed competitive inhibition when glutamine and azaserine 

were incubated with the enzyme simultaneously. However, when 

azaserine was preincubated with the enzyme, inactivation occurred 

which could not be reversed by glutamine. These findings suggested 

azaserine reacted with the enzyme in an irreversible manner, probably 

at the glutamine binding site. Other structural analogues of glut¬ 

amine, such as 6-diazo-5-oxo-6-norleucine and y-glutamylhydrazine 

also inhibit activity. Essentially all the enzymes which catalyse the 

transfer of the amide nitrogen from glutamine are to some extent in¬ 

hibited by azaserine. 
Irreversible binding of an inhibitor at the active site of an enzyme 

provides a ‘marker’ permitting identification of the functional group 

participating in catalysis and thus provides a technique that has been 

used to study a number of enzymes. Dawid and coworkers80 

demonstrated (equation 16) that 14C-labelled azaserine was bound 

covalently to phosphoribosyl-formylglycineamidine synthetase (20) 

purified from Samonella typhimuriumP1. Degradation of the inactivated 

enzyme (21) employing enzyme peptidase yielded a radioactive com¬ 
pound, postulated to be A-[2-(L-2-amino-2-carboxyethylthio)acetyl]- 

DL-serine (22), which was subsequently confirmed82 by comparison 

with the synthesized compound. This was converted to serine and 

labelled ^-carboxymethylcysteine (23) on acid hydrolysis. The 

investigators concluded this compound resulted from an alkylation 

reaction of azaserine with a sulphydryl group of a cysteine residue of 

the enzyme. The formation of 22 on enzymatic hydrolysis involves 

an acyl shift from oxygen to nitrogen taking place in the serine 

residue. 
Azaserine presumably is bound in a conformation favourable for an 

alkylation reaction with the active site of the enzyme. The alkylation 

reaction is initiated by a proton transfer from the enzyme sulphydryl 

group to C(5) of azaserine. The formation of the diazonium salt 

generates a highly electrophilic diazomethine carbon atom which 
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then may react with the nucleophilic sulphydryl anion to form the 
product (equation 17). 

Conclusive evidence that the inhibitor reacts with only the sul¬ 
phydryl group at the active site to the exclusion of all other sulphydryl 
groups of the enzyme is difficult to obtain in studies of this nature. 
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Failure to account for all the radioactivity incorporated into the pro¬ 
tein by 14C-labelled inhibitor or the observation of other radioactive 
products is due, in part, to secondary reactions that may occur during 
degradation of the protein and isolation of products. Azaserine, 
however, does not react with free cysteine suggesting that the enzyme 
sulphydryl has special catalytic properties. It was further proposed 
that this same sulphydryl group, in the normal catalytic function of the 
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enzyme, displaces the amide nitrogen from the carbonyl carbon of 
glutamine with the formation of a thioester intermediate. 

G. Adenylosuccinate 

Adenylosuccinate (25), an intermediate83,84 in the biosynthesis of 
adenosine monophosphate (AMP) is formed from inosine mono¬ 
phosphate (IMP) and aspartate (equation 18). The condensation 

OH 

+ -OOCCH2CHCOO- + GTP 

nh2 

inosine monophosphate 

(24) 

product 25 was isolated from a reaction mixture catalysed by a yeast 
extract83, and its structure was deduced from u.v. spectra and enzy¬ 
matic degradation methods: 5'-nucleotidase hydrolysed the phosphate 
moiety, and AMP synthetase degraded the adenylosuccinate to fu- 
marate and AMP. Confirmation of the structure was obtained 85 by a 
comparison of the chemical properties of chemically synthesized 6- 
succinoaminopurine with the natural aglycone produced from mild 
hydrolysis of 25. 

In a detailed study on the purified E. colt enzyme, Lieberman86 
established the stoicheiometry of the reaction with respect to all 
reactants and products. The nitrogen donor, aspartate, could not be 
replaced in the condensation reaction by ammonia, the amides of 
glutamate and aspartate or by other free amino acids. Unlike other 
amide- and amidine-synthesizing reactions, guanosine triphosphate 
(GTP) rather than ATP, couples the formation of adenylosuccinate. 
The triphosphates of cytidine, uridine and inosine were essentially 
inactive. 

In experiments 86 employing an lsO label on C(6)—OH of 24, it was 
found that the oxygen atom was transferred to Pi. These results 
suggested the formation of a phosphorylated intermediate, and the 
author postulated an enzyme-catalysed formation of 6-phosphoryl- 
IMP which yielded 25 by displacement of the phosphate group by 
aspartate. Further evidence consistent with the formation of an 
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activated intermediate was obtained from experiments in which the 

aspartate was replaced by hydroxylamine. Adenylosuccinate syn¬ 

thetase catalysed the formation of a new compound which was a deriva¬ 

tive of IMP. The 14C content was the same as the 14C-labelled IMP 

substrate, and analysis revealed appropriate molar ratios of purine 

base, pentose and phosphate. The compound, presumably the 
hydroxamate, formed a chromogen with acid FeCl3. 

H. Cytidine S'-Triphosphate 

The last step in the biosynthesis of the pyrimidine nucleotide, 

cytidine 5 -triphosphate (CTP), involves the formation of an amidine 

derivative by insertion of an amino group instead of a hydroxyl. 

Lieberman87 established that the amination of uridine 5'-triphosphate 

(26) results in the formation of CTP in the presence of an enzyme 

isolated from E. coli. Reaction (19) had an absolute requirement for 

ATP and Mg2 + ions and amination of one mole of 26 was accompanied 

by the release of one mole of 32P-labelled Pi derived from labelled 

ATP. CTP synthetase from HeLa carcinoma cells88 and rat liver89 

chnh3+ 

ribose-P-P-P 
coo- 

uridine 5'- glutamine 
triphosphate 

(26) 

CTP 

coo- 
I 

ch2 
I 

+ CH2 + ADP + Pi 

CHNH3+ (19) 

COO- 

glutamate 

utilized glutamine as the nitrogen donor. 15N-Label studies showed 

that the cytosine amino group was derived from the amide nitrogen 

of glutamine. Formation of cytidine nucleotide was strongly inhibited 

by the glutamine antagonist 6-diazo-5-oxo-L-norleucine and to a 
lesser extent by azaserine. Reinvestigation of the E. coli preparations, 

which utilized only ammonia, established that glutamine was the 

primary amino donor for both the bacterial and mammalian systems 90. 

The glutamine, site of the bacterial enzyme, important for binding or 

catalytic activity of the carbon-nitrogen bond breaking process, 

presumably was labile under the conditions used for purification in the 

original studies. Ammonia can partially substitute for glutamine at 



11. Biological formation and reactions of the amido group 633 

higher concentrations and pH values. The inhibition by a glutamine 

antagonist and stimulation by GTP of enzymatic activity, which was 

characteristic of the glutamine reaction, was not observed when 

ammonia was used as the nitrogen donor. The existence of two separ¬ 

ate enzymes, utilizing different nitrogen donors, would also explain 

these observations. 
Hydroxylamine can either replace the substrate in the synthetase- 

catalysed reaction or it reacts with an activated intermediate in a non- 

enzymatic reaction to form a hydroxamate. When hydroxylamine 

was substituted for a nitrogen donor two products were formed that 

were tentatively identified as the 6-iV-hydroxy analogues of CTP and 

cytidine 5'-diphosphate. 

III. FORMATION OF GUANIDINE DERIVATIVES: 
ATP->AMP + PPi REACTIONS 

The biosynthesis of guanidine derivatives is associated with the cleav¬ 

age of ATP to AMP and PPi. This group of reactions includes the 
formation of guanosine monophosphate (GMP) and argininosuccinate. 

Although the manner in which ATP is coupled to these reactions is not 

known, two possible mechanisms appear reasonable. Activation may 

occur by transfer of the AMP moiety to the substrate to form an adenyl 

intermediate C0P02—0—Adenine. Alternatively, a group on the 

enzyme may be activated by a reaction with ATP which then reacts with 

substrate to form an intermediate covalently bound to the enzyme, 

Enzyme—OG. The main evidence in support of this mechanism con¬ 

sists of oxygen transfer from the substrate to AMP and inactivation of 

the enzyme by treatment with hydroxylamine. This type of evidence 

however, is not unambiguous. 
The biosynthesis of the alkylamine, 5-phosphoribosylamine, also 

occurs with the formation of AMP and PPi. In this case, the ATP 

activation step is known to result in the formation of a free phosphori- 

bosyl pyrophosphate intermediate. Furthermore the mechanism is 

unique, in terms of our present state of knowledge, since the activation 

and transfer steps require catalysis by two distinct enzymes. 
The AMP-PPi cleavage in NAD synthesis may reflect the energy 

requirements for the amidation of a carboxyl group attached to a 

pyridinium ring. If the appropriate information were available, 

organization of the amidation reactions might be more meaningful 

based on the energy needed for their formation rather than indirectly 

by the ATP split or by the group synthesized. The relative energy 

21* 
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requirements for the synthesis of an alkylamide and an amide attached 

to a strong electron-withdrawing substituent, such as the positively 

charged pyridinium ring, can be evaluated in terms of the relative 

stabilities of reactants and products. Electron withdrawal by the 

pyridinium group will stabilize the carboxylate anion of the reactant, 

whereas the same forces will tend to destabilize the amide product by 

further increasing the positive charges on the carbonyl carbon atom. 

The greater stabilization of reactant relative to the product may be 

reflected in a larger energy requirement for synthesis of the amide 

group of NAD. For example the free-energy change for the synthesis 

of glutamine5 according to equation (2a) is 3400 cal/mole whereas 

8200 cal/mole has been calculated for the analogous synthesis of the 
guanidine group of argininosuccinate63. 

These biosynthetic reactions are thermodynamically coupled to the 

hydrolysis of ATP. Since the free energy of hydrolysis of ATP to 

ADP and Pi is — 7,700 cal/mole the synthesis of argininosuccinate, on 

the bais of the above figures, is energetically not feasible when coupled 

to ADP-Pi cleavage. The value of -10,300 cal/mole for ATP 

hydrolysis to AMP and PPi has been calculated in conjunction with 

argininosuccinate biosynthesis63 which is considerably higher than 

other published values. However, regardless of the absolute values, 

the AMP-PPi split provides an additional driving force for synthetic 

reactions in that pyrophosphatase in the cell pulls the reaction towards 

completion by removing one of the products. If one assumes a 

mechanism of acyl activation through the formation of intermediates, 

a similar comparison can be made; the group transfer potential of 

acyl-AMP is higher than that for acyl phosphate. The free energies of 

hydrolysis, i.e. the tendency to transfer a donor molecule to a common 

acceptor, water, are -10,500 cal/mole for acetyl phosphate and 
— 13,300 cal/mole for acetyl-AMP28. 

A. Nicotinamide-Adenine Dinucleotide 

The final step in the biosynthesis of nicotinamide—adenine dinucleo¬ 

tide (NAD) is the formation of the amide group derived from the 

amide nitrogen of glutamine (equation 20). 

Preiss and Handler91 partially purified the enzyme catalysing this 

reaction, NAD synthetase, from yeast and liver, and established the 

identity of the products. Formation of NAD requires Mg2+ ions 

and is specific for ATP. In contrast to the reactions considered so far 

in which activation of the carboxyl group for amide formation results 
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in the cleavage of ATP to ADP-Pi, ATP in this reaction is converted to 

AMP and pyrophosphate (PPi). Substitution of hydroxylamine for 

glutamine led to the formation of a small amount of a hydroxamate 

suggesting that activation in this case is accomplished by the formation 

of an enzyme-bound acyl adenylate intermediate. 
Ammonia can also serve as a nitrogen donor for NAD synthetase. 

The pH-rate profile for glutamine as a nitrogen donor exhibits a broad 

maximum from pH 6'2 to 7‘6 whereas the activity with ammonia in¬ 

creases with increasing pH to an optimum pH of 8-3, suggesting the 

unionized form of ammonia is the active nucleophile. A comparison 

of the concentrations of glutamine and ammonia required in order to 

obtain one-half maximal activity (Km) is consistent with this supposi¬ 

tion. The Km value for ammonia is considerably larger than that for 

glutamine but when compared in terms of the unionized concentration 

of NH3 the Km’s are of the same order. Common to other enzymes 

utilizing glutamine, azaserine inhibits NAD synthetase. 
An enzyme preparation from a bacterial source, E. coli, differs from 

the yeast and mammalian enzymes in that ammonia is found to be a 

much more efficient donor than glutamine92. Greater reactivity is 

reflected in both the rate of catalysis and the affinity for the enzyme. 

At saturating concentrations of the nucleophile, NAD synthesis with 

glutamine is about 30% of the rate observed with ammonia. The con¬ 

centration needed for saturation of the enzyme is 200 times higher for 

glutamine than for ammonia. Moreover, the bacterial enzyme is not 

inhibited by the glutamine antagonist azaserine. Inhibition is ob¬ 

served, however, with psicofuranine, deocyinine and adenosine. 
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B. Guanosine S'-Phosphate 

Two enzymes have been reported which catalyse the conversion 

ofxanthosine 5'-phosphate (XMP) to guanosine 5'-phosphate (GMP). 

GMP synthetase isolated from mammalian tissues utilized the amide 

nitrogen of glutamine as the nitrogen donor93,94 whereas ammonia is 

the more active substrate for the bacterial enzyme95 (equation 21). 

The mammalian enzymes purified from pigeon liver93 and calf 

thymus are essentially the same with regards to stoicheiometry, 

nature of the nitrogen source and fate of the displaced xanthosine 

oxygen atom. Amination of XMP requires glutamine, ATP and 

Mg ions. A sulphydryl group is essential for both enzymes as 

evidenced by either inhibition in the presence of j^-chloromercuri- 

benzoate or by the protection against inactivation provided by sul- 

phydryl-reacting compounds such as 2-mercaptoethanol or cysteine. 

o 

H ribose-P 

+ Glutamine (mammal) Mga+ 

or NH3 (bacteria) 

XMP 

+ Glutamate + AMP + PPi 

ribose-P 

GMP 

The stoicheiometry of the reaction was established by demonstrating 

that the formation of GMP, PPi and glutamate were equimolar with 

the amount of glutamine consumed. Isotopic labelling experiments 

showed that the amide nitrogen of glutamine was incorporated into 

GMP essentially without dilution. Relatively high concentrations of 

ammonium chloride also served as a nitrogen source. Glutamine was 

probably the preferred substrate for the mammalian enzyme since 

at saturating concentrations the rate of GMP synthesis with ammonia 

was only 15% of that observed with glutamine. Moreover, the 

enzyme was inhibited by azaserine and 6-diazo-5-oxo-L-norleucine 

The mechanism by which ATP couples the transfer of an amide 

group to form a guanidine is not known. The ATP cleavage to AMP 

and PPi is the same as that observed in the ATP-dependent activa- 
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tion of amino acids. The carboxyl group of amino acids is activated 

by the formation of an acyl adenylate intermediate, and the results of 

180 studies suggest a similar mechanism may be operative in the bio¬ 

synthesis of GMP. The 180-labelled oxygen atom of XMP, which is 

replaced by a nitrogen atom in the formation of GMP is transferred to 

AMP essentially without dilution in radioactivity93. A direct 

reaction between ATP and XMP to form an adenyl intermediate 

could account for this lsO transfer. A mechanism involving the 

formation of an adenyl intermediate is depicted in equation (22). 

O 

o 

This reaction may occur by a consecutive mechanism with the forma¬ 

tion of an adenyl intermediate (27) or by a concerted mechanism in 

which the extraction of the oxygen atom by ATP occurs without 

covalent-bond formation. Enzymes that catalyse the formation of 

acyl adenylate intermediates also catalyse partial-exchange reactions. 

No exchange reaction was observed on incubation of the purified calf 

thymus enzyme with ATP, Mg2 + and 32P-labelled PPi. Reversibility 

of the overall reaction, however, could not be demonstrated. 

An alternative mechanism could also account for transfer to AMP 

of 180 from XMP, labelled in the 2-hydroxyl group. In equation 

(23) ATP reacts with some group on the enzyme, for example 

a carboxylate, to form an adenylated enzyme (28). XMP then 

reacts with the activated enzyme complex with the release of AMP 

followed by nucleophilic attack of ammonia or glutamine on the 

XMP-enzyme adduct (29) to yield GMP and enzyme which contains 

the ieO atom derived from XMP. During the next cycle of the 
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enzyme-catalysed reaction the 180 atom would be transferred from 

the enzyme to AMP. This reaction differs from the mechanisms 

previously discussed in that the first activation step involves a group 
on the enzyme. 

o 
II 

E—C—O' + ATP 

o- o 
Mg2 

-> Ad—O—P—O—C XMP— ieO 

o E 

(28) 

O 

GMP (29) 

O 
II 

+ E—C — iaO- + Glutamate (23) 

A possible mechanism involving an AMP-nitrogen interaction was 

ruled out on the basis that phosphoramidate was not utilized for 
GMP synthesis94. 

Moyed and Magasanik95 found that with the purification of the 

enzyme from Aerobacter aerogenes, glutamine became a progressively 

poorer substrate. When the enzyme was purified 300-fold, only 

ammonia served as a nitrogen donor. The partially purified prepara¬ 

tions probably generated ammonia from glutamine by the action of 

glutaminase, an enzyme that hydrolyses the amide nitrogen of gluta¬ 
mine. 

In addition to the AMP-PPi cleavage of ATP the enzymes which 

catalyse the synthesis of NAD and GMP bear other similarities. The 

synthetases isolated from a mammalian source utilize glutamine as 

substrate and are inhibited by azaserine, whereas the bacterial enzymes 
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of both synthetases utilize ammonia and are inhibited by psicofuranine. 

It is conceivable that in the course of adaption from ammonia-utilizing 

to glutamine-utilizing enzymes an active site develops which catalyses 

the cleavage of the carbon-nitrogen amide bond by a mechanism 

common to both enzymes. 

The synthesis of GMP, catalysed by the bacterial enzyme, is depend¬ 

ent on XMP, ATP, NH3, and Mg2+ ions. When the reaction was 

carried out in the presence of excess ammonia and XMP was quanti¬ 

tatively converted to GMP, ATP and equimolar amounts of AMP and 

PPi, were formed. 
The results of inhibition studies95 suggest that ATP couples with 

the amide transfer reaction by the formation of an activated inter¬ 

mediate covalently bound to some group on the enzyme. Hydroxyl- 

amine inhibits GMP synthesis by inactivating the enzyme. Maximum 

inhibition was observed when ATP, XMP, and Mg2 + ions were pre¬ 

incubated with the enzyme. Inhibition was irreversible since the re¬ 

moval of hydroxylamine by reacting it with biacetyl did not restore 

the activity of the enzyme. The rate of increase of the observed in¬ 

activation follows first-order kinetics and is not affected by ammonia. 

These findings suggest that ATP and XMP react with the enzyme to 

form an activated complex. This complex can then react with am¬ 

monia to yield GMP, PPi, AMP, and free enzyme, or it can react with 

hydroxylamine which leads to inactivation of the enzyme. The 

hydroxylamine inactivation strongly suggests that an intermediate is 

bound to the enzyme by a covalent linkage, possibly a phosphorylated 

or an adenylated enzyme (equation 23). 
The role of XMP as part of the activated complex 29 is not explic¬ 

able directly in terms of the postulated mechanism. As can be seen 

from equation (23) a mechanism which involves the activation of an 

enzyme group and subsequently an acceptor molecule, requires the 

formation of two intermediates vulnerable to inactivation on nucleo¬ 

philic attack by hydroxylamine. Attack of the activated purine 

molecule 29 by hydroxylamine would presumably take place at the 

carbon atom that ammonia attacks which would yield a purine 

hydroxamate and free enzyme. Attack of the enzyme-ATP deriva¬ 

tive (28), however, would result in the formation of an inactive enzyme 

hydroxamate. In order to conform to the mechanism described, the 

requirement for XMP may be related to binding of substrates, analo¬ 

gous to the AMP requirement for the binding of glutamine to glutamine 

synthetase, or XMP may effect a conformational change of the protein 

which influences the reactivity of the active site. 
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The results of studies of GMP synthetase inhibition by the anti¬ 

biotic psicofuranine can also be interpreted in terms consistent with a 

hypothesis of a conformational change induced by XMP binding. 

The inactivation by psicofuranine has been studied in enzyme prepara¬ 

tions obtained from E. coli and from a mutant strain isolated after 

ultraviolet irradiation of the parental organism 96. The enzyme from 

the parental strain is irreversibly inactivated by psicofuranine in the 

presence of XMP and PPi. Inhibition of the enzyme obtained from 

the mutant or resistant strain is only partial, requires the presence of 

PPi, but not XMP and is reversible. These results indicated that 

more than one type of inhibition was being observed and the investiga¬ 

tors proposed a two-step process formulated by equations (24 and 25). 

r , Slow 
Enzyme + Psicofuranine + PPi " Enzymej. (inhibited) (24) 

r /• 1*1*. i\ Irreversible 
Enzyme! (inhibited) + XMP --> Enzyme2 (inhibited) (25) 

Step (24) is dependent on PPi and can be reversed by dilution or 

through the removal of PPi by treatment of the reaction mixture with 

pyrophosphatase. Step (25) is observed in the enzyme from parental 
E. coli but not in the resistant strain. The reaction is dependent on 

XMP as well as PPi, is irreversible and is a relatively slow reaction. 

When the enzyme is incubated with 1 x 10-7m psicofuranine, XMP 

and PPi, a time-dependent inactivation occurs in which one-half the 

maximum inhibition is achieved in 20 minutes. Kinetic results indi¬ 

cate that psicofuranine is a non-competitive inhibitor with respect to 

XMP, ATP, and ammonia. The differences between the parental 

and mutant strains cannot be accounted for by a change in the affinity 

of enzyme for substrates since the measured binding constants are 
essentially the same. 

The XMP requirement, in order for the irreversible inhibition step 

to occur, may be due to either an interaction of psicofuranine with 

XMP or to a change in the conformation of the protein effected by 

XMP which permits an interaction of psicofuranine with the catalytic 
site of the enzyme. 

Although it is premature to postulate a mechanism based on the 

available information, two additional observations are consistent with 

a change in conformation-active site hypothesis. If it is assumed ir¬ 

reversible inactivation results from a conformational change of the 

enzyme effected by XMP, the resistant strain either does not undergo a 

conformational change or this change differs from that which occurs 

m the parent strain where no inhibition by psicofuranine occurs. 
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Tertiary structural differences between the enzymes may account for 

these differences in reactivity, and heat-inactivation studies indicate 

that the conformation stabilities are in fact different. The resistant 

strain is more easily denatured, and protection against heat inactiva¬ 

tion provided by ATP and XMP is more effective for the parental 

strain. 
The substrates ATP and ammonia protect the enzyme against the 

irreversible inactivation step. Psicofuranine (30) although structurally 

similar to ATP, is probably binding at a site distinct though possibly 

not distant from that which binds ATP since inhibition kinetics were 

non-competitive. 

MW 

OH OH 

(30) 

AMP and adenosine inhibit enzymatic activity in a qualitatively 

similar manner to that of psicofuranine. The decrease in activity 

observed in the presence of GMP or its analogues suggests this in¬ 

hibition may have a regulatory function. 

C. Argininosuccinate 

The major end-product of nitrogen metabolism in terrestrial verte¬ 

brates is urea. The principle sources of ammonia for urea production 

arise from the deamination of cc-amino acids and the hydrolysis of the 

amides of glutamic and aspartic acids. The terminal step in urea 

production is the hydrolysis of the guanido group of arginine. Krebs 

and Henseleit97 discovered that ornithine functioned catalytically in 

the conversion of ammonia to urea in rat liver slices and they postu¬ 

lated a series of reactions known as the ornithine or urea cycle shown 

in Figure 3. In this cyclic process ammonia and COa are incorporated 

into organic compounds at one site and urea leaves at another. The 

conversion of citrulline to arginine, urea-cycle components, has been 

elucidated by Ratner and her associates 98~100. The formation of the 

guanidine group of arginine, which requires two enzymes, results from 

a condensation reaction involving citrulline and aspartate to form 
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argininosuccinate. The latter compound is cleaved in a subsequent 

reaction step to yield arginine and fumarate. The requirement for 

two enzymes to transfer the a-amino group of aspartate is a common 

characteristic of the enzymes which utilize the a-amino group as a 
nitrogen donor. 

(CH2)3 

CHN^ 
I 
coo- 

citrulline 

Aspartate + ATP 

carbamoyl 
phosphate 

NHo + CO, 

AMP + PPi 

NH2 COCT 

C = N—CH 
I I 

NH CH2 

I I 
(CH2)3 coo- 

chnh3+ 
I 
coo- 

argininosuccinate 

nh2 
1 nh2 

CH2 
1 C = NH 

CH2 
1 

| 

NH 

ch2 
1 r *) 

| 

(CH2)3 

chnh3+ i chnh3+ 
1 nh2cnh2 1 
coo- 

urea coo- 
ornithine arginine 

^COO- 

C 

xCx 
-ooc H 

fumarate 

Figure 3. Urea cycle. 

The condensation reaction, catalysed by argininosuccinate synthe¬ 
tase, required ATP which is converted to AMP and PPi during the 

course of the reaction101. In the absence of pyrophosphatases, which 

were present in earlier preparations, PPi accumulated in amounts 

equivalent to the utilization of citrulline. The position of the equili¬ 

brium does not favour synthesis so the stoicheiometry was determined 

for the back reaction and the specificity of AMP was established. 

Argininosuccinate was also reported to occur in plant extracts102’103 

and algal cells104, and fumarate was established as the product rather 

than malate as originally reported. The intermediate was bio- 

synthetically prepared from arginine, fumarate and the mammalian 
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argininosuccinase and was characterized by titration data, chemical 

reactions and physical properties105. 

In a mechanism study, Rochovansky and Ratner106 demonstrated 

that 180 is transferred from the ureido group of citrulline to AMP. 

This transfer may result from a direct interaction between the citrul¬ 

line oxygen atom and the AMP moiety of ATP, or transfer may be an 

indirect one involving a group on the enzyme. Attempts to demon¬ 

strate partial reactions by 32PPi-ATP isotope-exchange studies were 

unsuccessful. All three substrates must be present to detect any 

reaction. These findings indicate either a concerted mechanism in 

which the PPi bond is broken simultaneously with C—N bond forma¬ 

tion, or the products of the activation reaction remain bound to the 

enzyme until nucleophilic attack of the intermediate occurs. A free- 

energy change for the ATP-dependent, enzyme-catalysed reaction at 

pH 7-5 of —2100 cal/mole was calculated from the equilibrium 

constant63. 

D. 5-Phosphoribosylamine 

Formation of 5-phosphoribosylamine (12) is the first nitrogen- 

transfer step in a series of biosynthetic reactions which lead to the 

formation of the purine nucleotides. The nitrogen atom of 12 corre¬ 

sponds to N(9) of the purine ring (see 11). The biosynthesis of 12 
from ribose 5-phosphate (31) and glutamine occurs in a two-step 

sequence shown in equation (26). 
In the amide-transfer reactions considered in the previous sections, 

the activation step and the carbon—nitrogen bond-breaking and bond¬ 

making steps are catalysed by a single enzyme. In contrast, the 

biosynthesis of phosphoribosylamine, which occurs by an analogous 

ATP-dependent activation of an acceptor molecule and nucleophilic 

attack by the amide nitrogen atom on the activated pyrophosphate 

derivative (32), is carried out in two discrete steps by two distinct 

enzymes and the free intermediate is isolable. 
The activated intermediate is synthesized by the transfer of the 

pyrophosphate moiety of ATP to ribose 5-phosphate. 5-Phosphori- 

bosyl 1-pyrophosphate has been isolated and characterized as the 

product of the enzyme-catalysed reaction, and an equimolar stoicheio- 

metry of reactants and products was established107. Mg2+ ions were 

essential for activity. The enzyme was purified from pigeon liver 

and was also found in mammalian liver and E. coli. 
Khorana and coworkers108 have demonstrated that the reaction 
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-HOoPOCH 2^0 
Mg2 + 

7— 
OH ATP AMP 

OH OH 

ribose 5-phosphate 

(31) 

-HOaPOCH2 o. o- o- 
I I 

O—P—O—P— o- 

Glutamine 

OH OH 06 

5-phosphoribosyI I-pyrophosphate 

(32) 

(26) 

“H03P0CH2 o NH» 

+ Glutamate 4- PPj 

OH OH 

5-phosphoribosylamine 

(12) 

proceeds by a direct transfer of the pyrophosphate moiety. A pyro¬ 

phosphate transfer rather than the transfer of single phosphate groups 

was indicated from the finding that ribose 1,5-diphosphate would not 

substitute for the substrate. Furthermore, it was shown that the pyro¬ 

phosphate group of 32 originated from the terminal and middle 

phosphate groups of ATP. Identification of the individual phosphate 

groups was possible by employing 32P-labelled ATP in specific phos¬ 

phate groups and a degradation procedure of 32 which liberated the 

terminal phosphate group and formed 5-phosphoribose 1,2-cyclic 
phosphate (33) (equation 27). 

-HO3POCH, o o- o- 
I I 

l/1— O—P—O—P—o - 

OH O OO 

Base 

H 
(32) 

‘H03P0CH2 o 

o 
+ H0P032- (27) 

OH O—^POj 

(33) 

The glutamine nitrogen-transfer reaction is catalysed by the second 

enzyme, phosphoribosyl pyrophosphate amidotransferase (equation 
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26). Goldthwait109 partially purified the enzyme from pigeon liver 

and showed that for each mole of 32 utilized, an equimolar amount of 

glutamine was converted to glutamate. Azaserine inhibited the 

reaction and was competitive with respect to glutamine. 

The product (12), due to its instability, could not be isolated. 

However, indirect evidence strongly supports the contention that 5- 

phosphoribosylamine is enzymatically formed. Chemically synthe¬ 

sized 12 was found to be unstable even under mild conditions. When 

the enzymatic reaction was carried out with 32 labelled with 32P in 

the 5-position, the main radioactive product was indistinguishable 

from ribose 5-phosphate, which presumably resulted from the hydroly¬ 

sis of phosphoribosylamine. Chemically prepared 12 was active in 

the enzymatic synthesis of 5'-phosphoribosyl-glycineamide (13), the 

subsequent step in purine biosynthesis (section II.E), thus suggesting 

that phosphoribosylamine is in fact a true product. 

The transfer of the amide nitrogen probably consists of a single dis¬ 

placement reaction with an inversion at C(1) of ribose. 32 has the 

a-configuration whereas the naturally occurring purine nucleotides 

possess the ^-configuration. 

IV. ADDITIONAL BIOSYNTHETIC REACTIONS OF 
GLUTAMINE 

A. Histidine 

All mammals studied, with the exception of man, require a dietary 

source of histidine for growth or maintenance of nitrogen balance. 

One of the nitrogen atoms of the imidazole ring of histidine is derived 

from the amide nitrogen of glutamine. In studies on cultures of E. coli, 

Neidle and Waelsch110 demonstrated the incorporation of 15N- 

labelled amide nitrogen of glutamine into histidine. Ammonia, the 

cc-amino nitrogens of glutamate and aspartate, and asparagine amide 

nitrogen did not compete with glutamine as a nitrogen source. By 

enzymatic degradation of the isolated histidine, it was shown that 80% 

of the incorporated 15N was in N(1) of the imidazole ring. The bio¬ 

synthesis of hisitidine is a multistep process involving the formation of 

at least nine intermediates. Elucidation of part of the pathway has 

been achieved through studies on the synthesis of imidazoleglycerol 

phosphate (35), one of these intermediates. The carbon-nitrogen 

structural skeleton of 35 is synthesized from ATP, ribose 5-phosphate 

and glutamine. In a condensation reaction ribose 5-phosphate forms 
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a covalent bond with N(1) of ATP. The phosphoribosyl-ATP 

intermediate is converted in a series of reactions to 34, which then 

reacts with glutamine to form imidazoleglycerol phosphate (35). 

’ ribose 5-P- n r -ATP- 

H2C* -NH 

CONHo 

-N 

■ho3poch2chch-c^ hcA 
II ON' 

HO OH 

(34) 

Glutamine 

""N 

I 
ribose-P 

-ho3poch2chch 
I I 

HO OH 

(35) 

+ Glutamate 

-NH 
+ 

N' 

CONH, 

-N 

HoN N 

I 
ribose-P 

(28) 

Isotopic tracer studies demonstrated that C(2) of adenine and C(1) of 
ribose are incorporated into 35 without dilution111. 

Bacterial extracts containing ATP, ribose 5-phosphate and Mg2 + , 

allowed to react in the absence of glutamine, accumulate 34, which was 

isolated and identified by Smith and Ames112. The intermediate 34 

contained a reducing group, lacking in earlier intermediates, and the 

enzyme responsible for its formation catalysed an Amadori-type re¬ 

arrangement on the aminoaldolose of the formimino side-chain to 
form the aminoketose. 

Little is known concerning the amide transfer mechanism in the 

conversion of 34 to 35 or the requirements for additional cofactors or 

metal ions, since relatively impure enzyme preparations have been 

used to carry out the reaction. Some information has been obtained 

in studies with Salmonella typhinurium mutants, which lack certain 

enzymes necessary for the biosynthesis of 35. The combined extracts 

of two of these mutants are capable of converting the intermediate 

and glutamine to 35, however, when tested separately the extracts were 

inactive. The findings suggest two factors, and a two-step reaction 

sequence occurs in the amide transfer and ring-closure reactions leading- 

to synthesis of the imidazole ring. Two general mechanisms could 

account for a two-step reaction. An intermediate Schiff base may be 

formed by transfer of the amide group to the ribulose moiety or an 

intermediate might have the structure of activated substrate bound to 
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the enzyme. The deficiency resulting from a blocked gene of one 

mutant can be overcome by using high concentrations of ammonia in¬ 

stead of glutamine as the nitrogen donor. Since glutamine is probably 

the normal substrate, it is conceivable that the binding or catalytic 

functions concerned with the amide transfer reaction have been modi¬ 

fied in the mutant. Clarification of the mechanism for amide transfer 

in histidine biosynthesis must await further studies. 

Participation of histidine in the catalytic site has been reported for 

chymotrypsin, succinic thiokinase, ribonuclease, and hexokinase- 

catalysed reactions, and has been implicated in many others. The 

chemical properties of the cyclic amidine imidazole portion of the 

histidine molecule are uniquely appropriate for general acid-base113 

and nucleophilic114 catalysis. Detailed considerations of enzyme 

reactions involving imidazole catalysis can be found in publications by 

Bender and Kezdy115, Bruice, and Benkovic116, and Anderson and 

co workers117. 

B. Anthranilate 

Anthranilic acid (37) arises from the biosynthetic pathway re¬ 

sponsible for the formation of the aromatic amino acids phenylalanine, 

tyrosine, tryptophan and />-aminobenzoic acid. It is an intermediate 

in the formation of tryptophan in many organisms and from evidence 

obtained from nutritional, genetic and end-product inhibition studies, 

anthranilate synthetase is probably the first enzyme in the pathway 

specifically involved in tryptophan biosynthesis. The carbon skeleton 

is derived from a product of carbohydrate metabolism, 2-keto-3-deoxy- 

7-phospho-D-glucoheptonic acid. A series of enzymatic conversions 

culminate in the formation of shikimic acid (38), one of the first recog¬ 

nized intermediates in the biosynthesis of aromatic amino acids. 

Only recently has attention been focused on the sequence of reactions 

for the conversion of this intermediate to the aromatic amino acids. 

Shikimate in three reaction steps is converted to chorismic acid (see 36), 

the immediate precursor of anthranilate. Anthranilate synthetase 

catalyses the reaction of chorismate and glutamine in the presence of 

Mg2 + ions as shown in equation (29). 
Glutamine was found to be the most efficient nitrogen donor in the 

conversion of shikimate 5-phosphate118 and chorismate119 to anthrani¬ 

late. The transfer of the amide nitrogen rather than the cc-amino 

nitrogen of glutamine was established in experiments employing 

glutamine labelled with 15N in the amide group118. Isolation and 
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coo- coo- 
CH2 
II 

occoo- 
+ Glutamine 

NH, O 

+ Glutamate + CH3CCOO- 

anthranilate pyruvate 

(29) 

analysis of anthranilate showed that the 15N nitrogen atom was in¬ 

corporated essentially without dilution. Ammonia, as in other glut¬ 

amine enzymes, can also serve as a nitrogen source provided relatively 

high concentrations are used at alkaline pH values. Anthranilate 

accumulated more rapidly in whole cells when glutamine was the 

substrate, hence the amide nitrogen was considered to be the physio¬ 

logical substrate. The glutamine antagonists azaserine and 6-diazo-5- 

oxo-L-norleucine inhibited the synthesis of anthranilate in bacterial 

extracts119 and whole cells120 when glutamine was used as the nitro¬ 

gen source. No inhibition by these compounds was observed, how¬ 

ever, in whole-cell studies using ammonia as the nitrogen donor. 

Srinivasan found that the radioactivity from [3,4-14C]glucose was 

incorporated into the carboxyl carbon and the 3 and 4 ring positions 

of shikimate. Comparison121 of the labelling pattern of anthranilate, 

biosynthesized from the same labelled glucose, with shikimate showed 

that aromatization of the ring takes place without rearrangement of 

the carbon skeleton as shown in 37 and 38. With this information 

and the known reactions used in the degradation of the aromatic ring 

it was possible to establish that the animation reaction occurred at C / 
of the intermediate rather than at C(6). (2) 

Chorismic acid, was isolated122 as an intermediate in the biosyn¬ 

thesis of aromatic amino acids by bacterial mutants. These mutants 

lacked enzymes capable of utilizing the intermediate in further reac¬ 

tions and as a consequence accumulated an isolable quantity of the 
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intermediate. Chorismate (36) appears to be a ‘branch compound’ 

or the last common intermediate of the various specific pathways of 

aromatic amino acid biosynthesis. The ability of this compound to 

serve as a precursor for anthranilate synthesis has been demonstrated 

with the enzymes isolated from E. coli123 and Neurospora crass a121 and 

with extracts of Aerobacter aero genes122. The relative stereochemistry 

of chorismate was deduced from the known structures of shikimic and 

prephenic acids and the n.m.r. spectrum125. 

Little is known concerning the mechanism of the reaction. Purified 

enzyme preparations123,124 require only Mg2+ ions to catalyse 

reaction (29). Inhibition of the enzyme was observed123 in the pres¬ 

ence of sulphydryl-reacting reagents. In view of the apparent com¬ 

plexity of the reaction, recent investigations have sought to ascertain 

whether the reaction is catalysed by a single enzyme or an enzyme 

complex. DeMoss124 achieved an 83-fold purification of the Neuro¬ 

spora enzyme and suggested that this reaction, or series of reactions, 

is catalysed by a single enzyme. Ultracentrifugation and gel electro¬ 

phoresis studies123, carried out on a purified enzyme obtained from 

E. coli, indicated the synthesizing activity was associated with a pre¬ 

dominant protein in the preparation, but did not distinguish between 

a single enzyme or an enzyme complex. Egan and Gibson126 have 

reported that a protein purified about 1400-fold with respect to 

anthranilate synthetase activity also has phosphoribosyl transferase 

activity, the next enzyme in the biosynthetic sequence of tryptophan 

formation from anthranilate. The presence of two enzymatic activi¬ 

ties on the purified protein suggests that a molecular aggregate is 

involved. 
A number of compounds (Figure 4) have been proposed as possible 

intermediates in the conversion of chorismate to anthranilate. If it is 

assumed that the first step in the synthesis of anthranilate proceeds by 

a nucleophilic attack of the amide nitrogen of glutamine at C(2) of 

chorismate with the simultaneous cleavage of the para-hydroxyl group, 

an intermediate having the structure 39a would be formed. Subse¬ 

quent reactions of this intermediate may involve the expulsion of 

pyruvate to form 39b, the expulsion of glutamate followed by migration 

of the pyruvyl moiety to form 40127, or the expulsion of glutamate to 

form 41128. Lingen and coworkers129, synthesized compounds 39b 

and 40 and found that they were inactive in extracts capable of syn¬ 

thesizing anthranilate from shikimate, pyruvate and glutamine. 

Levin and Sprinson128 have proposed a scheme which involves the 

formation of intermediate 41. A Streptomyces aureofaciens mutant 
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was reported130 to accumulate large quantities of *?mr-2,3-dihydro-3- 

hydroxyanthranilic acid. It was not known if the anthranilate 

biosynthetic pathway was genetically blocked in this organism. Com¬ 

pound 41 presumably could undergo elimination of pyruvate to yield 

anthranilate or hydrolysis to accumulate the reported hydroxyamino 

coo- 

II 
ch2 

(41) 

Figure 4. Possible derivatives of the chorismate-glutamine reaction. 

acid. Srinivasan121 found 2,3-dihydro-3-hydroxyanthranilate would 
not serve as a precursor for the biosynthesis of anthranilate and sug¬ 

gested the true intermediate still bears the enolpyruvyl side-chain. 

Consistent with these observations, an intermediate of anthranilate 

biosynthesis has been isolated which corresponds to structure 39a131. 

The results of kinetic studies123 indicate a sequential mechanism in¬ 

volving two substrates and three products for the catalysed formation 

of anthranilate and are consistent with the mechanism postulated by 
Levin and Sprinson. 7 
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C. p-Aminobenzoate 

The biosynthetic pathway for aromatic amino acids also gives rise to 

j!>-aminobenzoate. Shikimate 5-phosphate and glutamine were found 

to be precursors132. Isotopic labelling studies demonstrated that the 

amino nitrogen was derived from the amide nitrogen atom of glut¬ 

amine 133. First recognized as a growth factor, />-aminobenzoate is a 

constituent of the folic acid vitamins. 

D. Glucosamine 6-Phosphate 

The transfer of an amino group from glutamine to hexose phosphate 

occurs according to equation (30). Studies on the capsular poly- 

D-Fructose-6-P + L-Glutamine -> 2-Amino-2-deoxy-D-glucose-6-P + L-Glutamate 
(30) 

saccharide material of Streptococcus species which contains glucosamine 

as part of the hyaluronic acid structure, demonstrated that the carbon 

skeleton is derived from glucose134,135. Analysis of glucosamine iso¬ 

lated from cell cultures administered with l-14C-glucose showed the 

radioactivity was present almost exclusively at C(1). Similar results 

were reported for blood glucosamine isolated from rats following ad¬ 

ministration of labelled glucose136. A partially purified enzyme from 

Neurospora utilized either glucose-6-P or fructose-6-P as a nitrogen 

acceptor137, but the preparation probably was contaminated with 

phosphohexoisomerase since subsequent studies138 showed fructose-6-P 

was the only substrate. 
Glutamine served as the only nitrogen donor for the purified enzymes 

from E. coli, rat liver and Neurospora138. A decrease in amide nitrogen 

paralleled an increase in glucosamine and glutamate concentrations 

during the course of the enzyme-catalysed reaction137. Enzymatic 

activity was strongly inhibited by 6-diazo-5-oxo-L-norleucine138. 

The stoicheiometry of the equation was established for the E. coli 

and rat liver enzymes. However, measurements with the Neurospora 

preparation gave high values for glutamine utilization due to the 

presence of glutaminase. 
No evidence could be obtained for a cofactor requirement by di¬ 

alysis or ion exchange treatment of the enzyme. Elucidation of the 

mechanism for this reaction awaits further studies. 

£. y-Glutamylamides 

A large number of naturally occurring dipeptides, formed by the 

reaction of the y-carboxyl group of glutamic acid with the a-amino 



652 J. E. Reimann and R. U. Byerrum 

nitrogen of various amino acids, have been isolated mainly from higher 

plants. Virtanen and his associates139 have reported the isolation of 

y-glutamyl derivatives of valine, isoleucine, leucine, phenylalanine, 

methionine and others from plant sources. Dipeptides, containing 

amino acid derivatives, such as y-glutamyl-^- (1-propenyl) cysteine 

sulphoxide and y-glutamyl-S-methylcysteine have also been found. 

For a comprehensive list of y-glutamyl peptides and sources for their 

isolation see Thompson and coworkers140 and Fowden141. Several 

y-glutamyl derivatives in which the amide moiety stems from a 

nitrogen compound other than an amino acid have been isolated and 

characterized. Theanine (42), a component of tea leaves, is the 

amidic iV-ethyl derivative of glutamine. More recently y-glutamyl- 

/j-hydroxyaniline (43) 142 and fi-N- (y-glutamyl) -p-hydroxymethyl- 

phenylhydrazine (44)143 have been isolated from mushrooms. 

coo- 
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CHNH + 
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CHNHJ 
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CHNHJ 

ch2 
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ch2 ch2 
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ch2 
1 
ch2 1 

CONHEt 
1 

CONH—C6H4OH-p 
1 

CONH—NH—C6H4CH2OH-p 
(42) (43) (44) 

Glutathione, y-glutamyl-cysteinylglycine (section II.D), is widely 
distributed in nature and functions as a cofactor in a number of 

enzymatic reactions. Two related y-glutamyl dipeptides, in which the 

cystemyl residue is replaced, have been isolated from calf lens; opthal- 

mic acid containing the a-amino-n-butyryl group144 and noropthalmic 
acid with a substituted alanyl residue145. 

The physiological significance of the y-glutamyl dipeptides is not 

clear. The occurrence of these compounds in the storage organs of 

plants, bulbs and seeds, suggests a role in transport and storage for 

non-protein ammo acids. In mammals, dipeptides are excreted in 

the urine. Three y-glutamyl and fifteen /3-aspartyl dipeptides have 

been isolated from human urine146. The localization of y-glutamyl 

transpeptidase, an enzyme catalysing the formation of dipeptides in 

mammalian kidney tissue, indicates a possible function in the excretion 

of amino acids. A role in the synthesis of structural components may 

be of biological importance as, for example, the capsular material of 

some microorganisms contains a y-glutamyl polypeptide. 

The biosynthesis of y-glutamyl dipeptides may occur by a mechanism 



11. Biological formation and reactions of the amido group 653 

involving the direct formation of the amide bond between glutamate 

and an amino acid or by the transfer of a y-glutamyl residue from a 

dipeptide already formed to a free amino acid or polypeptide in a 

transpeptidation reaction. 

The formation of y-glutamylcysteine from glutamate and cysteine, 

the first step in the biosynthesis of the tripeptide glutathione, occurs by 

direct synthesis (equation 11a). 

The mechanism of y-glutamylcysteine synthetase catalysed reaction 

appears to be quite similar to the mode of carboxyl activation pre¬ 

viously described for glutamine synthesis (section II.A). Catalysis 

by the hog kidney enzyme, purified 2500-fold, is Mg2+ ion and ATP- 

dependent, the nucleotide is cleaved to ADP and inorganic phosphate 

and an oxygen atom of glutamate is transferred to inorganic phosphate 

during the course of the reaction 65. This enzyme, in contrast to the 

glutamine-synthesizing enzyme, catalyses the rapid transfer of ADP 

into ATP, which is dependent on Mg2 + ions but not on glutamate or 

cysteine. However, this reaction may be a consequence of an impure 

enzyme since an analogous exchange reaction was also observed19 in 

partially purified preparations of glutamine synthetase. On care¬ 

ful exclusion of ammonia from the enzyme, the exchange, in absence 

of the other substrates, was no longer observed. 
Much less is known regarding the mechanism of y-glutamyl trans¬ 

peptidation reactions. Hanes and coworkers147 demonstrated that a 

mammalian kidney enzyme catalysed the transpeptidation reaction of 

glutathione as well as its hydrolysis. The two activities are frequently 

associated with hydrolytic enzymes (phosphatases, glycosidases, pro¬ 

teases, amidases) in which the formation of an activated enzyme- 

substrate complex may react with water in a hydrolytic reaction or with 

an amine in a transfer reaction. The kidney enzyme catalyses the 

transfer of the y-glutamyl residue from glutathione to an amino acid 

acceptor molecule (equation 31). 

y-L-Glutamyl-L-cysteinylglycine + L-Aminoacid -> 

y-L-Glutamyl-L-amino acid + L-Cysteinylglycine (31) 

The specificity for the acceptor molecule is low and the y-glutamyl 

group of glutathione may be transferred to valine, phenylalanine, 

leucine148, methionine, arginine and glutamate as well as certain di¬ 

peptides149. Similarly a number of y-glutamyl dipeptides may serve 

as donors and this lack of specificity permits the use of A-(y-glutamyl)- 

a-naphthylamine150 and A- (y-glutamyl) -p-nitroaniline151 as the y- 

glutamyl donor and provides for the convenient determination of the 
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liberated amine by spectrophotometric means. Because the kidney 
enzyme is bound to tissue particles, difficulties have been encountered 
in obtaining soluble preparations, and therefore its purification re¬ 
quires extraction with solvents such as deoxycholate. Preparations 
purified about 1000-fold are glycoproteins in that they contain neutral 
sugars, amino sugars and sialic acid150. Treatment of the enzyme 
with neuraminidase did not significantly alter the activity, thus sialic 
acid is not a component of the catalytic centre. Activity is lost, how¬ 
ever, when the enzyme is treated with periodate and with sulphydryl- 
reacting reagents such as A-ethylmaleimide, mercury and iodoacetate. 
In time studies150 employing the substrate jV-(y-L-glutamyl)-a- 
naphthylamine, 40% of the theoretical a-naphthylamine appeared in 
the first few minutes of the reaction and -A^-(y-glutamyl-y-glutamyl)- 
a-naphthylamine was the only product (equation 32). On prolonged 
incubation poly-y-glutamyl peptides were formed which subsequently 
could be hydrolysed to glutamic acid. 

N-(y-L-Glutamyl)-a-naphthylamine -> 

N-(y-L-G I utamy l-y-L-gl utamy l)-a-naphthy lamine + a-Naphthylamine (32) 

An enzyme which catalyses the hydrolysis or transfer of the y- 
glutamyl residue from 44 to /;-hydroxyaniline has been partially puri¬ 
fied from commercial mushrooms152. This enzyme is distinct from 
the mammalian enzyme in that it is not active with amino acid 
acceptors. 

High molecular weight (up to 53,000) polyglutamic acid peptides 
have been isolated from the capsular material of Bacillus microorgan- 
isms and from exocellular material in the cultural medium. 
Polyglutamate synthetase activity in cell-free extracts is not inhibited by 
chloramphenicol, streptomycin, penicillin, deoxyribonuclease or 
nbonuclease , reagents which inhibit protein synthesis. In contrast 
to the oc-hnkage of the peptide bond of proteins, the glutamate residues 
of the polymer secreted into the culture medium are joined through an 
amide bond of the y-carboxyl group155-155. Growth of the polymers 
occurred by the transfer of a y-glutamyl moiety to the free amino end- 
group of the polypeptide. By labelling a dipeptide substrate and 
determining the ocation of the 14C label in the product, Williams and 
1 home postulated the sequence of reactions (33). Partially puri- 

E + y-D-Glutamyl-D-glu* --^ E—glu + D-glu* 

E—glu + y-D-Glutamyl-D-glu* -> E + y-D-glu-D-glu-D-glu* (33) 

fied enzyme preparations from culture filtrates were capable of syn- 
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thesizing short-chain polypeptides158. Accumulation of high mole¬ 
cular weight polymers was probably not observed due to competing 
hydrolytic reactions or an unfavourable equilibrium resulting from 
the uncoupling of subsequent reaction of the polypeptide. Trans- 
peptidation reactions appear to constitute an alternative pathway for 
the biosynthesis of polypeptides. 

Synthesis requires an energy source (ATP or other nucleotide tri¬ 
phosphate), Mn2+ and /3-mercaptoethanol154; hydroxamate formation 
and appropriate exchange reactions have been observed suggesting the 
formation of an activated enzyme-substrate complex157. 

Two observations have been reported that indicate the a-hydrogen 
atom is removed during the process of catalysis. Cell-free extracts of 
Bacillus licheniformis catalyse the synthesis of polyglutamic acid which 
contains about 40% of D-isomer residues. Isotope dilution studies, 
however, indicate that only the L-isomer was used and without being 
converted to the D-isomer prior to incorporation154. The utilization 
of 14C-labelled glutamate was markedly decreased by the addition of 
the L-isomer but not by addition of the D-isomer. Earlier in vivo 
studies, employing glutamic acid labelled in the a-amino nitrogen and 
in the a-hydrogen atom demonstrated that while 30% of the a-amino 
group was incorporated into the polymer no a-deuterium was de¬ 
tected 155. Although the mechanistic significance of bond cleavage 
of the a-hydrogen atom is not understood, these findings suggest an 
alternative mechanism for catalysing the reaction between a relatively 
unreactive carboxyl group and an amine, analogous to nucleophilic 
catalysis of ester hydrolysis by imidazole. The tetrahedral addition 
intermediate 45 becomes stabilized on losing the a-proton, and the 

O- H 
I n. f\ 

—C—N—C— 

0 OH H 

(45) 

O H 
II I 

-* — C—NH—C- (34) 

hydroxide ion is then preferentially expelled leading to amide forma¬ 
tion (equation 34). 

V. AMIDE HYDROLYSIS 

Several enzymes are known which hydrolyse the amide group of 
glutamine and asparagine. The hydrolases vary considerably with 
respect to substrate specificity, transfer activity, pH optimum, 
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inhibition patterns, anion activation and antitumour activity in the 
case of asparaginase. 

Greenstein and collaborators159’160 orignally described two activities 

in rat liver digests which catalysed the deamidation of glutamine. 

One of the activities required the presence of an a-keto acid for 

deamidation to occur. This enzyme was found only in heptatic 

tissues. The second activity was stimulated by phosphate, sulphate, 

and arsenate. Anion-activated glutaminase was found in brain and 

spleen of rats, mice, rabbits, and guinea pigs and in the kidney of rats, 

dogs, and cats. Errera161 established that the two activities observed 

in liver digests were separate enzymes. Activation of hydrolytic 

activity by anions, however, was not observed in rabbit and guinea pig 

kidney extracts162 indicating that three types of deamidating enzymes 

occur in animal tissue. Two asparagine deamidating activities were 

also found in rat liver extracts; an a-keto acid dependent one and an 

asparaginase which was not activated by either phosphate or by keto 
acids. 

A. in-Amidose 

The enzyme cu-amidase catalyses the deamidation of a-keto- 

glutaramate and a-ketosuccinamate. In liver tissues the oi-amidase 

activity was coupled with transaminases for glutamine and asparagine, 

which in consort effected the conversion of these compounds to a- 

ketoglutarate and oxaloacetate respectively. The observed a-keto 

acid dependency was due to its role in the transamination reaction. 
The combined reactions are shown in equation (35). 

conh2 
1 
ch2 

1 
coo- 

i 
coo- 

conh2 
1 
ch2 

coo- 

ch2 

ch2 + 
1 

9=0 Transaminase CHNHj) 
- 

+ ch2 . .. 
oj-Am idase 

1 
ch2 + nh3 

CHNHJ 
i 

ch3 ch3 c=o 
1 
c=o 

COO- 
glutamine pyruvate alanine 

coo- 
a-ketoglutaramate 

1 
coo- 
a-ketoglutarate 

(35) 

In reaction mixtures which contained an a-keto acid (pyruvate), 

N-labelled glutamine and a partially purified enzyme preparation, 

Meister and Tice163’164 demonstrated that the ammonia produced 

arose from the amide nitrogen of glutamine. a-Ketoglutarate was 

isolated as a product which showed that during the course of the reac¬ 

tion glutamine had lost both nitrogen atoms. Subsequently the 
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enzyme responsible for amide hydrolysis was separated from the 

transamination enzyme and it was demonstrated that a-ketoglutara- 

mate and a-ketosuccinamate were the substrates for the deamidation 
reaction. 

The to-amidase is found in a large number of animal tissues, in 

microorganisms and plants. 

B. Glutamine 

The glutaminase enzyme, activated by anions, has been purified 

from pig165 and dog kidney cortex166. Sulphydryl reagents including 

mercuric chloride, jfr-mercuribenzoate, iodoacetamide and iV-ethyl- 

maleimide were found to be potent inhibitors of enzymatic activity. 

Inhibition induced by mercurials was prevented or reduced by the 

addition of sulphydryl compounds such as glutathione and cysteine. 

Sayre and Roberts166 postulated that an enzyme sulphydryl group 

at the active site participates in general acid-base or nucleophilic 

catalysis. The pH optimum for enzyme activity at 8-1 further sug¬ 

gests the involvement of a sulphydryl group since it would be suffi¬ 

ciently ionized at this pH. 

Polyvalent anions enhance kidney glutaminase activity markedly. 

Phosphate, arsenate, sulphate, and nitrate160, in decreasing order of 

effectiveness activated the enzyme, whereas chloride, bromide, and 

cyanide166 were inhibitory in the presence of phosphate. Anion 

activation appears to be related to binding of the substrate. The 

Michaelis (dissociation) constant decreased about 10-fold with an in¬ 

crease in phosphate concentration to 0-2 m. Bromosulphalein and 

2,4-dinitro-l-naphthol-7-sulphonic acid were found to inhibit the 

enzyme. These results suggested to the authors that the catalytic 

portion of the enzyme consisted of phosphate- and substrate-binding 

cationic sites and an enzyme sulphydryl group as depicted in 46. 

+ + 

1, o coo- HS-^E 

HO—P 

No. 
H,N—CHXH„C=0 

NH2 
(46) 

According to this model the negatively charged groups of the dye mole¬ 

cules, by binding with the enzyme, inhibit cationic sites. 

The relatively high concentrations of phosphate required for 

22 + c.o.a. 
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activation, which certainly exceeds cellular concentrations makes 

questionable a phosphate-substrate complex requirement for catalytic 

activity. The order of anion activation suggests that the increase in 

binding at the ‘ active site ’ could result from conformational changes 

induced by salt interactions with the protein. The relative effectiveness 

of anions in activating the enzyme follows the same order of activity 

of ions reported by Robinson and Jencks167 in studies on the effects of 

various salts on the solubility of a model peptide acetyltetraglycine ethyl 

ester. These authors observed that those ions which are most effective 

in causing protein precipitation are the most effective in preventing the 

denaturation of proteins. Anion activation or inhibition of a number 

of enzymes—glutaminase inclusive—can be correlated with the ten¬ 

dency of salts to inhibit or to increase denaturation of the protein. 

Klingman and Handler165 concluded from their studies of glutamin¬ 

ase, that phosphate ‘ protected ’ the enzyme against denaturation at the 
assay temperature of 37°c. 

The results of exchange studies catalysed by the kidney enzyme were 

interpreted in terms of an enzyme-glutamate complex. In the pres¬ 

ence of glutamine and Pi, the enzyme catalysed the exchange of 15NH3 

into glutamine but not 14C-labelled glutamate165. Similar results 

were obtained with an amidase isolated from Pseudomonas fluorescens, 

which catalysed deamidation of 2- and 3-carbon primary amides168. 

Presumably the complex, which is in equilibrium with reactants, is 

hydrolysed in an irreversible step according to equation (36). 

Enzyme + Glutamine ^ _ > Enzyme-glutamate + NH3 —H2°> 

Enzyme + Glutamate (36) 

The glutaminase from E. coli bears a resemblance to the esterases 

and peptidases, which presumably involve acyl-enzyme intermediates, 

in that it catalyses the transfer reaction of an acyl group from a 

number of donors including amides, esters and thioesters to suitable 

acceptors. Hartman169 has initiated studies in an attempt to deter¬ 

mine if this enzyme is mechanistically related to the proteolytic 
enzymes. 

Glutaminase from E. coli has been purified to apparent homogeneity 

and an approximate molecular weight of 110,000 was determined by 

the gel filtration technique. Similar to other enzymes metabolizing 

glutamine, 6-diazo-5-oxo-L-norleucine irreversibly inhibited glut¬ 

aminase. Glutamine provided protection against this inhibition, 

indicating that the substrate and inhibitor react with the same site. 

14C-Labelled inhibitor was covalently bound to the enzyme. Assum- 
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ing a one-to-one ratio of inhibitor to active site, titration of the enzyme 

with inhibitor showed two active sites per molecule. 

In addition to amides, the enzyme catalysed the hydrolysis of y- 

glutamyl derivatives including ^-substituted amides, hydroxamic 

acid, esters and thioesters. Binding constants were determined for the 

catalytically active substrates from the Michaelis constant, which was 

shown to be equal to the dissociation constant171, and from the in¬ 

hibition constants for substrates that were bound but did not undergo 

reaction. Little specificity was found for the substituent on the acyl 

group since amides, oxygen and thiolesters served as substrates, and 

binding was limited only by size. The L-glutamyl isomer and un¬ 

substituted a-amino and carboxyl groups were required for binding. 

Compounds that contained an oxygen atom in the principal chain were 

not bound and this observation accounts for the failure of azaserine to 

inhibit the enzyme. 

Glutaminase is primarily a hydrolase. The acyl group can be 

transferred to hydroxylamine and methanol but at relatively slow 

rates. In view of the relative nucleophilicities of hydroxylamine, 

methanol and water, these results were interpreted to indicate a water¬ 

binding site on the enzyme. 

The proteolytic enzymes may be grouped according to a common 

catalytic entity: the serine esterases chymotrypsin, trypsin, subtilisin; 

the thio acylases papain, ficin and pepsin; and the metalloenzyme 

carboxypeptidase. A comparison of glutaminase with these groups of 

enzymes did not reveal characteristics that would suggest a common 

mechanism was operative. Diisopropylphosphorofluoridate which 

inhibits the serine esterases by reacting irreversibly with the alcohol 

oxygen of the serine active site, has no effect on glutaminase. There 

is no convincing evidence that glutaminase is a thiol enzyme; although 

inhibited by organic mercurials, it is insensitive to more specific sul- 

phydryl reagents such as iodoacetate and A-ethylmaleimide. 

Glutaminase behaviour also differs from papain with respect to in¬ 

activation by hydrogen peroxide and photooxidation. Papain is 

immediately inactivated by treatment with hydrogen peroxide, 

whereas glutaminase has a half-life of about 3 hours. Glutaminase 

undergoes irreversible photoinactivation in contrast to papain which 

after similar treatment is totally reactivated by the presence of a 

dithiol reducing agent. Metal-binding agents, which inactivate 

metallohydrolases, do not inhibit glutaminase. The mechanism of 

action for glutaminase appears to differ from that of the esterases and 

peptidases. 
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The studies on glutaminase activity were extended to experiments 

designed to distinguish between a one-step mechanism in which the 

substrate is hydrolysed in a single displacement reaction, or the forma¬ 

tion of an acyl-enzyme intermediate in a two-step displacement 

sequence analogous to the mechanism of serine and thiol acylases 170>171. 

The results of these investigations suggested that a common inter¬ 

mediate results from the amide, ester and thioester substrates, and the 

formation of the intermediate is the slowest step in the catalytic cycle. 

Attempts to detect a covalently bound intermediate were unsuccessful. 

However, if hydrolysis of the intermediate is faster than its formation, 

detection may not be possible by the usual techniques. Studies of 

the kinetic parameters as a function of pH, temperature, and deu¬ 

terium isotope effects did not indicate whether covalent or non-co- 

valent (conformational) processes were involved in the rate-determining 
step of the glutaminase reaction. 

C. Asparagine 

The finding that asparaginase of guinea pig serum is an effective 

chemotherapeutic agent in the treatment of certain types of cancer 
has led to a search for a convenient source of the enzyme. 

Not all asparaginases are capable of antitumour activity. The 

enzymes isolated from yeast and Bacillus coagulans were found to be in¬ 

active. The report that asparaginase of E. coli was effective against 

mouse leukemia initiated purification studies of the enzyme since a 

bacterial source could provide large quantities of the enzyme for 

antitumour studies and clinical treatment. Campbell and co¬ 

workers 172, on purification of the E. coli enzyme reported two asparagi¬ 
nases, EC-1 and EC-2, were present. 

Activities of the two enzymes as a function of hydrogen ion concen¬ 

tration is distinctly different. The rate of asparagine hydrolysis for 

EC-1 falls off rapidly below a pH value of 8-4 whereas EC-2 exhibits 

a plateau of maximum activity between pH 6-0-8-4. Due to this 

difference in pH optima it is possible to determine the activity 

attributable to EC-1 and EC-2 in a mixture of the two enzymes. 

EC-1 preparations showed no antilymphoma activity. In contrast, 

EC-2 preparations at high dosage levels frequently resulted in cures of 

mouse lymphomas and at intermediate dosage levels caused the dis¬ 

appearance of subcutaneous tumour mass and extended survival 

times. There appears to be no correlation between optimal activity at 

certain pH values and antitumour activity since the pH-rate profile 
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of guinea pig serum asparaginase173 is intermediate between the 

curves for EC-1 and EC-2. The enzyme’s effectiveness as an anti¬ 

tumour agent is probably related to its stability or activity when in¬ 

jected into the tumour mass. 

VI. FORMATION OF CARBAMOYL PHOSPHATE 

The second major pathway for the incorporation of ammonia into 

organic compounds considered in this chapter involves the biosynthesis 

of carbamoyl phosphate. This compound is formed by the combina¬ 

tion of ammonia, carbon dioxide and phosphate and is the biochemical 

reagent for the carbamoylation of amino compounds. The analogous 

reaction in organic chemistry is the introduction of the NH2CO group 

by the use of cyanic acid. Carbamoyl phosphate is primarily utilized 

for the biosynthesis of the pyrimidines and of arginine in the urea 

cycle (Figure 3, section III.C). 

Jones and coworkers174 first demonstrated that synthetic carbamoyl 

phosphate, prepared by the reaction of dihydrogen phosphate with 

cyanate, reacts with ornithine in the presence of liver extracts to form 

citrulline. Investigations on the biosynthesis of carbamoyl phosphate 

have established that three general enzyme systems in a variety of 

organisms are responsible for its synthesis. Carbamate kinase is 

found in microorganisms and plants, and carbamoyl phosphate 

synthetase occurs in animal tissues, microorganisms and mush¬ 

rooms175,176. Two types of synthetases have been described which 

differ primarily in that one utilizes ammonia as substrate and requires 

JV-acetylglutamate, or an analogue, for activity and the other utilizes 

glutamine and is not activated by iV-acetylglutamate. 

A. Carbamate Kinase 

Carbamate kinase catalyses the biosynthesis of carbamoyl phos¬ 

phate according to equation (37). Carbamate is considered the true 

nh4+ + hco3- NH2COO- + ATP - 

carbamate 

O O 

NH2COP—O- + ADP 

o_ 

(37) 

substrate and is formed non-enzymatically. The equilibrium is in 

favour of ATP formation and this may be of the greater importance 

in microorganisms which are capable of supplying part of their energy 

requirements by the generation of ATP from carbamoyl phosphate. 
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A kinetic study177 on the crystallized enzyme supported a mechan¬ 

ism described by the following series of reactions (38a-38c). The 

Enzyme + MgATP E—MgATP (38a) 
Slow 

MgATP 

E MgATP + Carbamate ^ E E—MgADP + Carbamoyl phosphate 

carbamate 
(38b) 

Slow 

E—MgADP Enzyme + MgADP (38c) 

kinetic behaviour indicated that the nucleotides were the first sub¬ 

strates to be bound and their dissociation from the enzyme was the 

rate-limiting step in both the forward and reverse directions. 

B. Carbamoyl Phosphate Synthetase I 

The catalysed formation of carbamoyl phosphate by the liver enzyme 

is represented by the overall reaction of equation (39). This reaction 

o 

NH4+ + HC03- + 2 ATP 
Mg2 + 

MW. 

differs from the carbamate kinase-catalysed reaction in that two moles 

of ATP and one of iV-acetylglutamate are required, ammonium bicar¬ 

bonate is the substrate and the overall reaction is not readily reversible. 

The enzyme has been demonstrated in intestinal mucosa of some 

animals, but the level of activity was low compared to that of liver. 

Metzenberg and coworkers178 obtained evidence that the reaction 

takes place in two steps and postulated the intermediate formation of 

an active C02 . When relatively large amounts of enzyme were in¬ 

cubated with ATP, JV-acetylglutamate and bicarbonate, ortho¬ 

phosphate was released in the absence of ammonium ions. Reversal 

of one reaction step was demonstrated by incubating 14C-labelled 

carbamoyl phosphate and ADP in the presence of the synthetase. 

The ATP synthesized was equivalent to the carbamoyl phosphate that 
disappeared during the course of the reaction. 

The synthetase catalyses the cleavage of Pi from ATP in the 

presence of amines other than ammonia, namely: hydroxylamine, 

hydrazine and O-methylhydroxylamine. In the presence of ornithine 

and ornithine carbamoyltransferase some evidence was obtained for 

the formation of a citrulline analogue with O-methylhydroxylamine as 
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the amine donor179. The enzyme-bound carbamate analogues 

formed from hydrazine and hydroxylamine presumably were un¬ 

stable. 

Jones and Spector180 showed that 180-labelled atoms of bicarbonate 

were transferred to the orthophosphate released and the oxygen 

bridge atom (C—O—P) of carbamoyl phosphate. The reaction 

sequence (40a-40c) is consistent with the above findings181. 

Enzyme + ATP + C02 ^_ E—[-OOCOPOT] + ADP (40a) 

E—[-OCOOPOjj-] + NH3 -> E [NH2COO-] + Pi (40b) 

E—[NH2COO~] + ATP „_ E + NH2COOPO|- + ADP (40c) 

The role of iV-acetylglutamate, is probably that of an activator. 

Phosphorylated and C02 derivatives of acetyl glutamate have been 

postulated to account for its requirement in the carbamoyl phosphate 

synthetase reaction175. The results of more recent studies suggest 

that A-acetylglutamate activates the enzyme by inducing a conforma¬ 

tional change. Binding of the activator to the enzyme resulted in 

spectral changes, the appearance of a second ATP binding site and an 

increased susceptibility to heat inactivation182,183. 

C. Carbamoyl Phosphate Synthetase II 

A second type of synthetase has been found in yeast184, E. coli185, 

Ehrlich ascites cells186, foetal rat liver and pigeon liver187, which 

differs from synthetase I in that acetyl glutamate is not required, and 

either glutamine or NH3 can serve as the nitrogen donor. Studies on 

purified preparations obtained from E. coli indicated that glutamine is 

probably the true physiological donor and established that one mole¬ 

cule of carbamoyl phosphate is associated with the cleavage of two 

molecules of ATP to ADP188,189. The partial reverse reaction, the 

formation of ATP from ADP and carbamoyl phosphate was also 

demonstrated. 
Wellner and coworkers190 have reported that the E. coli synthetase 

is a biotin-containing enzyme. Biotin (50) is a cofactor associated with 

carboxylation and transcarboxylation reactions such as the carboxyla- 

tion of acetyl-coenzyme A and the carboxyl transfer reaction in the 

biosynthesis of oxaloacetate. The mechanism of biotin activation of 

C02 involves the intermediate formation of an enzyme-bound car- 

boxybiotin compound. Avidin, a biotin inhibitor, inhibited the 

glutamine-dependent synthetase activity, addition of biotin to crude 

enzyme preparations enhances activity and, finally, analysis of the 
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purified enzymes showed that it contained bound biotin. The authors 

postulated the formation of an enzyme-bound carbonic acid-phos¬ 

phoric acid anhydride intermediate (47) which reacted with the 

enzyme-bound biotin to yield a carboxybiotin enzyme (48). The 

reaction sequence (41a-41c) was proposed for the biosynthesis of 

carbamoyl phosphate catalysed by synthetase II. Huston and 

Cohen190a recently reported that biotin was not significantly present 

nor did it function as a coenzyme in purified preparations of carbamoyl 

phosphate synthetase from E. coli or liver mitochondria. 

^biotin biotin 

Enzyme + ATP + HCOj — - + ADP --^ 
\ ' 

[-OCOOPOf-] 

(47) 

E—biotin—C02 + ADP + Pi (41a) 

(48) 

biotin 

E—biotin—C02 + Glutamine + H20 -> E + Glutamate (41b) 

[NH2C02] 

/ 
biotin 

[NH2C02] + ATP ~-" E—biotin + NH2COOPO|- + ADP (41c) 

Hager and Jones187 have noted that in mammalian tissues, synthe¬ 

tase II and the enzymes responsible for pyrimidine synthesis, are lo¬ 

cated in the soluble fraction, whereas, synthetase I and the enzymes 

specific for urea biosynthesis are present in liver mitochondria. They 

suggest that the two pathways derive their carbamoyl phosphate from 

separate synthetases and that pyrimidine biosynthesis is catalysed by 
the glutamine-dependent enzyme. 

D. Miscellaneous Pathways for Carbamoyl Phosphate Formation 

Carbamoyl phosphate can also be formed in the course of degradation 

reactions of certain nitrogen-containing compounds. Some organisms 

are capable of deriving part of their energy requirement from car¬ 

bamoyl phosphate formed from essentially catabolic processes. The 

phosphate group of carbamoyl phosphate can be transferred to ADP 

in an endergonic reaction to form Ad P. The ureido compounds that 
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probably contribute to ATP biosynthesis include citrulline from the 

urea cycle (Figure 3) and degradation products which arise from 

creatinine, purine and pyrimidine catabolism. 

For example, in Streptococcus faecalis arginine is hydrolysed to citrul¬ 

line and ammonia191,192. The citrulline in turn is phosphorolysed in 

an enzyme-catalysed reaction to yield carbamoyl phosphate. In the 

presence of ADP the phosphate group is transferred to form ATP in a 

reverse of the reaction described for carbamoyl phosphate synthesis 

catalysed by the kinase179 (equation 37). 
ATP biosynthesis has been reported to occur by the reaction of ADP 

with carbamoyl phosphate in extracts from S. allantoicus193. In this 

case carbamoyl phosphate is formed by the phosphorolysis of carbamoyl 

oxamate, a product of purine degradation (equation 42). 

oo o oo o 

-OCCNH—CNH2 + Pi -> -OCCNH2 + NH2C0P03H- A°P> 

carbamoyl oxamate oxamate 
ATP + C02 + NH3 (42) 

Degradation reactions catalysed by a liver enzyme give rise to 
carbamoyl-/3-alanine and carbamoyl-/3-aminoisobutyric acid from 

the pyrimidines uracil and thymine respectively194. The subsequent 

degradation of these compounds to /3-alanine or /3-aminoisobutyric acid 

and COs plus ammonia probably proceeds through the intermediate 

O O 

H2N(1nCH2CH2COO- + Pi -> H2NC0P03H- + H2NCH2CH2COO- (43) 
carbamoyl-/3-alanine /3-alanine 

formation of carbamoyl phosphate195 (e.g. equation 43). Eucobac- 

tenum sarcosinogenurn extracts have been reported to degrade creatinine 

in a multistep reaction sequence (44) to carbamoyl phosphate196. 

nh2 

(Z=NH 

O 

nh2copo3h- + nh3 + CH3NHCH2COO- 

ch3nch2coo- 
creatinine 

sarcosine 
(44) 

VII. REACTIONS OF CARBAMOYL PHOSPHATE 

A. Citrulline Biosynthesis 

Ornithine carbamoyl transferase catalyses the formation of citrulline 

according to equation (45). The enzyme has been found in the livers 

22* 
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ch2 + h2ncoopo3h- — 
1 NH 

ch2 ch2 
1 

CHNH + ch2 
1 
coo- 

1 
ch2 

1 
CHNH + 

1 
coo- 

ornithine citrulline 

of all vertebrates that eliminate ammonia as urea, i.e. the ureotelic 

animals197. Citrulline participates in the urea cycle (Figure 3, 

section III.C), a series of reactions which convert ammonia, resulting 

from the catabolism of nitrogen-containing compounds, into urea for 
elimination. 

Studies on the rat liver198 and bovine liver199 enzymes established 

the specificity for the substrate since ornithine could not be replaced 

by naturally occurring amino acids or by alkylamines such as sper¬ 

mine, spermidine, diammopentane and others. The pH optimum for 

enzymatic activity and the more favourable Michaelis constant at 

alkaline pH values suggested that the unionized 8-amino group of 

ornithine was probably the active form. Participation of a sulphydryl 

group was suggested by the inhibition of the enzyme at low concentra¬ 

tions ofy-mercuribenzoate. Either ornithine or carbamoyl phosphate 
provided partial protection against this inhibition. 32P-Labelled 

phosphate did not exchange with carbamoyl phosphate in the absence 

of ornithine. Since there was no indication for partial reactions which 

would be expected for a mechanism involving the intermediate forma¬ 

tion of carbamoyl-enzyme, Reichard198 concluded that the reaction 
occurred by a single-displacement mechanism. 

8. Carbamoyl Aspartate Biosynthesis 

The catalysed transfer of the carbamoyl group to L-aspartate yields 

carbamoyl-L-aspartate (equation 46), a step in the biosynthetic path¬ 

way which leads to the formation of orotic acid and the pyridine 

nucleotides uracil, cytosine and thymine. The transfer of the car¬ 

bamoyl group to aspartate is analogous to the transcarbamoylation 

reaction to form citrulline. Experiments with 100-fold purified 

enzyme from E. coli demonstrated a strict substrate specificity as only 
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the physiological reactants of equation (46) were catalytically reac¬ 

tive 200. Again, the enzyme was inhibited by/?-chloromercuribenzoatc 

but the presence of both substrates was required for protection against 

this inhibition. Isotopic exchange studies using 32P and H2180 gave 

no evidence for a carbamoylated enzyme intermediate or for the 

coo- 
I 

o ch2 
II I 

NH2C0P03H- + CHNHJ 
I 
coo- 

aspartate 

Aspartate 
carbamoyl transferase 

coo- 
I 
ch2 o 

I II 
CHNHCNH2 + Pi 

I 
coo- 

carbamoyl aspartate 

(46) 

participation of water in the reaction. The transfer of the carbamoyl 

moiety probably occurs by a single-displacement mechanism. 

Aspartate carbamoyl transferase catalyses the first specific step in the 

biosynthetic pathway leading to the formation of pyrimidines, and is 

functionally classified as a regulatory enzyme. The production of 

pyrimidine nucleotides is controlled by feedback inhibition of this 

enzyme by cytidine triphosphate (CTP), an end-product of the bio¬ 

synthetic pathway. CTP is structurally dissimilar to the substrates 

aspartate and carbamoyl phosphate, and it would not be expected to 

compete with these compounds for an enzyme site. Gerhart and 

Schachman201 concluded from studies with the purified E. coli enzyme 

that the inhibitor was bound at a specific regulatory site. The regu¬ 

latory enzymes are referred to as allosteric (other site) enzymes. In¬ 

hibition by the allosteric effector presumably is caused by a change in 

the conformational state of the enzyme, accompanied by a decreased 

affinity for the substrate. 
A second characteristic of aspartate carbamoyl transferase, and a 

number of other regulatory enzymes, is manifested in its activity as a 

function of substrate concentration. A plot of reaction velocity 

against substrate concentration, for most enzymes, gives a hyperbolic 

saturation curve. Similar plots of aspartate carbamoyl transferase 

activity as a function of aspartate concentration yield sigmoid curves, 

indicating that more than one substrate molecule interacts with the 

enzyme, and the binding of one molecule exerts cooperative effects, i.e. 

facilitates the binding of the second molecule. Aspartate carbamoyl 

transferase is the most extensively studied allosteric enzyme, and obser¬ 

vations on the enzymes behaviour thus far are consistent with the 

Monod-Wyman-Changeux model202 for the mechanism of allosteric 

enzymes. According to this hypothesis allosteric enzymes are 
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composed of two or more identical subunits which exist in two con¬ 

formational states. At low concentrations the binding of a substrate 

molecule to one conformational state, which has a greater affinity for 

substrate, displaces the equilibrium to that state which favours binding. 

The transition from one state to another results in the simultaneous 

change of all the identical subunits and hence facilitates the subsequent 
binding of additional substrate molecules. 

Briefly, aspartate carbamoyl transferase has been dissociated into 

subunits and the existence of distinct substrate and inhibitor sites 

located on separate subunits has been demonstrated201’203. The 

catalytic subunit of the dissociated enzyme is enzymatically active and 

not susceptible to inhibition by CTP, which is bound to a regulator 

subunit. The cooperative effects observed kinetically with the native 

enzyme are not seen with the dissociated enzyme. The proposed 

alterations of protein conformation which result with ligand binding 

have been substantiated by chemical and physical measurements204’205. 

As we have seen, the formation of amide, amidine and guanidine 

groups play an important role in the biosynthesis of purine and pyrimi¬ 

dine compounds. These compounds, as constituents of the helical 

deoxyribonucleic acids206 (DNA), proved a vital function in the storage 
and transmission of genetic information. 

C. Biotin 

A biosynthetic pathway has been proposed207 in which carbamoyl 

phosphate contributes a carbon and nitrogen atom to the formation 

of the amidine group of biotin (50). From the results of studies in 

Achromobacter, employing isotopically labelled precursors, the investi¬ 

gators postulated that pimelic acid, cysteine and carbamoyl phosphate 

O 
HC-C 

I I 
CH2 CH2(CH2)4COO- + nh2copo3h ■> 

SH 
(49) 

o 
II 
c 

o 

(47) 

(50) 



11. Biological formation and reactions of the amido group 669 

condensed in a series of reactions to form biotin. Carbamoyl phos¬ 

phate presumably reacted with the hypothetical intermediate 49 as 

shown in equation (47). It was known that pimelic acid stimulated 

biotin synthesis in microorganisms and isotope studies showed that 

the label from [3-14C]-cysteine was incorporated into C(5) of biotin. 

Radioactivity originating from 14C02 was found in the C(2') and 

C(i0) positions. According to this scheme C02 was utilized for the 

synthesis of carbamoyl phosphate and subsequently incorporated into 

the C(20 position of biotin. 
Desthiobiotin (51) is also utilized by a number of microorganisms in 

the biosynthesis of biotin, but it is not clear how the proposed scheme 

accounts for its utilization. 

o 
II 
c 

HN"" ^NH 
1 ! 

H—C-C—H 

CH3 CH2(CH2)4COOH 

(51) 

VIII. FORMATION OF GUANIDINES 

For the most part, guanidino compounds are biosynthesized by the 

transfer of the arginine group to an amino acceptor. Biological 

compounds that derive an amidine group in transamidination reac¬ 

tions include guanidinoacetate the immediate precursor to creatine 

(equation 48), hypotaurocyamine (52), lombricine (53), streptomycin 

and probably canavanine (54) found in jack bean and y-guanidino- 

butyric acid which is biosynthesized in brain tissue208,209. 
Although arginine is probably the donor for synthesis of most 

guanidines in nature the enzyme amidino transferase, purified from 

mammalian kidney210 and streptomyces211, does not show strict 

substrate specificity. Arginine, guanidinoacetate, canavanine, 4- 

guanidinobutyrate and 3-guanidinopropionate can serve as amidine 

donors and ornithine, glycine, canaline, 4-aminobutyrate, 3-amino- 

propionate and hydroxylamine can act as amidine acceptors with the 

kidney enzyme. 
Hypotheses for a single-displacement210 and a double-displacement 

mechanism211 have been postulated based on competitive inhibition 

kinetics and the hydroxylamine reaction. More recently direct evi¬ 

dence was obtained by Grazi and coworkers212 for the formation of an 
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I 
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I 
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(CH2)3 

CHNH3 
I 
coo- 
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nh2 
1 nh2 nh2 
ch2 | | 

nh2 1 C=NH C=NH 
1 
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ch2 

—^ 1 + NH CHs 
1 

> N—CH. 
1 ch2 | | 
coo- 1 ch2 ch2 

chnh3+ 1 1 
1 coo- coo- 
coo- 

glycine ornithine guanidinoacetate creatine 

(48) 

NH2 
I 

C=NH 

hnch2so2h 

nh2 COO- 
I I 

C=NH O CHNH2 

hnch2ch2opoch2 

NH 

O—NHCNH2 

(ch2)3 

O- h2nchcoo- 
hypotaurocyamine lombricine canavanine 

(52) (53) (54) 

enzyme-amidine intermediate (equations 49a,b). The hog kidney 
enzyme was purified to homogeneity as judged by chromatography 

and centrifugation in a sucrose density gradient213. The purified 

Enzyme + Arginine ^ Ornithine + Enzyme-amidine (49a) 

Enzyme-amidine + Glycine Enzyme + Guanidinoacetate (49b) 

transamidinase retained hydrolytic activity corresponding to 17 of 
the transfer activity. The ratio of hydrolytic to transfer activity was 

constant through a 10-fold increase in purification indicating that this 

activity was an intrinsic property of the enzyme and in retrospect 

resulted from hydrolysis of an enzyme intermediate. In the absence 

ol an acceptor compound, an enzyme-amidine complex was formed 

irom a reaction mixture of enzyme and arginine labelled in the carbon 

atom of the guanidmo group. The complex, separated on a sephadex 

Lrf) C°lun™’ decomposed on heating, liberating urea. When in¬ 
cubated with glycine or ornithine the enzyme complex transferred the 

amidine group to the acceptor and 14C-labelled products were identi- 
hed by cochromatography with authentic samples. 

alker postulated that a thioamidine derivative was formed 

by reaction of the amidine moiety with an essential sulphydryl 

group of the enzyme. Amidino transferase was inhibited by p- 

mercuribenzoate and thio compounds, such as 2-thiouracil and 2- 

thiohistidme, provided an oxidant was present. The inhibition was 

attributed to the formation of a mixed disulphide with the enzyme 
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sulphydryl. Consistent with this hypothesis, formamidine disulphide 

(55) containing both amidine and disulphide groups, was reported to 

be a potent inhibitor (equation 50). 

NH NH 
II II 

Enzyme—SH + H2N—C—S—S—C— NH2 -> 

(55) NH S 

Enzyme—S—S—C—NH2 + H2N—C—NH2 + H+ (50) 

Grazi and associates214 observed that the amidino transferase, in 

the presence of labelled amidine donor substrates, was irreversibly 

inactivated by the addition of bicarbonate. Precipitation of the in¬ 

activated enzyme by ammonium sulphate and dialysis of the enzyme 

solution did not restore activity. This finding suggested that the 

enzyme-amidine intermediate had interacted to form a stable co¬ 

valent bond. Enzymatic hydrolysis of the protein yielded fragments 

which retained the radioactive amidine. The amount of amidine 

moiety ‘fixed’ to the enzyme paralleled the extent of inactivation. 

These investigators proposed that the bicarbonate-catalysed inactiva¬ 

tion resulted from an intramolecular cyclization reaction with a vicinal 

amino group on the enzyme to form a stable product. An analogous 
non-enzymatic conversion of .S'-2-aminoethylisothiourea to 2-amino- 

thiazoline is shown in equation (51)215. The amino group of the 

h2c- 
I 

HoN 

-CH2 
I 
S 

OH- 

HN 
* 

.C 

nh2 

h2c—ch2 
I I 

HNS /S 

/C\ 
h2n nh2 

h2c—ch2 

NVS 
I 
nh2 

4- NHf (51) 

enzyme is probably involved in the binding of the acceptor molecule 

since ornithine prevents the carbonate inactivation. In the absence 

of acceptor molecules, a maximum inhibition of 60% was obtained 

when the enzyme was incubated with arginine and bicarbonate. 

Complete inactivation of the enzyme presumably did not occur be¬ 

cause as the reaction proceeded, ornithine was formed from the sub¬ 

strate and at a sufficient concentration prevented further inactivation 

of the enzyme. 

IX. FORMATION OF N-ACYL COMPOUNDS 

Many of the biological amines are known to occur as A-acyl deiiva- 

tives. Classes of compounds that contain A-acylated groups include 
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the amino acids, alkaloids, hormones, proteins, carbohydrate amines 

and lipids. The biological function of acylated amino groups is not 

understood, however, two consequences of chemically modifying a 

molecule by amine substitution are obvious. The blocked amine is no 

longer free to react and the protonation of the nitrogen atom is avoided. 

A decrease in the potential electrostatic interactions may be of im¬ 

portance in reactions with other proteins (enzymes) and with inter¬ 

actions with biological structures such as cell walls. 

Several of the many acylamino acids, which occur in nature, are 

eliminated as waste products hence a mechanism for ‘ detoxification ’ is 

considered one function of TV-acylation reactions. Oral administra¬ 

tion of benzoate and phenyl acetate to higher primates results in the 

excretion of benzoylglycine and phenylacetylglycine. Phenylacetyl- 

glutamine is a normal constituent of human urine and the phenyl- 

acetyl moiety probably arises from the amino acid phenylalanine. 

A unique role for A-acetylaspartate in the metabolism of nervous 

tissue is suggested by the fact that it is found only in the brain. The 

distribution pattern of TV-acetylaspartate correlates with enzymatic 

respiratory activity and increased vascularity or blood supply. 

Tallan216 has proposed that the significant concentration of this com¬ 

pound makes up in part for the known anion deficit in brain tissue. 

A number of proteins have been found to contain an TV-terminal 

amino acid which is acetylated, and more recent reports indicate 

that an amino acid with a blocked amino group is the starting point 

for protein synthesis. The formation of polyphenylalanine, catalysed 

by bacterial extracts, requires TV-acetylphenylalanine-transfer-RNA 

for the initiation of synthesis of the peptide chain217. 

_ addition to the TV-acetylamino acids, derivatives of malonyl, 

cinnamoyl and indolacetyl groups are found conjugated to either 

amino acids or amino acid degradation products in plants 218. Muco- 

peptides, constituents of cell walls of bacteria and other organisms, 

are polymers which contain A-acetylmuramic acid and A-acetyl- 

glucosamine. Amide bonds of lipids occur in sphingomyelins and 

cerebrosides which are synthesized from fatty acids and sphingosine. 

Fatty acids also form acyl derivatives with ethanolamine, phenylal¬ 
anine and other amino acids. 

The most common mechanism for the formation of JV-acylamines is 

represented by the reaction sequence (52a-52c). Initial activation of 

the carboxyl group is achieved by formation of an acyl-AMP deriva¬ 

tive from the reaction of an acid and ATP in a mechanism analogous 

to the acetate activating system first described by Berg219. In a second 
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step acyl-AMP reacts with coenzyme A to form the acyl-CoA deriva¬ 

tive which is the actual acylating reagent. The acyl moiety is trans¬ 

ferred to an amine acceptor in a third reaction. The enzyme systems 

O 

Enzyme + RCOO- + ATP -> E—R—C—AMP + PPi (52a) 

O O 

E—R—C—AMP + CoA—SH -> E + R—C—S—CoA + AMP (52b) 

O O 

R—C—S—CoA + H2N—C—R1 N'Acy'ase > R—C—N—C—R1 (52c) 
I H| 
coo- coo- 

from mammalian tissues that catalyse the formation of iV-benzoyl- 

glycine22°, iV-phenylacetylglutamine221 and A-acetylaspartate222 by 

this pathway have been studied in detail. 

Alternative mechanisms appear operative in fatty acid amide bond 

formation. Soluble rat liver preparations, which catalyse A-palmi- 

toylphenylalanine biosynthesis, do not require the addition of ATP 

or CoA223. Hydrolytic activity was associated with the enzyme and it 

was concluded that synthesis was attributable to a reversible amino- 

acylase (equation 53). Diisopropyl fluorophosphate, a reagent which 

Aminoacylase 

N-Acylamino acid + H20 s — Fatty acid + Amino acid (53) 

reacts with enzyme serine groups, inhibited activity suggesting a 

mechanism analogous to esterases and peptidases, i.e. the formation 

of an acyl-enzyme intermediate. 

A microsomal system obtained from guinea pig and rat tissues has 

been described224 which catalysed the formation of fatty acid amides 

of ethanolamine and a number of other amines. Only aliphatic fatty 

acids were found to be active as acyl donors. The activity of the 

microsomal preparation was not typical of the other amide bond 

synthesizing systems in that there was no energy requirement and the 

reversal of hydrolysis was ruled out. It was known from preliminary 

studies that fatty acids are bound to microsomes in a relatively stable 

manner, and the authors suggested that free 14C-labelled palmitoyl- 

ethanolamide may be formed in a two-step reaction sequence. It was 

proposed that added 14C-labelled palmitic acid exchanged with pre¬ 

formed microsomal-bound fatty acids and in a second step was trans¬ 

ferred to the exogeneous amine. 
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X. FORMATION OF HYDROXAMATES 

The oxidized amide bond, a hydroxamate, occurs in a substantial 

number of natural products. Within the last decade over two dozen 

such compounds have been isolated, mostly from fungi but also from 

bacteria and higher plants225’226. These compounds, for the most 

part, possess antibiotic properties. The ability to inhibit growth has 

been attributed to the hydroxamate function since it is the unique 

chemical feature of these otherwise diverse compounds. Moreover a 

number of chemically synthesized hydroxamates exhibit antibiotic 

activity. The physiological effects have most frequently been 

attributed to the special affinity of hydroxamate anions for ferric ions. 

These compounds are thought to complex and make inaccessable* 

ferric ions normally needed for growth. The ferrichromes, a group 

of trihydroxamate cyclic peptides, which are isolated as iron chelates, 

are able to. reverse the toxic effects of other hydroxamates and, for 

some organisms, function as growth factors. It has been assumed the 

ferrichrome compounds act as iron transfer agents and that they are 

instrumental in providing iron for the protoporphyrin molecule. 

The hydroxamate group occurs in aliphatic and cyclic structures. 

Representative structures among the aliphatic hydroxamates in- 

CH2—CONH—CH2 
I | 

NH CO 

I I 
CO NH 

I I 
CH2 CH—(CH2)3NCOCHa 

I I I 
NH CO OH 

I | 
CO NH 

I I 
CH—NHCO-CH(CH2)3NCOCH3 

CH2CH2CH2N—COCH3 OH 

OH 

ferrichrome 

(56) 

elude hadacidin (57), fusarinine (58), and the only primary hydroxa¬ 

mate, actmonin. Cyclic peptide structures which contain a hydroxa¬ 

mate group are cycloserine, mycobactin, which is a dihydroxamate, 

and the tnhydroxamates, ferrioxamines and ferrichromes (e.g. 56). 

A number of the cyclic hydroxamates are pyrazine derivatives and in- 

c ude the aspergillic acids (e.g. 59) mycelianamide (60) and pul- 
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hcnch2coo- 
II I 
OOH 

hadacidin 

(57) 

- OOCCH(CH2)3N — CCH = CCH2CH2OH 

NH3 OH O CH3 

fusarinine 

(58) 

,NI 

CH 3 |j" '^pCH2CH(CH3)2 

CH3CH2CH^N^O 
I 

OH 

aspergillic acid 

(59) 

cherrimin. The cyclic hydroxamate DIMBOA (61) is a benzoxazine 

derivative. 

The carbon skeletons of the aliphatic hydroxamates, in those com¬ 

pounds that have been subjected to biosynthetic studies, are formed 

from amino acids with corresponding carbon skeletons. The cc- 

amino group for some of these compounds becomes the hydroxylamino 

group of the hydroxamate. For example hadacidin is biosynthesized 

from glycine and formate227, aspergillic acid from a molecule each of 

leucine and isoleucine228; and mycelianamide from tyrosine and 

alanine226. Ornithine is incorporated into fusarinine and the ferri- 

chromes229 but in these cases the S-amine is converted to a hydroxyl¬ 

amino group and the acyl substituent arises from a compound related 

to mevalonic acid or acetate. The cyclic hydroxamate DIMBOA, 

which occurs as the glycoside in certain plants, derives its benzene 

ring from the shikimic acid pathway for the biosynthesis of aromatic 

compounds and the carbon atoms of the heterocyclic ring arise from 

C(1) and C(2) of ribose230. 

The formation of the hydroxamate group can occur in one of two 

ways; by the oxidation of an amide bond or by hydroxylation of an 

amino group to form hydroxylamine followed by a condensation 
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reaction with a carbonyl group to yield the hydroxamate. Although 

the enzymes which catalyse these reactions have not been isolated, 

evidence from biosynthetic studies suggests hydroxamate biosynthesis 

occurs by both pathways. 

Precursor studies of hadacidin (A-formyl-Ar-hydroxyglycine) bio¬ 

synthesis by Penicillium aurantioviolaceum showed that 14C-labelled 

glycine and formate were rapidly incorporated into the compound. 

A-FIydroxyglycine was utilized at an initially slower rate, but over 

longer time periods its incorporation was almost twice that of glycine. 

Formylglycine was incorporated to a much lesser extent and double¬ 

label studies with 14C in both the formyl and glycyl portions of the 

molecule indicated that the formylglycine was degraded, probably to 

formate and glycine, prior to incorporation. Supporting evidence 

that A-hydroxyglycine was an immediate precursor and that incor¬ 

poration into hadacidin occurred without prior degradation was 

obtained from isotopic dilution studies. The incorporation of 14C- 

glycine into hadacidin was significantly decreased when added to 

cultures containing A-hydroxyglycine. This observation is consistent 

with the hypothesis that the hydroxylamino compound is a direct 

intermediate in the biosynthetic pathway. Formylglycine and other 

compounds which were tested as possible precursors did not affect 

the incorporation of glycine. Stimulation of hadacidin synthesis by 

A-hydroxyglycine, which was not observed with other added com¬ 

pounds, was also suggestive of a precursor relationship. Stevens and 

Emery:™ concluded from these studies that the hydroxamate group 

of hadacidin is biosynthetically formed by A-formylation of the pre¬ 

formed A-hydroxyglycine. 

Fhe hydroxamate group of fusarinine and the ferrichromes is 

formed from the S-amino group of ornithine, an oxygen atom and an 

acyl substituent. Experimental results employing isotopically labelled 

metabolites indicated that the biosynthetic pathway of ferrichrome 

formation is analogous to that of hadacidin229. Cultures of Ustilage 

sphaerogena utilized A-hydroxyornithine more readily than ornithine 

for synthesis of ferrichrome and during longer time periods, which 

probably compensated for permeability differences, S-A-acetyl-S-A- 

hydroxyornithine was the most efficient precursor. These results 

suggested a reaction sequence of A-hydroxyornithine synthesis, 

acetylation to yield the hydroxamate and finally, in the case of 56’ 
formation of the peptide bonds. 

There is substantial evidence that hydroxamates can also be syn¬ 

thesized by oxidation of the amide bond. The formation of the 
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aspergillic acid hydroxamates reportedly occurs by oxygenation of the 

nitrogen atom of the pyrazine ring, i.e. after amide bond formation 

(equation 54). Micetich and MacDonald231 found that deoxyasper- 

gillic acid and deoxyneoaspergillic acid (62) served as intermediates in 

the biosynthesis of these cyclic hydroxamates. 

N CH2CH(CH3)2 

(CH3)2CHCH2 n O 

H 

flavacol 

(62) 

N CH2CH(CH3)2 

+ 11 t 
(CH3)2CHCH2" "n o 

OH 
neoaspergillic acid 

(54) 

Although hydroxamates have not been found to occur normally in 

animal tissues, administered arylamines such as 2-aminofluorene and 

2-naphthylamine are converted to their respective acetyl hydroxamates 

These compounds are excreted as conjugated glucuronides. From in 
vivo experiments it could not be determined whether the hydroxyla- 

tion reaction preceded or followed amide bond formation. Irving232, 

however, has demonstrated that liver microsomal preparations from 

several mammals are capable of hydroxylating 2-acetylaminofluorene 

(equation 55). 

(55) 

The biosynthesis of the oxazine ring of DIMBOA from C(1) and 
C(2) of ribose suggested a biosynthetic pathway analogous to the for¬ 
mation of the imidazole of histidine, the pyrrole ring of tryptophan 
and the azine moiety of pteridines. The sequence of reactions for the 
formation of these heterocyclic compounds involves a condensation 
reaction between an amine and the aldehyde group of ribose followed 
by an Amadori-type rearrangement and ring closure to include 
C(1) and C(2) of ribose with elimination of the triose moiety. This 
reaction sequence infers hydroxylation of the nitrogen atom occurs after 
amide bond formation. Subsequently 2-(2-hydroxy-7-methoxy-l,4- 
benzoxazin-3-one)-jS-D-glucopyranoside was isolated from corn roots2 

which suggests that the deoxy compound may serve as an intermediate 

in the biosynthesis of DIMBOA. 
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XI. ABBREVIATIONS 

Ad Adenine 

ADP Adenosine diphosphate 

AMP Adenosine monophosphate 

ATP Adenosine triphosphate 

CoA Coenzyme A 

CTP Cytidine triphosphate 

DIMBOA 2,4-Dihydroxy-7-methoxy-1,4-benzoxazin-3-one 
DNA Deoxyribonucleic acid 
E Enzyme (in formulae) 

EDTA Ethylenediaminetetraacetic acid 
GMP Guanosine monophosphate 
GTP Guanosine triphosphate 
IMP Inosine monophosphate 
NAD Nicotinamide-adenine dinucleotide 
P Phosphoric acid residue (in formulae) 
Pi Phosphate 

PPi Pyrophosphate 

RNA Ribonucleic acid 

XMP Xanthosine monophosphate 
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I. SUBSTITUENT EFFECTS OF AMIDO GROUPS IN 
AROMATIC COMPOUNDS 

Effects of amido substituents in reactions of aromatic compounds have 
not been extensively studied, since in many cases the possibility of 
destruction of amido substituents, for example, by solvolysis, must be 
considered. There is enough information available, however, to 

685 
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characterize effects of amido substituents on the reactivity of aromatic 
compounds. Acylamino substituents can donate electrons to aromatic 
systems through mesomeric interactions, whereas they can withdraw 
electrons through inductive effects. Inductive and mesomeric inter¬ 
actions of carboxamido substituents with aromatic systems result in 
withdrawal of electrons from aromatic nuclei. 

A. Substituent Constants 

The effect of a meta or para substituent, X, on the equilibrium con¬ 
stant, K*, or the rate constant kf, for a chemical reaction, y, can often 
be represented by the Hammett1 equation (1). (See reference 2 for 

log (Ky/K°) or log (kflk°) = axPy (1) 

additional discussions of the scope and limitations of the Hammett 
equation.) The corresponding equilibrium and rate constants for 
the reaction of the unsubstituted derivatives are Ky and ky, respec¬ 
tively. The constant Py depends on the reaction and the^ reaction 
conditions being studied, and ideally, the substituent constant, ctx, is 
dependent only on the substituent, and is defined by equation (2) 

°X = log (^M), (2) 

where K£/K° is the ratio of the acid dissociation constant of the sub¬ 
stituted benzoic acid to that of benzoic acid, both in water at 25°. 
Sometimes substituent constants are evaluated indirectly by determin¬ 
ing the value of Py for a reaction resembling the ionization of benzoic 
acid in water from the effect of substituents with known as. Once 
the value of Py is established, equation (1) may be solved for the un¬ 
known substituent constant from the effect of this substituent on the 
reaction. Hammett substituent constants for the acetylamino group 
are listed in Table 1. The substituent constant seems to be dependent 
on the solvent composition; however, additional data are required to 
firmly establish the solvent dependence of the substituent constant 
for the acetylamino group. Leffler and Grunwald20 have attributed 
the dependence of the substituent constant (determined from the acid 
dissociation constants of benzoic acids in ethanol—water mixtures) for 
the hydroxyl group on the solvent composition, to changes in the 
solvation of the hydroxyl group. For purposes of comparison, data 
from their tabulation of the change in the substituent constant for the 
hydroxyl group are also listed in Table 1 along with the corresponding 
substituent constants determined by Jaffe and coworkers3. The data 
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Table 1. Hammett substituent constants for acetylamino and hydroxyl 

groups. 

Acetylamino Hydroxyl 

Reaction used to define o“ °v G m °v °"m 

Acid dissociation constants 

of benzoic acids 

in water — 0-06b 0-15b -0-37° 0-12° 

in 50% ethanol 0-053b 0-276 — 0-34c — 0-05c 

First acid dissociation 

constants of phenylphosphoric 

acidsd 

in water 

in 50% ethanol -0-01 

-0-21 

-0-30 

0-07 

0-04 

Second acid dissociation 

constants of phenylphosphoric 

acidsd 

in water -0-10 -0-25 -0-02 

in 50% ethanol -0-02 -0-31 -0-03 

° At 25°. 
» From substituent constants tabulated by D. M. McDaniel and H. C. Brown, J. Org. Client., 

23, 420 (1958). 
c From reference 2c, p. 174. 

d Reference 3. 

in Table 1 indicate that the effects of ethanol on the substituent con¬ 

stants for the acetylamino group and the hydroxyl group are com¬ 

parable in magnitude. 
The tautomeric and inductive effects of a substituent on the reaction 

centre are represented by crx, whereas py represents the sensitivity of the 

reaction to these effects. Hammett’s equation may be rewritten in 

terms of several parameters in order to separately represent the con¬ 

tributions of the various tautomeric and inductive effects to the mole¬ 

cule’s reactivity: 

log (K^IKy) = Oxlpyl + VX2py2 + • • • + °XnPyn> (3) 

where 

°X = l°e> (-^a/^a) = °XlPal T crX2Pa2 + ' ’ ' + ffxnPan? (4) 

Py = Pyl + Py2 + • ' - + Pynt (5) 

and 

1 = Pal + Pa2 + • * • + Pan- (6) 
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When the values of p in the op terms making significant contributions 

to the overall substituent effect have the same relative importance as 
they do in the ionization of benzoic acid, i.e. 

Pyll Py ~ Pal> Py%!Py = Pa2> ' ' ' PynlPy ~ Pan> (7) 

equation (3) simplifies to equation (1). Substituents in the meta 

position exert their influence on the reaction centre primarily through 

inductive effects. Therefore, the number of significant terms in 

equations (3-6) is markedly reduced for meta substituents (perhaps to 

one or two terms), thereby increasing the probability that equations (7) 

will hold. Thus, effects of meta substituents on almost all reactions of 

aromatic compounds can be correlated reasonably well by the two- 

parameter Hammett equation (1), where a is defined by equation (2). 

When the use of a values as defined by equation (2), leads to pro¬ 

nounced deviations from the Hammett equation for certain reactions, 

special substituent constants are defined by determining the values of 

py from the effect of ‘ normal ’ substituents (usually meta substituents) 

on a given reaction. Equation (1) is then used to establish the value 

of cxx for the ‘ abnormal ’ substituent. A special substituent constant 

(CTx) f°r a substituent in the para position which withdraws electrons 
(through tautomeric effects) is recommended for use in reactions in¬ 

volving unshared electrons on an atom attached to the benzene ring. 

Another special substituent constant (cr£) is recommended for use in 

aromatic electrophilic substitution reactions as well as in reactions in¬ 

volving the production of a positive charge on an atom attached to the 

benzene ring . Use of a+ values (as opposed to a values) in these 

reactions becomes important for para substituents which donate elec¬ 

trons (through mesomeric effects). Substituent constants for amido 
groups are listed in Table 2. 

The values of a for the two acylanilides were defined from rates 

of bromination (a+ = -0-75) and chlorination (a+ = -0-79) at 25° 

in acetic acid given by de la Mare and Hassan5-6 and the values of p 

for these reactions determined by Brown and Okamoto4b. It should 

be mentioned that the dissociation of triphenylcarbinol derivatives to 

triphenyl carbonium ions in aqueous sulphuric acid leads to ct+ values 

of 0-47 and 0-42 for the acetylamino and benzoylamino groups415. 

Special difficulties associated with determining the dissociation con¬ 

stant of acylamino-substituted triphenylcarbinols might be re¬ 

sponsible for this discrepancy7. This difference in the values of a + 

might also reflect changes in solvation of the acylamino substituents in 
the two reactions. 
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Table 2. Substituent constants for amido groups. 

Substituent a a + a 

/>-Acetylamino — 0-06a — 0-77b 
m-Acetylamino 0-15“ 

/>-Benzoylamino 0-078c — 0-77b,d 
m-Benzoylamino 0-217c 
/>-Carboxamido 0-280c 0-627c,e 

“ Defined by the acid dissociation constant of benzoic acids in water at 25°. D. M. McDaniel 
and H. C. Brown, J. Org. Chem., 23, 420 (1958). 

b Defined by rates of bromination and chlorination at 25°, see text. 
c From the compilation in reference 2a. 

d The rates of para chlorination of benzanilide and acetanilide were assumed equal at 25°, 
since they are essentially equal at 20°10. 

e Defined by the rate of reduction of nitrobenzenes by TiCl3 in ethanol-HCl. 

B. Chlorination and Bromination of Anilides in Acetic Acid 

There is considerable evidence suggesting that molecular chlorine 

acts as the electrophile in chlorinations of benzene derivatives in 

acetic acid solution8. Partial rate factors (i.e. the rate of substitution 

at a particular position relative to the rate of substitution at one of the 

equivalent positions of benzene) for the monochlorination of some 

acetanilides are listed in Table 3. The large partial rate factor for 

para substitution of acetanilide, 25-2 x 105, reflects stabilization of the 

transition state through resonance. 

When a 4-methyl substituent is introduced into acetanilide, the 2- 

and 6-positions become 5 times more reactive. The agreement be¬ 

tween this factor and the partial rate factor of 5 for the chlorination of 

toluene in the meta position9 has been pointed out by de la Mare and 

Hassan 6. This result indicates that the contribution of the acetamido 

and methyl substituents to the free energy of activation are independent 

and additive. Significantly, the methyl group in 2-methylacetanilide 

does not enhance the rate of chlorination at the 4- and 6-positions. 

Instead of the expected partial rate factors of 125 x 105 and31 x 105 

for chlorination in the 4- and 6-positions, values of 6-2 x 105 and 1-6 

x 105 are observed. This 20-fold decrease has been ascribed to the 

23 + c.o.a. 
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Table 3. Partial rate factors for chlorination of acetanilides® 

Reactant to-6 x Partial rate factor at position 

2 3 4 5 6 

Acetanilide 6-1 25-2 6-1 
4- Methylacetanilide 31 31 
2-Methylacetanilide 6-2 1-6 
A-Methylacetanilide 0-02 
2,6-Dimethylacetanilide 0-23 0-012 0-23 
1,4-Diacetamidobenzene 2-3 2-3 2-3 2-3 

° In acetic acid at 25°, from reference 6. 

steric inhibition of resonance caused by the interactions between the 

methyl and acetylamino groups 6. Interestingly, iV-methylacetanilide, 

which should have similar steric restraints for resonance as 2-methyl- 

acetanilide is chlorinated in the 4-position about 1200 times slower 

than acetanilide. This extra decrease caused by the iV-methyl 

group (a factor of about 60) is in the opposite direction expected for 

polar effects, and has been taken by de la Mare and Hassan6 as 

evidence for the contribution of N—H hyperconjugation to the 

reactivity of acetanilide. It is not surprising, that a second methyl 

substituent in 2,6-dimethylacetanilide decreases the rate of 4-sub¬ 
stitution by a larger factor than the first methyl group (2600 vs. 20, 

i.e. 5 x 6-2 x 105/0*012 x 10°), since an ortho-methyl group should 

interact more with an acetyl group than a hydrogen atom. Compari¬ 

son of the partial rate factors for 2-chlorination of 1,4-diacetamido- 

benzene with acetanilide leads to a partial rate factor of 0-38 (i.e. 

23 x 10 /6* 1 x 105) for the 3-chlorination of acetanilide. This 

result reflects the predominance of electron withdrawal from the meta 

position through direct inductive effects over any increase in electron 

density at the meta position through electrostatic interactions (second- 

order release) with the ortho and para positions, whose electron density 

is increased by mesomeric interactions with the acetylamino group. 

In 2,6-dimethylacetanilide these second-order mesomeric effects 

on the meta position are reduced, and the inductive effect of the acet- 
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amido group is more pronounced. Comparison of the partial rate 

factors for the 4-chlorination of 1,3-xylene and the 3-chlorination of 

2,6-dimethylacetanilide leads to a partial rate factor of 0-05 for the 3- 

chlorination of acetanilide6. It should be noted, however, that 

resonance is probably not completely inhibited in 2,6-dimethylacet¬ 

anilide, since the partial rate factor for the 4-chlorination of this com¬ 

pound is about 50 times higher than the partial rate factor for the 

5-chlorination of 1,3-xylene6. 
Studies of Orton and Bradfield10 indicate that the isomer distribu¬ 

tions and rates of chlorination of anilides of organic acids are insensi¬ 

tive to changes in the organic acid (Table 4). Chlorination of 

Table 4. Products and rates of chlorination of anilides of organic 

acidsa. 

Product (%) 

Reactant ortho para k (sec- x) 

Formanilide 30 70 0-15 

Acetanilide 33 67 1-0 

Benzanilide 30 70 1-2 

Benzenesulphonanilide 35 65 0-73 

a In acetic acid containing lj0 water at 20°, from reference 10. 

acetanilide and benzanilide gives ortho isomers in 307o yield, but 

bromination* of these compounds under essentially identical con¬ 

ditions gives only the para isomer5. This change in selectivity might 

be reflecting differences in the mechanism of chlorination and bromina¬ 

tion. Although Cl+ and Br+ have been ruled out as the active 

electrophiles, the rate of chlorination is strictly first order in Cl26, 

whereas the rate law for bromination is primarily second order in Br2 

with an additional term first order in Br2n. Moreover, specific rate 

constants for bromination have been reported to depend on the initial 

concentration of the aromatic reactant12. 

* Interestingly, acetanilide and benzanilide are also brominated at equal 

rates. 
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Bromination of 4-methoxy-2-nitroacetanilide can lead to dis¬ 

placement of its acetamido and nitro groups13. Harrison and 

McOmie13 have suggested a concerted elimination reaction as a 
possible mechanism for this reaction (equation 8). 

C. Nitration of Acetanilide 

As shown in Table 5 the directing effect of the acetylamino sub¬ 

stituent in acetanilide is markedly dependent on the solvent. Paul14 

attributes the high yield of ortho isomer in acetic anhydride to the low 

dielectric constant of the medium, where the increased difficulty in 

separating charges would be expected to lead to an increased negative 

Table 5. Product distribution in mononitrations of aromatic compounds. 

Substrate and nitration medium T(° c) Relative yield6 (0.5 ortho/fiara) 

Acetanilide6 

hno3, h2so4 20 0-12 
HN03, acetic anhydride 20 M 
90% aq. HN03 -20 0-15 
80% aq. HN03 -20 0-34 

Chlorobenzene6 

90% aq. HN03 0 0-21 
fHN(J3, acetic anhydride 0 0-05fi 

Bromobenzene0 

90% aq. HN03 0 0-30 
JtiiNUg, acetic anhydride 0 n-ifi 

Anisole6 

hno3, h2so4 45 0-23 
HIM(J3, acetic acid 65 0-34 
FliNUg, acetic anhydride 10 1-3 

° The yields of meta isomers were less than 3%. 
6 From reference 8, p. 53. 
c From reference 14. 
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charge density in the ortho position relative to the para position. 

Paul’s14 rationale also explains the decreased yield of ortho isomer in the 

nitration of bromobenzene and chlorobenzene on going from an 

aqueous medium to acetic anhydride. With electron-withdrawing 

substituents the positive charge density at the ortho position would be 

expected to increase as the dielectric constant of the medium is de¬ 

creased. The low yield of o-nitroanisole in acetic acid (Table 5) seems 

inconsistent with Paul’s hypothesis. Perhaps changes in solvation 

of the methoxy substituent (and the difference in temperature) are 

responsible for the changes in the directive effects of the methoxy 

group listed in Table 5. 

D. Nitration of Benzamide 

Cooper and Ingold15 determined the directing effects of the carbox- 

amido group on the nitration of benzamide in fuming nitric acid. 

The yields of ortho, meta, and para isomers were 27%, 70%, and less 

than 3%, respectively. Obviously under these conditions, the para 

position is selectively deactivated. In light of Paul’s arguments14, it 

would be interesting to see if the yield of para isomer increases in 

acetic anhydride. 

£. Hydroxylation of Acetanilide 

The hydroxylation of acetanilide by several hydroxylating systems 

has recently been investigated16. Studies with />-2H-acetanilide 

(using n.m.r.) indicate that 7-5% of the deuterium migrated to the 3- 

position on hydroxylation with trifluoroperacetic acid. Isotope studies 

with other hydroxylating systems showed in less than 2% retention of 

the hydrogen originally at the para position in the /^-hydroxyacetanilide 

formed. A pathway suggested for hydroxylation of acetanilide in 

trifluoroperacetic acid is given by equation (9)16. 
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F. Ortho Metallation 

In hexane-tetrahydrofuran, n-butyllithium reacts with JV-methyl- 

benzamide forming o,A^-dilithiobenzamide (l)17. This compound 

O 

o 
II 

+ ArCAr 

O 
II 
C 

P (10) 
c 

. / \. 
Ar Ar 

readily condenses with aldehydes and ketones, offering a convenient 

route to substituted phthalides and o-carbinols of iV-methylbenzamide17 

(equation 10). Similarly, benzenesulphonamides are ortho metallated 

by excess n-butyllithium to o,iV-dilithiobenzenesulphonamides, which 

may be condensed with aldehydes and ketones, to form substituted o- 

sulphamylbenzyl alcohols and substituted sultams (equation ll)18. 

o 
II 

ArCAr 

SOoNHCH., 

CQ OH 

A /CxA Ar Ar 

II. EFFECTS ON ALIPHATIC CARBON ATTACHED TO 
AMIDO NITROGEN 

The enhanced reactivity of a methylene carbon attached to an amido 

nitrogen can be attributed to interactions between the unshared pair 

of electrons on the nitrogen atom and the methylene carbon atom. 

The unshared pair of electrons on the nitrogen atom of an amido 

group often facilitates the formation of reactive amidomethyl radicals 

and amidomethyl carbonium ions. Inductive effects of the amido 

nitrogen can also enhance the acidity of methylene groups attached 
to it. 

A. Amidomethyl Radicals 

Electron irradiation of JV-alkylamides and iV, JV-dialkylamides in the 

solid state produces amidomethyl radicals (equation 12), which can be 

characterized using e.p.r. spectroscopy19. Primary amides yield 

\ 
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radicals on the carbon atom adjacent to the amido carbonyl on ir¬ 

radiation in the solid state19 (equation 13). Free radicals derived 

CH3CONHCH3 x'ray> CH3CONHCH2 (12) 

ch3conh2 x'ray > CH2CONH2 (13) 

from acetamide and formamide have been generated in solution20 

using the hydroxyl radical (from H202-Tim) for hydrogen atom 

abstraction. Surprisingly, in the radical from formamide, the un¬ 

paired electron appears to be located on nitrogen20. 

Amidomethyl radicals are probable intermediates in the per¬ 

sulphate-mediated dealkylation of JV-substituted amides21. A possi¬ 

ble pathway for this reaction put forth by Needles and Whitfield21 

appears in equations (14a-14e). Amidomethyl radicals are also 

SaOg- -^ 2SOr (14a) 

SOl - + HOH -> HOSOa + HO- (14b) 

CH3 ch3 
I I • 

RCONCH3 + SO*- (or HO-) -^ RCONCH2 + HOSOj (or HOH) (14c) 

CH3 
I . 

RCONCH2 + SO 

CH3 

rconch2oso3 + h2o 

ch3 

-> RCOr!jCH2OSOj 

ch3 

> RCONH + CH20 + HOSOa 

(14d) 

(He) 

likely intermediates in the formation of iV-acetoxymethyl-iV-methyl- 

acetamide from N,A-dimethylacetamide and peracetic acid22a, and 
in the formation of A-benzoyloxymethyl-A-methylformamide from 

N,A-dimethylformamide and benzoyl peroxide2215. 
Formation of amidomethyl formates and acetates through the elec¬ 

trolysis of solutions containing a iV, A-dimethylamide and an acid salt 

may also involve formation of amidomethyl radicals23. Stabilization 

of amidomethyl radicals through resonance may account for their 

facile formation. 

o ch2 o ch2 
II ../ II 

RC—N <-> RC—N 

\h3 Xch3 

An amidomethyl radical has also been implicated as an intermediate 
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in the decomposition of the diazonium ion derived from c-amino-JV, JV- 

dimethylbenzamide (equation 15) 24. Cohen and coworkers25 have 

shown that in this reaction, the rate of intramolecular hydrogen 

transfer to the benzene ring is faster than rotation about the carbon- 

nitrogen bond. Interestingly, in the decomposition of the diazonium 

(15) 

ion from substituted benzanilides, reactions between the phenyl radical 

and another benzene ring appears to be favoured over intramolecular 

hydrogen transfer (equation 16)26. Substituents (N02, and CH3) 

\ 
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ortho to the nitrogen cause hydrogen transfer to the phenyl radical to 

become predominant (equation 17)27. Interactions between an 

ortho substituent and the iV-methyl group probably force the two 

benzene rings out of coplanarity, thereby decreasing the susceptibility 

of the aniline ring to attack by the phenyl radical. 

B. Amidomethyl Carbonium Ions 

Kinetic studies of Firestone and coworkers28 indicate that cyanide- 

catalysed racemization of a-acetamido-a-methyl nitriles in dimethyl 

sulphoxide proceeds via a carbonium ion rather than 6^2 attack by 

cyanide (equation 18). 

(18) 

o- 
I 

n=cch3 

rch2-c^ 

ch3 

The acid-catalysed acyl interchange of iV-formyloxymethyl-Ar- 

methylformamide (2) is also convincing evidence for the existence of 

amidomethyl carbonium ions (equation 19) 29. The facile generation 

of carbonium ions from iV-formyloxymethyl-iV-methylformamide (2) 

o 
II 

hncch3 
I 

rch2-c—cn 
I 

CHa 

NaCN 
(base cat.) 

DMSO 
140-180° 

R.—CH: 

O 
II 

-,:NCCH3 

—C-^CN 
I 

CH3 

o 
II 

ncch3 

RCHo 
\ 

CHa 

o o o 
II II II 

HCNCH2OCH + ArCOH 

CH3 

(2) 

O o 
II 

HCOH + 

[H + ] , 

' DMF 

HC—N=CH2 

ch3 

o o 
II .rv 11 

HC—N—CH2—O—C—H 

CH3 H 

O 
II .. 

HC— N—CH + 
I 
ch3 

(19) 

o o 
II II 

HCNCH2OCAr 
I 
ch3 

makes it a useful electrophile, as exemplified in equations (20)-(23)29. 

Similar examples of amidomethylation (and imidomethylations) using 

amidomethyl (and imidomethyl) -halogens, -alcohols and -amines 
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O 

EtOH -S-* HCNCH2OEt + HCOaH 
temp. 

ch3 

cbh5oh 

o o 
II II 

hcnch2och + 

ch8 

(2) 

+ 

HCNCH.-Zf^ OH + HC02H 

CH, 

O 

[H+] 
n-C5HuSH -room > HCNCH2SC5Hu-n + HCOoH 

temp. 

NH2CNHtCh 3 DMF 
room 

ch3 

? r2+ci 
hcnch2sc 

temp- CH3 NH2 

2j'“^ + hco2h 

(20) 

(21) 

(22) 

(23) 

no3- -> e + N03 (24a) 

O ch3 O ch2 
. , _ J / II / N03- + RCN 

\ 
-^ HNOa + RCN 

\ 
(24b) 

ch3 ch3 

(3) 

O ch2 O CHJ 
1! / II / 

RCN 
\ 

-> RCN + e 
\ 

(24c) 

ch3 ch3 

(3) (4) 

no3 -> 2e + N03 (25a) 

o ch3 

11 / 

0 ch2+ 
II / N03+ + RCN 

\ 
—» HNOa + RCN 

\ 
(25b) 

CH3 CH3 

(4) 

have been discussed by Hellmann 30. However, the ease of preparation 

of amidomethyl esters should favour their use as amidomethylating 

agents. JV-Methylamidomethyl esters or ethers can be conveniently 
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produced by electrolysis of solutions containing ammonium nitrate, a 

dimethylamide and an organic acid or an alcohol23b. Amidomethyl 
carbonium ions are probable intermediates in these reactions. Two 

possible mechanisms proposed by Ross and coworkers23b are given in 

equations (24a-24c) and (25a,b). 

Cohen and co workers 3 la~d have shown that amidobenzyl carbonium 

ion 7 is an intermediate in the thermal decomposition of diazonium 

ion 5 to iV-bcnzylbenzamide. Although in the absence of water, this 

carbonium ion slowly cyclizes to phthalimidine (6); in the presence 

of water, carbonium ion 7 is hydrolysed to A-benzylbenzamide 

without forming 631d. Thus, 7 is not an intermediate in the formation 

of 6 in the thermal decomposition of 5 in aqueous solution. Cohen 

ArCONHCH2Ar + ArCHO + 
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and Lipowitz31d have suggested that the benzene carbonium ion 

formed from 5 inserts into a C—H bond of a benzyl residue forming 8 

which then decomposes to 6, and perhaps also to carbonium ion 7. 

Other interesting examples of reactions of similar benzene carbonium 

ions have been reported by Hey and coworkers32 (equation 27). 

C. Amidomethyl Carbanions 

Examples of reactions involving the development of a negative 

charge on a carbon atom attached to a nitrogen atom of an amido 

group have been reported by Tennant and Vaughan33 (equations 

28a,b). These authors assume that 10 arises from the reduction of 
intermediate 9. 
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Also, Chambers and Stirling34 have observed promotion of /3- 

elimination by a ^3-toluenesulphonamido substituent, as shown in 

equations (29) and (30). The effect of the ^-toluenesulphonamido 

h3c h h ch3 

TsN—G^C—I TsncH=CH2 (29) 
| | EtOH 

H H (94%) 

CH3 

TsNCH2—CH2OTs 
NaOEt^ 

EtOH >~ 

ch3 ch3 

TsNCH=CH2 + TsNCH2CH2OEt 

(31%) (57%) 

(30) 

group on the product distributions is similar to that reported by DePuy 

and Froemsdorf35 for a )3-phenyl substituent (equations 31 and 32). 

ArCH2CH2l 
NaOEt 

EtOH 
> ArCH=CH 

(100%) 
2 

(31) 

ArCH2CH2OTs 
NaOEt v 

EtOH * 
ArCH=CH2 + ArCH2CH2OEt 

(33 %0) (67%0) 
(32) 
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III. EFFECTS ON ALIPHATIC CARBON ATTACHED 
TO AN AMIDO CARBONYL 

Since carboxamido groups withdraw electrons through inductive and 

tautomeric interactions, a methyl or methylene group alpha to an 

amido carbonyl is somewhat acidic, and in the presence of strong 

bases, carbanions can be formed36, for example 11, which can undergo 

reactions such as (34) and (35). Interestingly, no JV-alkylation 

K 

ArCONHCOCHg + 2KNH2 -L'q’ NH3-> ArCONCOCH2K 

(11) 
(33) 

11 + (Ar)2CO 

11 + ArCHgCI 

ArCONCOCH2C(Ar)2 

OK 

nh4ci 

K 

-» ArCONCOCH2CH2Ar 
NH4CI 

> ArCONHCOCH2C(Ar)2 
I 

OH (34) 

-> ArCONHCOCH2CH2Ar 
(35) 

occurs, indicating that the carbanion is a much more efficient nucleo¬ 

phile than the nitrogen anion. Wolfe and Mao37 also showed that 

trialkali metal salts of imides (e.g. 12) could be selectively alkylated 

(equation 37). Here again, alkylation occurs mainly at the most basic 

K K 

ArCOCH2CONHCOCH3 + 3KNH2 -q' NH3 > ArCOCHCONCOCH2K (36) 

(12) 
K K 

ArCOCHCONCOCH2K + ArCH2CI _> _^ 

(12) ArCOCH2CONHCOCH2CH2Ar (37) 

(69%) 

anionic centre. Surprisingly, when the potassium in 12 is replaced 

by sodium, the yield of equation (37) is lowered to 8%. Wolfe and 

Mao point out that the difference of reactivity between potassium 

and sodium salts towards alkylating agents seems to depend on the 

nature of the anion. For example, 1-phenyl-1,3,5-trihexanone tri- 
sodium salt is alkylated by certain halides which do not alkylate the 
tripotassium salt. 

v T?e t™odium analogue of 12 seems to be more effective than 12 
itself in Claisen condensations with diphenyl ketones (equations 38 
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and 39)37. Wolfe and Mao38 have used similar reactions to produce 

K K 

ArCOCHCONCOCH2K + (Ar)2CO 

(12) 

Na Na 

ArCOCHCONCOCH2Na + (Ar)2CO 

► ArCOCH2CONHCOCH2C(Ar)2 

(16%) OH 

(38) 

> ArCOCH2CONHCOCH2C(Ar)2 

(40%) iH 

(39) 

derivatives of iV-acetylsalicylamides, e.g. equation (40). Alkali metal 

salts of amides can also be aroylated with methyl benzoate (equation 

ONa 
Na 

I 
CONCOO-LNa 

n-BuCI 

CONHCOCH2Bu-n (40) 

41)39. Aroylation and alkylation of alkali metal salts of amides and 

CH3CONH2 + 2ArC02CH3 + 4NaH -> -> ArCOCH2CONHCOAr 
(41) 

imides should provide useful routes to carboxylic acids, since the 

resulting imides are readily hydrolysed to carboxylic acids by aqueous 

base. 
Tennant40 has demonstrated that methylene groups alpha to amido 

and keto carbonyl groups are acidic, by showing that anilides such as 

13 are easily alkylated by n-alkyl iodides in the presence of potassium 

carbonate (equation 42). Furthermore, warming an alkylanilide 

such as 14 in aqueous ethanolic sodium hydroxide produces a quin- 

oxaline JV-oxide (equation 43)40. „ 
Carbanions are also probable intermediates in the nitration of 

amides with amyl nitrate (equation 44) 41. 
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Et 

(43) 

N 

n-C6H110N02 + CH3(CH2)2CH2CON(CH3)2 CH3(CH2)2CCON(CH3)2 

(44) 

Patai and coworkers^ compared the effect Gf carboxamido, carbo- 

ethoxy and cyano substituents on the reactivity of active methylene 

compounds towards aromatic aldehydes (equations 45a,b). The 

CH2(CN)R H+ + -CH(CN)R (45a) 

ArCHO + -CH(CN)R -» ArCH(OH)CH(CN)R -> ArCH=C(CN)R 

(45b) 

relative order of reactivity of these active methylene compounds to¬ 
ward aromatic aldehydes is R = CN > R = C02Et > R = CONH 

In the presence of excess aldehyde, the reactivity of these active methy¬ 

lene compounds appears to be dependent on their rate of ionization 

bases'01* ^ ^ nucIeoPhilicity of their conjugate 

IV. NEIGHBOURING GROUP EFFECTS 

By interacting with adjacent atoms neighbouring amido groups often 

facilitate solvolytic and oxidation-reduction reactions. Neighbouring 

amido groups are potent nucleophiles which can facilitate intra¬ 

molecular displacements. Both neutral amides and their conjugate 
ases are effective as nucleophiles. Oxygen appears to be the nucleo¬ 

philic centre of neutral amido groups, whereas both oxygen and 

groups h Can aS nUcle°philic centres of conjugate bases of amido 
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A. Intramolecular Displacements by Amido Anions 

Methoxide ion facilitates displacement of bromide ion from N- 
aryl-4-bromobutyramides (equation 46a)43a. Failure to observe a 

o 
II K 

BrCH2CH2CH2CNHAr+CH30- - ■ --■ 

(15) O 

BrCH2CH2CH2C'— NAr + CH3OH 

(16) 

HaC- -CHo 

H2C\ /C=0 
N 

(46a) 

Ar 

product of oxygen attack (an iminolactone) is surprising, since 17 
readily cyclizes to oxazaline 19 in the presence of methoxide ion 
(equation 46b)43b. Electron-withdrawing substituents on the aro- 

O 
II K 

ArCNHCH2CH2Br + CH3C>- - - 

(1,) 
|: k, H2C-CH2 

ArC—NCH2CH2Br + CH3OH -- I I (46b) 
0\ 

(18) C 

Ar 

(19) 

matic residue of 15 and 17 facilitate cyclization, suggesting that the 
concentrations of intermediates 16 and 18 (rather than the nucleo- 
philicity of the amido group) is limiting the reaction rate. The rate 
of the methoxide ion-catalysed cyclization of 15 is equal to 
Kk2 [GHgO " ] [15] / (1 + jqCH30-]). In calculating K, a value of one 
was assigned to the activity of the pure solvent. When X[GH30 ] 
« 1 second-order kinetics are observed. The second-order rate con¬ 
stants (Kk2) for the methoxide ion-catalysed cyclization of 15 (3-0 x 
10~3 sec_1M_1 at 22-9°) and 17 (2-2 x 10"3 sec^M"1 at 22-9°) are 
nearly equal. Since 15 is a stronger acid than 17, cyclization of 18 
via oxygen attack appears to be more facile than cyclization of 16 
through nitrogen attack. It should be emphasized, however, that the 
reactivity of a neighbouring amido anion is a sensitive function of its 
local environment, and generalizations concerning the relative 
reactivity of oxygen versus nitrogen are difficult to deduce. For 
example, amide 20 cyclizes with attack by oxygen4 , whereas amides 
21 and 25 cyclize primarily with attack by nitrogen45’46. 
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HX—CH2 

ArCONHCH2CH2OTs Jo (47) 

(20) f 
Ar 

(21) 

NaOEt - 
EtOH 

+ EtO- 
— ArC02Et 

(24) (14-7%) 

Ar (23) (14-6%) 
(22) (7-4%) 

(48) 

ArCONH 

(25) 

Zioudrou and Schmir47 demonstrated that neighbouring amido 

anions facilitate displacements of phosphate esters from compounds 

like 26a. It is interesting that no evidence could be found for attack 

of anionic nitrogen on phosphorus, since other anionic nucleophiles 

such as oxide ions usually attack phosphate esters on phosphorus 

rather than carbon. These authors also studied the displacement of 

chloride and tosylate by the neighbouring amido group in 26b and 

26c (Table 6). Assuming that the acidity of the amido group in 

26c is not markedly different from the acidity of the amido groups in 

26a or 26b, the data in Table 6 indicate that tosylate is most easily 
displaced by the neighbouring amido anion in 26. 

Neighbouring benzenesulphonamido anions are also efficient nucleo- 
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p-N02C6H4C^ CH2-X + EtO- —^ 

NH—CH2 

(26) 

O 
II 

(26a) X=OP(OAr)2 
(26b) X=CI 
(26c) X=OTs 

P 
p-N02C6H4C-H- /CH.-X —p-no2c6h4-^ J (5°) 

philes. Scott and Flynn48 studied effects of substituents (X) on the 

rate of cyclization of 27. This reaction is facilitated by electron- 

ch2—ch2—Cl CH2—CH2—Cl ch2—ch2 

NH K " ill:- -* N (51) 
I I I 

xc6h4so2 xc6h4so2 xc6h4so2 

(27) 

donating substituents (p = — 0-93) indicating that the reaction velocity 

is limited by the nucleophilicity of the anion rather than the concentra¬ 

tion of anion. On the other hand, electron-withdrawing substituents 

facilitate cyclization of 28 (p = T72) and 29 (p = 0-8), and like 

reactions (46a) and (46b) the velocity of reactions (52) and (53) also 

Table 6. Rate constants for reaction (50)a. 

Substrate k2 (sec-1) Kk2 (sec-1M J) 

26a 0-019 0-35 

26b 0-016 0-095 

26c 18 

° Sodium ethoxide in ethanol at 30°. From reference 47. 

appear to be limited by the concentration of amide anion49,50. The 

difference between substituent effects on sulphonamides and carbox¬ 

amides is expected, since the more acidic sulphonamides are com¬ 

pletely ionized in the basic medium. Scott, Glick, and Winstein44 

have determined relative rates of cyclization (equations 54 and 55) for 

17, 30a and 30b in sodium ethoxide-ethanol at 25°. Urethane 30a 
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O O 

.c 
o ^nhc6h4x _ o^c<nc6h4x o^C^NC6H4x 

H2C-CH2Br H2C-CH2Br h2c—ch2 

(28) 

Ts 
| 

Ts 
1 Ts 

h2c"NX:h2 

I 

h2c^ ^ch2 

1 

h2c^cx:h2 

H2C\ ch2i h2c^ ch2i * h2c^ /CH2 
NH 

| 
N 
|: 

xc6h4c=o xc6h4c^o xc6h4c=o 

(29) 

cyclized ten times faster than amide 17 and one hundred times 
than ureide 30b. 

Ar 
| 

Ar 
1 

Ar 

HN/C^0 
; 1 

O
 

/; 

z
- 

/ 
■o

 

H2C-CH2Br H2c-CH2Br. 
1 1 

H2c-CH, 
(17) 

O O O 
1! |: |l 

X"C^NHAr X'^'^NAr 
-“ I 

_, X^NAr 

H2C-CH2Br H2C-CH2Br h2c—ch2 

(52) 

(53) 

(54) 

(55) 

(30a) X = O 

(30b) X = NH 

Neighbouring amido anions can also carry out nucleophilic dis¬ 

placements on carbonyl carbon atoms. Hancock and Linstead51 

proposed the formation of an imide intermediate in the alkaline hy¬ 

drolysis of esters of anilic acids of methylsuccinic acid (equation 56) in 

order to explain the migration of the amido group during alkaline 

hydrolysis. This pathway is also supported by the absence of re- 

CH3CHCONHAr 

ch2co2ch3 

ch3chco2ch3 

h3c 

CH3CHCONHAr 

ch2co2 

CH3CHCOi 

(56) 

CH2CONHAr 
CH2CONHAr 
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arrangement in the alkaline hydrolysis of the corresponding N- 
methylanilic esters which cannot form an imide. Alkaline hydrolysis 

of esters of asparagine and glutamine derivatives has been shown to 

proceed through imide intermediates52,53. In some instances, cyclic 

imide intermediates from asparagine derivatives were isolated from 

reaction mixtures. Esters of glutamine derivatives can be cyclized 

to the corresponding glutarimides in sodium methoxide-alcohol 
solutions (equation 57)52,54. 

H2C 

°=? 

ch3o 

ch2 
" ^CHNHC02CH2Ar 

^o=o 
nh2 

NaOCH3 

i_i r/C^NHC02CH2Ar 

i I 
.1. 

(57) 

Bernhard and coworkers55 determined rate constants for the base- 
catalysed cyclization and hydrolysis of several /1-benzyl esters of N- 
carbobenzoxyaspartyl amides and peptides. The hydroxyl group in 
/3-benzyl-A-carbobenzoxy-L-aspartyl-L-serinamide (31) was found to 
further enhance (by a factor of 2 to 4) the rate of base-catalysed 
hydrolysis of the benzyl ester. Apparently, the effect of the hydroxyl 

conh2 

/CONHCH/ 

ArCH2OCONHCH XCH2OH 

XCH2C02CH2Ar 

(31) 

O 

(5 CONHo 
ArCH2OCONHCH "NCH^ 

H2C—C. CH2OH 
\) 

OH- 

conh2 
/. 

CONHCH 

■OH~. > ArCH2OCONHCH \h2OH + 

nch2co2 

7co2- 
ArCH2OCONHCH ^CONhh 

xch2conhch 

xch2oh 

(58) 

group in 32 is much more pronounced56. The base-catalysed hy¬ 

drolysis of the corresponding//-hydroxyl isomer is reported to be 10 _ 4 

that of 32. According to Shalitin and Bernhard 56, the pH dependence 

of the rate of hydrolysis of 32 is consistent with involvement of a 

phenolate anion (33a,b) as a general base or an unionized phenolic 

group (34a,b) as a general acid in the hydrolysis and cyclization of 32. 
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ArCH2OCONHCHCONH 

CH2 
-O 

COzCH2Ar 

(33a) 

(32) 

(33b) 

Sodium methoxide catalyses cyclization of poly-(benzyl /3-l- 

aspartate) to poly-L-succinimide (equation 59)57. This reaction 

probably proceeds via nucleophilic attack of an amido anion on a 

carbonyl carbon atom. Under comparable conditions, poly-(benzyl 

y-glutamate) does not react in the presence of catalytic quantities 

—CHCONH— /> 1 
1 
ru DMSO or DMF —HC :-c 

\ kj.n2 
NaOCH3 /N 

C02CH2Ar 
X 

1 
-U

 <N 
X

 

(59) 

-NHCHCO— 
I 
ch2 

ch2 
I 

C02CH2Ar 

DMSO or DMF 

NaOCH, (60) 

of sodium methoxide, but an equivalent amount of sodium methoxide 

converts the polymer to sodium D,L-2-pyrrolidone-5-carboxylate 
(equation 60)57. The mechanism for this reaction is unknown. 
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The base-catalysed cyclization of iV-carbobenzoxyglycyl-L-proline 

^-nitrophenyl ester (35) probably involves attack by a neighbouring 

amido anion on a carbonyl carbon atom (equation 61) 58. The ease 

ArCH,OCONHCH,CON Base . ArCH,OCON O 

C02C6HtN02-p O' 

(35) 

(61) 

with which this ester cyclizes was ascribed to the fact that the rigid 

proline ring holds the reacting groups in close proximity. No evidence 

could be found for base-catalysed intramolecular cyclization when 

phenylalanine was substituted for proline in 35. 

Cyclization of 36 was found to be insensitive to the nature of the 

aromatic substituent, X, (p = -0*1 to -0-2) indicating that a sub¬ 

stituent effect which increases the nucleophilicity of an intermediate 

anion is almost completely counterbalanced by the accompanying de¬ 

crease in the concentration of anionic intermediate caused by the 

decreased acidity of the amide59. 

Several other examples of attack of a neighbouring amido anion on 

a carbonyl carbon atom have been studied (equations 63-67). 

Apparent second-order rate constants for the hydroxide ion-catalysed 

formation of an imide or oxazolinone intermediate (Kk2) and hydroly¬ 

sis of these intermediates (4) from amides 37-40 are compared in 

Table 7 with the second-order rate constants for the hydroxide ion- 

catalysed hydrolysis of esters and amides without neighbouring amido 

groups. An amido group in phthalamide (38) enhances the rate of 

hydrolysis of the other amido group by a factor of about 4-5 x 105 

(4-9/M x 10-5) 59*60. The amido group’s ability to accelerate the 

hydrolysis of the adjacent ester group in methyl phthalamate (37a) is 

considerably reduced by the relatively slow rate of hydrolysis of the 

phthalimide intermediate, and the approximate rate enhancement 

which may be attributed to the neighbouring amido group is reduced 

to 870 (20/2-3 x 10~2)59’60. The neighbouring amido group in 

O-acetylsalicylamide (39) efficiently displaces the o-phenoxy group61. 
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CONHR 
O 

co2ch3 

(37a) R = H 
(37b) R = CH3 

NR refs. 59,60 (63) 

O 

O 

refs. 59,60 (63a) 

ref. 61 (64) 

ref. 62 (65) 

CONHCH-, 

co2h 
nch3 ref. 63 (66) 

O 
II 

O C—OC6H4N02-f> 

O 

.C^ ^CH2 
N 
H 

(40) 

O 
o- 

H JZ„ N 

+ OH- 

pK'a=9.3 O 

o- 

hsc6 n 

7H,0 
► c6h5co2h + nh3ch2co2- 

ref. 64 (67) 

The inability of Behme and Cordes61 to detect an acetamide-catalysed 

displacement of/?-nitrophenol from /)-nitrophenyl acetate led them to 

conclude that the rate of the intramolecular displacement by the 
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neighbouring amido group in 39 is at least 6 x 104 faster than a 

comparable bimolecular process. Because of slow hydrolysis of the 

imide intermediate, the amido group in O-acetylsalicylamide (39) 
causes a decrease rather than an increase in the overall rate of hy¬ 

drolysis of the adjacent phenyl ester group61. Neighbouring amido 

anions can increase the rate of hydrolysis of phenyl esters, if oxygen 

rather than nitrogen attacks the carbonyl carbon atom, as evidenced 

Table 7. Rate constants for cyclization and hydrolysis of some esters and 

amides0. 

Compound 
Kk2» 

(sec-1M-1) 
V 

(sec- 1m- *) Refs. 

Phthalamide (38) 4-9 20 d,e 

Benzamide 1-1 x 10-5 f 
Methyl phthalamate (37a) 3-1 x 103 20 d,e 

Methyl benzoate 2-3 x 10-29 h 

O-Acetylsalicylamide (39) 2-0 x 104 1-3 x 10-2i j 
Phenyl acetate 3-7k i 

/i-Nitrophenyl hippurate (40) 1-1 x 104fc m n 

/>-Nitrophenyl acetate 24fc l 

° In water at 25° ±1°. 
b Apparent second-order rate constant for the hydroxide ion-catalysed cyclization to imide. 

K is the equilibrium constant for the reaction: Amide + OH- ^ Amide anion + H20, and k2 

is the first-order rate constant for cyclization of an amide anion. 
0 Second-order rate constant for the hydroxide ion-catalysed hydrolysis of an imide (to an 

amic acid) or for the hydroxide ion-catalysed hydrolysis of an amide or an ester without a 

neighbouring amido group. 
d Reference 59. 
e Reference 60. 
f Interpolated from the temperature dependence of rate constants listed by M. L. Bender, 

R. D. Ginger, and J. P. Unik, J. Am. Chem. Soc., 80, 1044 (1958). 

9 In 1:3 dioxan-water. 
h M. L. Bender, H. Matsui, R. J. Thomas, and S. W. Tobey, J. Am. Chem. Soc., 83, 4193 

(1961). 
4 The rate expression also contains a term second order in the hydroxide ion concentration 

(T3 x 10-1 sec-1!!-1). 

* Reference 61. 

k At 30°. 
1 T. C. Bruice and M. F. Mayahi, J. Am. Chem. Soc., 82, 3067 (1960). 
m Above pH 7, the oxazolinone (p/fa 9-3) appears to be hydrolysed through attack by water 

on its conjugate base {k = 5-6 x 10-2sec-1). 

n Reference 64. 

by the fact that the neighbouring amido group in />-nitrophenyl hip- 

purate increases the rate of hydrolysis of this nitrophenyl ester by 

several-hundred-fold at pH 764. Above pH 7, the rate of hydrolysis 

of oxazolinone begins to become rate determining, and the rate en- 
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hancement which can be assigned to the neighbouring amido group 
in 40 decreases with increasing pH*. 

There is considerable evidence for the involvement of oxazoli- 

nones as intermediates in the racemization (through enolization of an 

oxazolinone) of nitrophenyl esters of peptides during hydrolytic and 

peptide coupling reactions in basic solutions 65"68. Goodman and co- 

workers65,67 have shown that oxazolinones racemize under conditions 

used for peptide coupling reactions. Williams and Young68 have 

shown that Y-benzoyl-L-leucine ^-nitrophenyl ester is in equilibrium 

with 4-isobutyl-2-phenyloxazolin-5-one in a solution of TV-methyl- 
piperidine and chloroform, and that this oxazolinone is an inter¬ 

mediate in the racemization of the nitrophenyl ester. The degree of 

racemization observed during a peptide coupling reaction would of 

course depend on the rate of oxazolinone formation relative to the rate 

of amino lysis of the ester as well as the relative rates of enolization and 
ring opening of the oxazolinone65,67. 

The cyclization of o-cyanobenzamide to iminophthalimide is another 
example of attack of an amido anion on an unsaturated carbon 

atom69. The second-order dependence of the rate of this reaction 

on the concentration of hydroxide ion suggests that this reaction may 

involve the addition of hydroxide ion to the cyano group (equation 

68) • Stabilization of this addition compound by the neighbouring 

amido group must be very effective, since the formation of phthal- 

amide (through tautomerization of the intermediate) is not observed69. 

Attack of an amido anion on nitrogen is probably involved in the 

decomposition of o-nitrosobenzamide in ethanolic sodium hydroxide 

(equation 69)70a. This reaction supports Rosenblum’s70b conclusion 

that o-mtrosobenzamides are intermediates in the von Richter reaction 
(equation 70). 

* Above pH 7, the rate of hydrolysis of/(-nitrophenyl acetate is essentially 
proportional to the hydroxide ion concentration, whereas the rate of hydrolysis 
° , . ,e oxazolmone is proportional to the fraction of oxazolinone (pKL 9-31 
which is present as the conjugate base. 
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B. Intramolecular Displacements by Neutral Amido Groups 

In the absence of added base, compounds 17, 30a, and 30b, cyclize 

via a first-order process (equations 71 and 72) 44. Cyclization prob¬ 

ably involves attack by the neutral form of the neighbouring group. 

Interestingly, the centre of nucleophilicity of the urethano and ureido 

groups (in 30a, 30b) changes from nitrogen to oxygen on going from 

the anionic to the neutral form of the nucleophile (compare equations 

55 and 72). As judged by the rates of cyclization in 80% aqueous 

ethanol at 50°, the amido group in 17 is 46 times more reactive as a 

nucleophile than the urethano group in 30a and 2-5 times more reac¬ 

tive than the ureido group in 30b44. In the absence of strong bases, 

the neutral form of the neighbouring amido group is the nucleophile, 

and electron-donating substituents increase the rate of cyclization of 

1743, 30a49, and 30b44, probably by increasing the negative charge 
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A r 

A 
HN 

H2C-CH2Br 

(17) 

(71) 

NHAr 
1 NAr 

-o
 \ n

 
//

 
o C

 

=< o 1 

H2C-CH2Br 1_1 

(30a) 

NHAr 
1 NAr 

-Z
 \ n-

 
//

 
o x 

n-^Nd i 
H2C—CH2Br 1_J 

(30b) 

(72a) 

(72b) 

density on the attacking oxygen atom. A rough idea of the relative 

nucleophilicities of the anionic and neutral amido groups (in dis¬ 

placing bromide ion from carbon) may be obtained by estimating the 

value of the equilibrium constant (K) for the reaction defined by 

equation (46). The pK'a of benzamide is between 14 and 15 71, and 

the pZCa of methanol is 15-572, so that a rough estimate for K is 0-3 

(10/[CH3OH]). Therefore, the first-order rate constant for the 

cyclization of anion 18 is roughly 7-3 x 10-3 sec-1 (2-2 x 10~3/0-3). 
Since the rate constant for the expulsion of bromide ion by the neutral 

amido group in 17 is 2-4 x 10~5 sec-1 (in methanol at 22-9°) 43, the 

neutral amido group in 17 is about 1/300 as effective as its conjugate 

base (18) in displacing bromide ion from a neighbouring carbon atom. 

o- 

Ar(H—NCH2CH2Br 

(18) 

Winstein and his coworkers73’74 found that the amide-facilitated 

displacement of tosylate from 41 to form an oxazolinium ion was 200 

times faster (at 75°) than the acetoxy-facilitated displacement of tosy¬ 

late from 42, and about 1,000 times faster than the displacement of 

OTs 
NHCOAr 

OTs 
OCOCH, 

(41) (42) 
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tosylate from the cis isomer of 41. Investigations of amide-facilitated 

displacements of 2-benzamidocyclohexyl methanesulphonates in 

which the conformation of cyclohexyl ring is fixed (by a £-butyl sub¬ 

stituent in the 4-position), led to the conclusion that although a di- 

axial conformation is most favourable for intramolecular displace¬ 

ment (k — 6-28 x 10-3sec-1 for ethanolysis of 43), intramolecular 

displacement is also possible when amido and ester groups are in the 

diequatorial conformation (k = 0-76 x 10"4 sec-1 for ethanolysis of 

44) 75. The similarity in the rate constants for the ethanolysis of 44 
and 45 (0-76 x 10-4 sec-1 vs. 2‘5 x 10-4 sec-1) indicates that dis¬ 

placement of methanesulphonate by the neighbouring amido group of 

45 might proceed without inversion to the diaxial conformer of 45 75. 

/ ^-^y^oso2cH3 
^ ~~~~ ~^"NHCOAr 

(45) 

Displacements of sulphonate esters by neighbouring amido groups 

have been used in the synthesis of carbohydrates76. For example, 

Hanessian76 used a neighbouring acetamido group to convert an 

arabinose derivative into a lyxose derivative (equation 73). 

ArC02Na 

DMF 

Trace 

h2o 

h3c CHa 

ch3conhch!, ojo 
:OH 07 

(73) 

Treatment of /3-hydroxy amides with thionyl chloride or phosphoryl 

chloride results in the formation of oxazoline salts 77. Presumably, an 

ester formed on reaction with an acid chloride is displaced by a neigh¬ 

bouring amido group. Acid hydrolysis of the oxazoline yields a fi- 

amino ester, whereas hydrolysis in neutral or basic medium yields the 
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original /3-hydroxy amide with an inverted configuration about the 

/3-carbon atom. Thus treatment of JV-benzoylallothreonine methyl 

ester (46) with thionyl chloride yields the £ra/w-oxazoline 47 which on 

treatment with water yields iV-benzoylthreonine methyl ester (48)78. 

C6H5 

Hl^O £H3 

A~(:CH 
H co2ch3 oh 

(46) 

SOoCU 

c«h 6' ‘5 

I 

HN^Ct2^CH3 

,9—cCH 
H' co2ch3 os°2a 

a- + 9eH5 

HN^-O 

H 
J_P 

"7 ^ 
co2ch3 

(47) 

ch3 

H 

h2o 

crh. 

X 

H 

HN" 
I 

C- 
'' \ 

o OH 

C--CH3 

co2ch3 H 

(48) 

Welsh79 has demonstrated that a neighbouring neutral amido group 

displaces a hydroxyl group from a carbon atom during the acid- 

catalysed N-> O migration in A-bcnzoyl-( — )-T-ephedrine (49). 

After ten minutes in 5% refluxing HG1 49 is converted to the benzoate 

esters 50 and 51. However, ester 50 with an inverted configuration 

about the /3-carbon atom is obtained in 79% yield. No inversion of 

configuration accompanies the migration of A-benzoyl-( + )-¥*- 

Ar 
I 

CH3—N'^O .H 

HgX \l ^Ar OH 
(49) 

H20* CH3NH 

yc\ c\ 
H3C H Ar 

(50) (79%) 

O* 
II 
c—Ar 

+ 
CH,NH 

X 

HX 
\ 

H 

H 
/ 

-C— Ar 
I 

O—C—Ar 
II 
O 

(51) (21%) 

(74) 

ephedrine (52). When 5% HC1 in lsO-enriched water is used as the 

reaction medium, lsO is incorporated into ester 50 when it is produced 

via reaction (74), but no lsO is incorporated into ester 51, nor into 

ester 50 when it is produced via reaction (75). Thus acyl migration 

with retention of configuration involves direct attack of the /3-hydroxyl 

group on the amido carbonyl carbon atom, whereas acyl migration 

with inversion undoubtedly involves displacement of the /3-hydroxyl 
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group by the neighbouring amido group. Examination of the various 

conformers of 49 and 52 reveals that a trans conformation of hydroxyl 

and amido groups is more favourable in isomer 49. This result is 

Ar 
I 

CH3N" oh 

HnC A -C' 

|N 
H i Ar 

(52) 

50 (75) 

consistent with the finding that acyl migration in 49 is accompanied 
by inversion. 

Effects of amido groups on the hydrolysis of glycosides have been 

studied by Piszkiewicz and Bruice80. At neutrality, o- and />-nitro- 

phenyl 2-acetamido-2-deoxy-/3-D-glucopyranosides hydrolyse 105 times 
faster than their a-anomers 80a. This enhancement has been attribu¬ 

ted to intramolecular nucleophilic attack on the anomeric carbon atom 

by the neighbouring acetamido group (equation 76) 80a. Although a 

2-hydroxyl group also enhances the rate of hydrolysis (at neutrality) of 

nitrophenyl ^-D-glucopyranosides, the 2-acetamido group is 218-344 

times more effective than the 2-hydroxyl group in increasing the rate 

of hydrolysis of o- and /^-nitrophenyl /3-D-glucopyranosides relative to 

the a-anomers 80a. 

The e-carboxyl group in o-carboxyphenyl /3-D-glucopyranoside (53) 

enhances the rate of hydrolysis of this glycoside by a factor of 6 x 103 

above that which would be expected for specific acid-catalysed hy¬ 

drolysis of this glucopyranoside80b-81. Surprisingly, replacement of 
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the 2-hydroxyl group in 53 with an acetamido group results in only a 

7-fold enhancement in the rate of hydrolysis of 54 80b. The low 

efficiency observed for intramolecular bifunctional catalysis of the 

hydrolysis of glycoside 54 has been attributed to a decrease in the 

entropy of activation caused by the need to orient a second catalytic 
group 80b. 

A 2-acetamido group also appears to increase the second-order 

rate constant for the specific acid-catalysed hydrolysis of methyl 

glycoside 55 by 50-fold over that which would be anticipated from 

the rate constants for the acid-catalysed hydrolysis of other gluco- 

pyranosides. The 2-acetamido group in 55 is thought to displace 

methanol from the protonated glycoside800. However, enhance¬ 

ments of the rate of hydrolysis in neutral solution of /3-D-glucopyrano- 

sides with poorer leaving groups than phenol have not yet been 
observed. 

Interesting examples of neighbouring amido group participation in 

the bromination of olefins have been reported by Winstein and his 

coworkers (equations 77 and 78)82. Hydrolysis of oxazoline 56 
completes a stereospecific synthesis of a trisubstituted cyclohexane 
derivative (equation 79). 

Displacement of a substituent from a y-substituted butyramide by a 

neighbouring amido group is often observed on fusion or heating in 

solution (equation 80) 83. The resulting iminolactone is easily hy¬ 

drolysed to a lactone and an amine or to a y-hydroxybutyramide. 
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Ar 
I 

HN 
I V O 

h2c—ch=^ch2 Y 

\ ~ /C"CH2 
Br^N I 

VCH* 

HOAc 

Ar 
I 

+ C 
HN^ 

-CH,Br 

O 

(77) 

(78) 

(79) 

Thus, heating y-bromobutyranilide (15) yields butyrolactone and 

aniline and not iminolactone 58 83. Hydrolysis of 58 could have led 

to butyrolactone and aniline84. Iminolactone 58 can be prepared by 

h2c-ch2 . 

B^H2C^C^hiHC6H1 NHC6Hu (80) 

cyclizing 15 in benzene-methylene chloride solutions of silver tetra- 

fluoroborate (equation 81 )84. Some of the important reactions used 

to cleave proteins selectively at specific amino acids residues probably 

J \ A«BF« . I-! ,on 
Br—H2C NHC6H5 c6He-CH2Q2 I^^Lnqh,. 

(15) (58) 

involve displacement of a substituent by a neighbouring neutral amido 

group to form an iminolactone intermediate (equations 82a—82c) 85. 

Nucleophilic displacement by a neighbouring amido group on a 

24+ c.o.a. 
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•O O 

■ .11 . II 

•—CNHCH—C—NHCHRC— + BrC=N 
I II 
ch2 o 

ch2 

s 
/ 

ch3 

o o 
-Pm —CNHCH—C—NHCHRC—- 

1 /l! Ch2/o 

ch2 

<4* 
/ \ 

ch3 c=n 
(82 a) 

O 
II 

—CNH 
H2Q . 

O 

+ HoNCHRC— 

carbonyl carbon atom is probably involved in the formation of iso- 

imides and nitriles from an amide with an adjacent activated carboxyl 
group (equations 83-85) 86~88. 

The neighbouring benzoylamido group in 59 increases the rate con¬ 

stant for the acid-catalysed hydrolysis of the N, iV-dicyclohexylamido 

group by more than 1-4 x 10489. This reaction probably involves 

attack by oxygen on the neighbouring carbonyl carbon atom, forming 

benzoylanthranil (60) as an intermediate (equation 86). Although 

benzoylanthranil (60) was not isolated from the reaction mixture, it 
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O O 
II p- II 

-CNHCH—C—NHCHRC- 

I Z11 
ch2/o 

NHAr 
I 

.C. 
o 

o 
II 

+ CHoCCI 

COoH 

NHBu 
I 

HC"C^0 

Electrolysis' 

—2e 5 

h2o 

(82c) 

O 

+ NHXHR—C— 

^NHAr 

C. 
o 

C-l-b—C—CH, 

o 

HG 
+ R—N=C=N—R 

'COoH 

<3 

o 

NHBu 

NAr 

cc o 

(83) 

R 
HC^O 1 H h 

II f N ? 
HC. 

"C-vO^-C 

O NH 
I 
R 

NBu 

\) 

O 

(84) 

ArCH20C0NHCHC02H + R—N=G=N—R 

ch2 

c—nh2 

o 
,o 

(85) 

ArCH2OCONHCHCQ2H ArCH2OCONH 
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H 

was obtained in 80°/o yield when the reaction was carried out in dry 
dioxan saturated with HC189. 

Neighbouring amido groups probably also participate in the race- 

mization of acylamino acids in aqueous solutions containing acetic 

anhydride90. This reaction has been applied to the determination of 
amino acids at the carboxyl terminus of proteins91. 

R H 
NH 

-CONHCHCT C—R1 

O COaH 

Ac,0 ? a . jNHI 

-CONHCHCT C—R1 
ir~\i 
o c—o—c—ch3 

o o 

R 
N 

-CONHCH—C^ "XT 
I 

0—1Tj 

/R1 o 
/ Base, 

R 
I 

—CONHCH- -O^C—Ri 
I II 

O- -c 
O-J 

(87) 

3h2o 

I NH / Unlabelled amino acids-f- 
CONHCHC C—R1 —■ HCI> carboxyl-terminal amino 

ji I L. acid labelled with 3H. 

C. Effect of Amido Groups on the Reduction of 

Carboxamidopentaamminecobalt(iu) Complexes by 
Chromium(u) 

Chromium (n) usually reduces both hexaamminecobalt(m) com¬ 

plexes and carboxamidopentaamminecobalt(m) complexes without 
transfer of ligand to chromium, whereas it reduces carboxylatopenta- 

amminecobalt(hi) complexes with transfer of ligand to chromium92. 

The amido group is coordinated to Co through oxygen (cf. 61). In¬ 

creasing the size of substituents on either carbonyl carbon or nitrogen 

of an amido ligand causes an increase in the rate of reduction of Com 
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(NH3)5Co—O CHa 
\ / 

C—N 
/ \ 

ch3 ch3 

(61) 

by Cr11, suggesting that one or more Co-to-ligand bonds are stretched 

in the transition state92. Although pentaamminecobalt(in) complex 

62 is reduced without transfer of ligand to Cr92, ligand is transferred 

to Cr in the reduction of pentaamminecobalt(m) complexes 63 and 64 

(NH^Co-nQ) 

CON(CH3)2 

(62) 

forming respectively 65 and 66a + 66b93. In the reduction of 63 and 

64 an electron is probably transferred from Cr11 to Co111 through an 

amido ligand93. 

conh2 

3 + 

(64) 

(66b) 
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I. INTRODUCTION 

This chapter shall be concerned mainly with substitution and addition 

reactions of the amido group together with several of the important 

transformations that ensue from them. The situation is complicated 

by the reactivity of all three atoms in the O—C—N chain, arising 

mainly from delocalization of the v electrons along this chain. The 

consequence of such delocalization is to diminish both the inherent 

carbonyl reactivity and the nucleophilic properties of the amide group. 

Nonetheless, the chemistry of amides is simplified considerably on 

recognizing that the great majority of their reactions proceed by one 

or other of two processes. The first involves nucleophilic attack by 

the oxygen or nitrogen atom on electrophilic centres in either positively 

charged or neutral species. The second, and less common process, 

involves nucleophilic addition to the carbonyl entity. Other trans¬ 

formations, such as elimination, dehydration, deamination, etc., are 

invariably parasitic to these two reactions. 
An estimate of the nucleophilic properties of the amide function can 

be gathered from its behaviour towards the proton (i.e. conjugate acid 

formation). It is now well established (Chapter 3) that amides are 

relatively weak bases (the pKa lower approximately by 10 units than 

that of a similar amine) and that protonation invariably takes place 

on the oxygen atom (equation 1). Thus amides should behave as 

feeble nucleophiles with oxygen as the most reactive site. This con¬ 

clusion is borne out in practice. Amides in their neutral form react 

only with the more powerful electrophilic reagents and initially form 

an O-substituted derivative. Although A-substituted products are 

commonly isolated from reaction mixtures, these usually arise from re¬ 

arrangement of the O-substituted precursor and therefore represent the 

thermodynamically stable product. Direct substitution at the nitrogen 

atom occurs only in special circumstances: either with powerful 

electrophilic species such as diazomethane (alkylation), and nitroso 

derivatives (and even here the evidence is far from conclusive) or under 

strongly alkaline or acidic conditions where the reactive species are 

the anion I R—C 
/ 

O 

NH 

. , A~H 
or the conjugate acid | R—G-+ 

NH2 

of the amide, respectively. 
Because of 7r-electron delocalization along the O C N chain, the 

carbonyl reactivity is also subdued. Amides, in fact, are much less 
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reactive than esters in this respect and bear a closer resemblance to 

their parent carboxylic acids. Thus carbonyl addition does not 

generally occur unless additional factors enhance the inherent 

polarization of the carbon-oxygen bond. These may be either 

protonation, as in hydrolysis, or O-complex formation with an 

electron-deficient species as in the reactions of inorganic acid halides 
and metallo-organic reagents. 

jP 
R—C + HX 

NH2 
R-c4 

.O—H 

NH, 

x- (1) 

The behaviour of amides towards many reagents often depends on 

the specific structure of either the acyl (RCO) or the amino part 

(—NRJR2) of the molecule, and it is necessary to identify these 

structural features clearly. For this reason we have adopted the con¬ 

vention of referring to the atom directly attached to the carbonyl as the 

«c=o atom, and to those directly attached to the nitrogen as aN atoms: 

O 

II 
C—C—N~ C 

ac=o % 

Our intention is to present a synopsis of the most important re¬ 

actions of the amide group. Recent rather than historic developments 

are stressed from both synthetic and mechanistic standpoints. In many 

instances, however, sound quantitative information to establish the 

mechanism is entirely lacking and our conclusions are mostly specu¬ 

lative. Our approach can be justified, nonetheless, by the fresh 
research effort we hope to encourage. 

II. ALKYLATION 

Alkylation reactions have been widely studied and the results contribute 

significantly to our understanding of the nucleophilic properties of the 

amide moiety. Both substrate reactivity and the site of substitution 

are understandably related to the experimental conditions, because 

the molecular amide may be in equilibrium with both its anion and 

conjugate acid (equation 2). Alkylation does in fact occur at either 

RCONH2 RCONH- (2) 
X 

RC-' 
'k; 

,OH 

NH, 
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the nitrogen, the oxygen or the ac=0-carbon atom depending on the 

pH of the reaction medium. Accordingly, it is convenient to discuss 

alkylation from the standpoint of reaction in either neutral, alkaline 

or acidic media. 

A. Alkylation under Neutral Conditions 

Under these conditions, which include most reactions in aprotic 

solvents, the amide is present in its molecular (unionized) form. 

This species reacts sluggishly as expected from its feeble basicity and 

only those agents more active than alkyl halides, such as alkyl sul¬ 

phates1, oxonium salts2 and diazoalkanes3, are synthetically useful. 

The products are the 0- and iV-alkyl derivatives and the latter may 

arise either from direct substitution or by rearrangement (Scheme 1). 

With primary and secondary amides, the products are neutralized to 

O-Alkylation 

RCONRI + R2X- 

JD Rzn+ 

R—C\ 

XNRi 

-HX, _ / 
X- - R \ 

(1) 

.OR2 

NR1 

N-Alkylation ^ ^ 

o ,o 
-HX, n S 

x- \ R—1- 
XNRiR2 NR^2 

(2) 

Scheme 1. 0- and iV-alkylation of amides under neutral conditions. 

1 and 2 by proton loss from nitrogen. The proportion of 0- and N- 

alkyl products depends on the reaction temperature and the reactivity 

of the alkylating agent. 

I. Alkyl sulphates and alkyl sulphonates 

Both reagents react readily with most amides at slightly elevated 

temperatures to form products arising predominantly from 0- 

alkylation1. Dimethyl sulphate, for instance, reacts quantitatively 

with an equimolar proportion of either primary la,b, secondaryla,c,<i 

or tertiary amide16, to give the corresponding O-alkylimidonium salt 

(3) but no iV-alkyl products (equation 3). Reaction temperatures of 

RCONR^2 + Me2S04 
X- 

R-Cx 

.OMe 

NR1R2 

MeSO; (3) 

(3) 
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20° to 60° are required. The salt 3 is readily attacked by nucleo¬ 

philes including the amide itself, and this explains the need for 

equimolar reactant concentrations. These further reactions with 

excess amide have been studied in the case of formamidelb. With up 

to one molar excess, only the methoxy group is displaced to give the 

amidinium salt (4) and methyl formate (equation 4); but with an even 

larger excess offormamide, triformylaminomethane [CH(NHCHO)3] 
is eventually formed via a series of successive substitutions. 

H 

I P* MeO:^ C=ko 

HC ^ :NH2 

II 
+ NH2 

' ^NHa-| + 

* HC;' + HC02Me 

- 

(4) 

(4) 

Alkyl benzene sulphonates (PhS03Bu-n, or j&-CH3C6H4S03R where 

R = n-G8H17, (CH2)nPh, etc.) must react in a similar way, although 

the evidence is less extensive. Formamide, for example, on treatment 

with an equimolar amount of these reagents, followed by hydrolysis, 

HCONH2 + PhS03R- 

/• 
hc-; 

.OR 

NH 2 J 

PhSOv NHa + HC02R 

-> HC 

O 
PhS03- HCONHR 

NH2R 

Scheme 2. Alkylation offormamide with alkyl benzenesulphonates. 

gives ammonia but apparently no iV-alkylformamidelb (Scheme 2). 
Once again this is consistent with exclusive O-alkylation. 

2. Alkyl halides 

Generally higher temperatures (~150°) or heavy metal catalysts 

such as silver salts are necessary to induce reaction with alkyl halides, 

and under these conditions the bifunctional nucleophilic behaviour of 

the amide moiety becomes important. Thus either 0- or JV-sub- 

stituted products, or even a mixture of both, are commonly formed 

with a facility that is related to both the reaction temperature and the 
structure of the reagent. 

The most extensive studies have been carried out with formamide 

by Bredereck and his colleagues115’4 (Scheme 3). With excess 
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formamide, usually present as the solvent, reaction proceeds via two 

paths to give the iV-alkylformamide (5) and the alkyl formate (6) 

respectively113’4. Under anhydrous conditions, the alkyl formate is 

claimed to arise from solvolysis of the formamide by an alcohol 

molecule, itself produced through dehydration of the intermediate 

O-alkylimidonium salt4a. Obviously, direct hydrolysis of the 0- 

alkylimidonium salt would give the same formate ester product. 

HCONH2 + RX- 

O 

N-Att—-> HC^ X' 

XNH2R 

O-Attack /9K 
hc-; 

x'nh2. 

X- 

HCONHR + HX 

(5) 

HCOzR + NH4X 

(6) 

hconh2 
T 

ROH + HCN + HX 

hconh2 

hco2r + NH3 

(6) 

Scheme 3. Reaction of alkyl halides with formamide. 

The ratio of 0- to JV-substituted products is of importance as far as 

synthetic considerations are concerned. The data of Table 1 show 

that usually iV-alkylformamides (i.e. iV-substitution) are favoured 

with alkyl halides forming relatively stable carbonium ions (e.g. 

PhgCGl, Ph2GHCl), whereas less polarizable reagents, such as 

PhCH2Cl and C8H17Br, preferentially form the alkyl formate. 

Judging from the results for the benzyl halides, the nature of the halide 

ion may also have a bearing on product orientation; alternatively 

this may be an artifact stemming from important differences in the 

method of product isolation. 
The overall reactivity of various alkyl halides towards formamide 

has also been investigated, both by conductance measurements of the 

extent of alkyl halide decomposition (Table 2) and by kinetic studies 

(Table 3) under pseudo-first-order conditions (with a ten-fold excess 

of formamide)413. The kinetic experiments have been extended to 

iV-methylformamide4b and these results, too, are listed in Table 3: 
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Table 1. O- and A-substituted products for the reaction of alkyl halides with 

formamide at ~ 150°. 

Product (%) 

Alkyl halide .V-Alkylformamidc Alkyl formate References 

n-C8H17Br 92 4a 
PhCH2Cl 5 74 4a 
PhCH2Br° 44-5 27-5 lb 
PhCH2Ia 47-6 15-2 lb 
/)-MeOC6H4CH2Cl 36 4a 
2,4,6-Me3C6H2CH2Cl 31 4a 
Ph2CHCl 95 4a 
PhgCCl 94 4a 
PhCH2Clb /36% PhCH2NMe2 

\34% (PhCH2)2NMe 
5 

CH2=CHCH2Brc 100 6 

“ Products isolated by work-up from aqueous solution. 

b Reaction with dimethylformamide, products hydrolysed. 
c Reaction with acetamide, products hydrolysed. 

the unexpectedly slower rates for iV-methylformamide must arise from 

differences in the solvent composition. The combined data clearly 

indicate that alkyl halide substitution of formamides has a good deal 

ofSNl character, as factors which would stabilize the developing alkyl 

carbonium ion in the transition state also increase the reaction rate. 

For example, the observed reactivity of butyl chloride is t > s > n 

and for /^-substituted benzyl chloride is MeO > Me > H > NOa. 

These findings led Gompper and his coworkers to account for the 

Table 2. Decomposition of alkyl halides in excess formamide by conductivity 

measurements 4b. 

Alkyl halide 
Time 
(hr) 

Temperature 
(°c) 

Decomposition 

(%) 

/--no2c6h4ch2ci 2 50 5 
c6h5ch2ci 2 50 29 
/>-MeOC6H4CH2Cl 2 50 78 
n-BuBr 5 50 9 
i-PrBr 5 50 21 
t-BuBr 5 50 89 
n-BuBr 5 70 42 
n-(J8ti17Br 5 70 1-5 
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tendency towards 0- and iV-substitution by various reagents in terms 

of the transition state structure413, along the lines developed earlier by 

Kornblum for ambident nucleophilic anions7. The result is un¬ 

satisfactory, however, for it requires that the most 5^1-like transition 

state will be associated with substitution at the nitrogen atom, which 

is the atom of lower electronegativity. This is, of course, contrary to 

Kornblum’s predictions. 

Table 3. Pseudo-first-order rate coefficients for the reaction of alkyl halides 

with ten-fold excess formamide and iV-methylformamide4b. 

Alkyl halide 

Formamide A-Methylformamide ° 

Temp. 

(°c) 
k 

(hr-1) 
Temp. 

(°c) 
k 

(hr-1) 

n-BuBr 80 0-040 80 0-036 

i-BuBr 80 0-119 80 0-040 

f-BuBr 20 0-147 80 0-056 

/>-MeC6H4CH2Cl 55 0-104 

C6H5CH2C1 80 0-230 

/>-no2c6h4ch2ci 90 0-110 

Ph2CHCl 20 b 

Ph3CCl 10 b 

CH2=CHCH2Br 45 0-087 

a Reaction in equimolar dioxan: A-methylformamide. 

6 Too fast to measure. 

Other evidence suggests the tendency towards mixed 0- and N- 

alkylation may arise from the high temperatures necessary to induce 

reaction. This comes from studies of both the highly reactive trityl 

chloride413 and the effect of silver salt catalysis8. Trityl chloride is 

sufficiently powerful to alkylate formamide at temperatures as low as 

20°. Under these conditions the conductivity of the mixture com¬ 

posed of equimolar amounts of reactants reaches a maximum value 

almost instantaneously, and hydrolysis of this solution results in the 

isolation of triphenylcarbinol but not JV-triphenylmethylformamide 

(Scheme 4)4b. When the same reaction is carried out at 110°, 

however, the latter is the sole hydrolysis product43-. Alkylation by 

methyl and ethyl iodide can also be effected under mild conditions in 

the presence of silver oxide catalysts8. The silver ion promotes 

polarization of the alkyl halide, thereby increasing its reactivity. In 

this way the same temperature-dependent substitution pattern 
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20° 

HCONH2 + Ph3CCI- 

HC 
X 

,OCPhq 

NH5 

cr PhoCOH 

lio° // 
HC 

\; 

H,0 
* HCONHCPhn 

NH2CPh3 Cl- 

Scheme 4. Reaction of formamide with trityl chloride. 

emerges as that for trityl chloride. Thus the reaction of JV-phenyl- 

formamide with ethyl iodide in the presence of silver oxide at 40° 

produces only the O-ethyl imidate (7), whereas mixed 0- and TV- 

alkylated products are obtained at 100°8 (Scheme 5). Both these 

results point to a mechanism in which at least some of the iV-alkylated 

product arises from a thermal rearrangement of the 0-alkyl imidate 

salt. Since substantial support for this hypothesis is forthcoming from 

the reactions of other alkylating agents, further discussion of the 
mechanism is deferred until section II.A.6. 

HCONHPh— 

,OEt 

NHPh 

X 
,OEt 

HC 
% 

+ HI 

NPh 
(7) 

Etl/AgaO 

OEt 

NHPh 

O 

I" + HC 

XNHEtPh 

Scheme 5. Reaction of N-phenylformamide with ethyl iodide in the presence 

of silver oxide. 

3. Diazoalkanes 

Most amides react readily with these potent reagents even at low 

temperatures (0-20°) to give a mixture of both 0- and iV-alkylated 

products3 (equation 5). This reaction is exceptional in the sense of 

OCH2R2 o 

RCONHRi + R2CHN2 -^ RC^ + RC^ (5) 
\ \ 

NR1 NRiCHaR2 

being the only reported example of iV-alkylation proceeding at low 

temperatures, and the reasons for this behaviour are discussed later. 

Various attempts have been made to develop a yardstick for pre¬ 

dicting the site of substitution. The most reliable is due to Gompper3a, 

based on the infrared stretching vibration frequency (vc=0) of the 
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Table 4. Correlation between amide vc=o and the site of 

methylation by diazomethane 3a. 

Amide vc—0 (cm 1)“ Site of methylation 

1620-1680 O 

1680-1730 O, N 

1730-1800 N 

° vc=0 measured by the KBr disc method. 

carbonyl bond (Table 4). It is apparent that enhanced single-bond 

character of the carbonyl group (lower vc=0) favours O-substitution 

and both phenomena are obviously related to increased delocalization 

of the nitrogen lone-pair electrons. The importance of this con- 

jugative interaction to product orientation is also evident from studies 

with cyclic amides3b (equation 6). The results in Table 5 show that 

.(CH2) /(CH2)„ /(ch2)„ 

RCH \=0 R1CHr^-> RCH ^C-.OCH2Rx + RCH (6) 

H CH2R1 

five-membered (n = 2) cyclic amides undergo iV-alkylation in con¬ 

trast to the specific O-alkylation with six-(w = 3) and seven-membered 

Table 5. Alkylation of lactams of structure 
R-CH^ \=0 

alkanes of structure RXCHN2. 

with diazO' 

n R R1 Amide vc=0 (cm x)0 Site of alkylation6 

2 H ch3 1706d, 1690e N, Nc 

2 COaEt ch3 N 

2 co2h ch3 N 

3 H H 1672 1669/ O 

4 H H 1669 d, 1658r O 

4 H ch3 1669d, 1658' O 

0 From reference 9. 
6 From reference 3b. 
c In the presence of HBF4. 
d Infrared spectrum taken in CC14 solution. 

e Infrared spectrum taken in a liquid thin film, 

f Infrared spectrum taken in a KBr disc. 
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(n — 4) compounds. Clearly the size of the ring structure bears on 

the site of substitution, which can be explained at least partly by the 

steric requirements for conjugation between the oxygen and nitrogen 

atoms. Thus the specific A-alkylation of five-membered lactams 

arises from inhibition of this conjugation in the constrained small ring. 

It is interesting to note, too, that the specific O-alkylation of six- and 

seven-membered lactams is consistent with the infrared frequency 
correlation of Gompper. 

4. Miscellaneous reagents 

Innumerable other alkylating agents react with amides, but few 

have been subject to more than a cursory study. Two of the more 

useful ones are ethyl chloroformate10 (equation 7) and triethyl- 

oxonium fluoroborate2 (equation 8). Both react readily at room 

RCONHR1 + EtOCOCI 

' OEt 1 + 

rc-;’ 

. ^NHR1. 

ci- + co2 (7) 

HCONRJ + Et30 + BF4- -^1+ HC: 
xPEt 

\: 
NRi 

BF4 -f- Et20 (8) 

temperatures and therefore give only the O-alkylimidonium salts in 

good yield. Other work has shown that alcohols will react with 

formamide at high temperatures (~ 170°) to produce a mixture of 0- 

and iV-alkylated products as in the case of alkyl halides. Addition of 

catalytic amounts of mineral acid, however, leads to specific N- 

alkylation with yields of secondary amides in the region of60-1007o4a. 

5. Intramolecular alkylation 

Examples of intramolecular rearrangements resulting in the alkyla¬ 

tion of either the oxygen or the nitrogen atom of the amide moiety are 

known. An interesting point is that the experimental conditions seem 

to have an important bearing on the site of alkylation as with inter- 

molecular reactions. A-Substitution predominates in strongly al¬ 

kaline conditions in which the anion of the amide is present (see section 

II.B), whereas in neutral solutions only the products of O-substitution 

are normally observed. For example, the thermal rearrangement of 

N- (bromoalkyl) amides (8) in water yields the oxazolines (9) via 0- 

substitution rather than the corresponding aziridines (10) from 
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cyclization at the nitrogen atom11. In this instance there is a pos¬ 

sibility that steric factors favour formation of the larger (and therefore 

less strained) oxazoline product. This does not seem to be the over¬ 

riding factor, however, for even when cyclic products of the same size 

a/h2o 

n = I or 2 

R 

(CH2)„-CH2 

(9) 

RC=0 

N 
/ \ 

(CH2)n-CH2 

(10) 

would result from either 0- or iV-substitution, the former pathway is 

still favoured under neutral conditions. Thus fusion of 4-bromo-iV- 

cyclohexylbutyramide (11) by itself yields only the tetrahydrofuran 12, 
whereas in the presence of KOH the pyrrolidone 13 is formed12. 

This result has a direct bearing on the mechanism of alkylation under 

neutral conditions (section II.A.6). We have noted earlier that 

A-alkylated products obtained from intermolecular reactions with 

alkyl halides at ~ 170° probably arise from thermal rearrangement of 

an O-alkylimidonium precursor. For the intramolecular reaction 

with 4-bromo-iV-cyclohexylbutyramide (11), a corresponding O to N 

rearrangement should be prohibited by the energetics of ring opening. 

CeHn 
(13) 

Other examples of amide-oxygen participation in solvolysis reactions 

(effectively O-alkylation) are numerous. An illustrative case is the 

enhanced ionization rate of ffimf-2-benzamidocyclohexyl />-toluene- 

sulphonate (14) relative to the cis isomer, and the oxazoline product 

(14a) is sufficiently stable to be isolated as the picrate deriva¬ 

tive from feebly basic solutions13. Detailed discussion of these 
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Ph 

EtOH/5Q° } 

(14) (14a) 

reactions does not add significantly to our previous arguments, and the 

reader’s attention is directed to recent reviews14 and papers138"15 for 
further information. 

6. Mechanisms of alkylation under neutral conditions 

The ambident nucleophilic properties of amides are evident in 

alkylation reactions and it is not surprising that the most difficult 

mechanistic problem is associated with the site of substitution. We 

have already suggested that reaction conditions are of prime importance 

in this respect. This is a tentative hypothesis, however, that warrants 
further examination. 

a. Kinetic and thermodynamic products. An overall appraisal of the 

experimental findings indicates that, with the exception of diazo¬ 

methane, only O-alkylated products are associated with reactions 

conducted at Tow’ temperatures, whereas both 0- and A-substitution 

occur at ‘high’ temperatures (>60°). The situation is summarized 

in Scheme 6. Thus all the highly reactive agents such as dimethyl 

Low temp 

RCONF^R2 + R3X— 

(R1, R2 = H, alkyl, aryl etc.) 

,ORa 

NR^2 

,OR3 

NRiR2 

/A 
X- + RC^+ X- 

NR1R2R3 

Scheme 6. Effect of reaction temperature on the products of alkylation 

reactions. 

sulphate1, trityl chloride4, ethyl chloroformate10 and triethyloxonium 

fluoroborate2 form only O-alkylated products at ambient temperatures, 

whereas trityl chloride at 100°4 and other alkyl halides4"6 and 

alcohols16 at even higher temperatures yield varying proportions of 
both 0- and A-substituted derivatives. 
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This kind of temperature-dependent specificity clearly suggests that 

O-alkylimidonium salts arise from reactions carried out under kinetic 

control, but these may transform to the thermodynamically stable N- 

alkylamides at higher temperatures. Closer scrutiny of transition 

state and product structures (Scheme 7) qualitatively supports this 

assertion. Delocalization of the nitrogen lone-pair electrons should 

dissipate charge and lower the energy of the transition state (15) for 

RC R1—X 

Xnh2 

RC\x- 
nh2 

Rx^-X 

S+ 5- 
,O...R1...Xl=f 

RC-' 
~\-a + 

nh2 

(15) 

RC^ 
\S+ 6- 

N...R1...X 

XH 

/PR1 
-> rc-;' + 

xnh2 

X- 

RC X- 

XNRJ 

HX XH 

^OR1 
RC + HX 

% 
NH 

(17) 

RC + HX 
V 

(16) 

NHR1 

(18) 

Scheme 7. Transition states and products for 0- and iV-alkylation of primary amides. 

O-substitution. No comparable effect is possible in the corresponding 

transition state for direct iV-substitution (16); the induced positive 

charge is therefore localized on the nitrogen atom and the transition- 

state energy is accordingly higher. As far as the product stabilities 

are concerned, the structure of the amide is important. With both 

primary and secondary amides, the O-alkyl imidate (17) is more 

reactive (and presumably less stable) than the corresponding N- 

alkylamide (18). Furthermore, the rearrangement 17 -» 18 is known 

to proceed readily on heating, as discussed in the next section. With 

tertiary amides, however, the corresponding O-alkylamidonium salt 

cannot be neutralized by proton loss, and a comparable O to N 

rearrangement will be favoured only if the displaced A-alkyl sub¬ 

stituent forms a relatively stable carbonium ion. 

b. Rearrangement of O-alkyl imidates to N-alkylamides. Either heating 

to about 180° or to lower temperatures in the presence of an alkylating 

reagent is known to induce alkyl migration in O-alkyl imidates. The 

purely thermal process, known as the Chapman rearrangement has 

been studied extensively8,17, but even so the mechanism is not entirely 

understood. One important factor seems to be the structure of the 
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migrating group, and reaction rates are usually faster when this is 

electron attracting*8,17a. With O-aryl imidates, the rearrangement 

is definitely m£ramolecular17a (equation 9) consistent with the for¬ 

mation of a tetrahedral intermediate stabilized by electron delocaliza¬ 

tion throughout the aromatic nucleus. The rates for />ara-substituted 

derivatives conform to the Hammett relationship with p — +1.75, 

indicating that electron withdrawal facilitates aryl migration17a. 

With O-alkyl imidates, however, the rearrangement is at least partly 

zWmnolecular as cross-products are obtained in experiments with 

mixed O-alkyl compounds1715. Since benzoyl peroxide also catalyses 

these reactions, a free-radical mechanism probably operates1715. 

The Chapman rearrangement of O-alkyl imidates is not clean and 

several other processes usually compete: of these, two appear to be 

particularly important. The first involves conversion of the O-alkyl 

OMe NHPh 
/ A / 

HC -> HC (10) 
\ \ 

NPh NPh 

formimidate to formamidine (equation 10)17b. The second is de¬ 

hydration to the corresponding nitrile in the case of both O-alkyl and 

O-aryl imidates derived from primary amides8 (equation 11). This 

is, of course, the reverse of the well-authenticated Pinner synthesis of 

OR1 
/ A 

RC - HC| > RCN + R^H (11) 

NH 

imido esters8. We shall not engage in further discussion of these 

side-reactions, but clearly both influence the yield of W-alkylamides 
obtained with unreactive alkylating agents. 

Excess alkylating reagent is known to catalyse the Chapman 

reaction. In the presence of alkyl iodide, for instance, rearrangement 

* This is contrary, however, to the findings of Bredereck and his colleagueslb>4a 

for the reaction of alkyl halides with formamides (section II.A.2). On the 

limited evidence available, both sets of results are irreconcilable which implies 

the intervention of additional paths for the reactions with alkyl halides. 
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of the O-alkyl imidate occurs at temperatures as low as 100°18. The 

most convincing evidence, however, comes from studies by Benson and 

Cairns with dimethyl sulphate10. They found that slow addition of 

an equimolar amount of dimethyl sulphate to caprolactam at 60° 

produces only the O-alkyl imidate (19), but with excess reagent a 

mixture of this and the JV-methyl isomer (20) was obtained (Scheme 8). 

Furthermore, the conversion of 19 to 20, which normally requires 

temperatures in excess of 300°, occurs readily in the presence of 

dimethyl sulphate at 60°. Benson and Cairns suggested that dimethyl 

intermediates were involved in the rearrangement10, but a synchronous 

alkylation-dealkylation process as in 21 seems more likely. 

(20) 

Scheme 8. Reactions of methyl sulphate with caprolactam at 60°. 

Both experimental evidence19 and arguments against the formation 

of W-alkylamides via rearrangement of the O-alkyl imidates under the 

conditions of alkylation have been proffered from time to time, 

particularly in connexion with the influence of silver salts. Korn- 

blum7 has suggested that the tendency towards either 0- or N- 

alkylation of ambident anions (including carboxamide anions) is 

related to the nature of the transition state. For reactions with 

‘SNl-like’ transition states, alkylation of the more electronegative 

oxygen atom is favoured, whereas greater ^2 character in the 

transition state favours alkylation of the less electronegative nitrogen 

atom7. In this way silver salts are supposed to enhance the uni- 

molecular nature of the reaction by polarization of the alkyl halide 

bond, thereby promoting alkylation at oxygen. The same arguments 

should also apply to reactions of the neutral amide. We do not 

discount this explanation, for it is probable that some of the N- 

alkylamide arises from direct substitution and supplements the yield 
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obtained by rearrangement of the O-alkyl imidate. Deciphering the 

relative importance of each process, which must vary with the sub¬ 

strate, reagents and experimental conditions, awaits further investi¬ 
gation. 

c. Diazoalkanes. We have already commented on the exceptional 

formation of iV-alkylamides with diazoalkanes at low temperatures3. 

It seems unlikely that alkyl migration from oxygen to nitrogen occurs 

under these conditions, which implies that diazoalkanes react directly 

at the nitrogen atom. Two possible explanations may account for 

the phenomenon. One is that diazoalkanes may act as basic catalysts 

and abstract the JV-proton. The resulting conjugate base of the amide 

would be expected (section II.B) to undergo direct JV-substitution 

RCONHR1 + R2CHN2 —■ ± RCONR1 + R2CH2N2+ -> RCONR1CH2R2 + N2 

(12) 

(equation 12). Alternatively, diazoalkanes may be so highly reactive 

(and therefore unselective) as to attack both the oxygen and nitrogen 
atoms indiscriminately. 

B. Alkylation under Basic Conditions 

Greater control over the site of alkylation can be exercized under 

alkaline conditions, and these reactions are more useful from a 

synthetic standpoint. Primary and secondary amides in the presence 

of a strong base normally react at the nitrogen atom, with only small 

amounts of other products20. This selectivity can be associated with 

formation of the carboxamide anion (or at least an ion pair) in which 

alkylation of the nitrogen atom occurs directly (Scheme 9). 0- 

RCONHR1 
KOH 

R2X 

RCONR1K+ — 

RCONRiR2 

R2X/Ag + / 
-► RC 

OR2 

+ RCONRiR2 

NR1 

Scheme 9. Alkylation of primary and secondary amides in alkaline media. 

Alkylated products (O-alkyl imidates) are obtained, however, in the 

presence of silver salts21, and in this respect the reactions are similar to 

those in neutral solutions. For compounds where additional structural 

features (e.g. R = PhCH2) enhance the acidity of the ccc=q hydrogens, 

alkylation may also occur at this site via a carbanion intermediate22. 
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For tertiary amides, of course, this is the only reaction of importance 23 

(equation 13). 

R2 
K°H - R2X I 

PhCH2CONR3i PhCHCONR! -> PhCHCONR^ + KX (13) 

R 

I. N-Alkylation 

Alkylation of primary and secondary amides with alkyl halides in 

the presence of such bases as sodium alkoxide, sodium hydride or 

sodamide is the most satisfactory way of synthesizing more highly 

substituted amides (Scheme 9). These reactions are well documented 

and details can be found elsewhere12’20. Clearly the carboxamide 

anions formed in basic solutions should be relatively powerful nucleo¬ 

philes, but this property has not been exploited to any appreciable 

extent. Only recently has it been demonstrated that the amide 

nitrogen will readily attack a variety of electrophilic species. Several 

examples of Michael-type additions to activated olefins are now 

known24 (equation 14), and for convenience the details are summarized 

R1 R2 R3 

Base - R2CH=CR3X _ I I , , 1, 
RCONHR1 . RCONR1 -> RCON—CH—CHX (14) 

(X = COR, S02R, CN, etc.) 

in Table 6. Also the sodium salt of benzamide displaces both halogen 

and alkoxy groups from halogenated methyl ethers (equations 15a-c) 

to form 25 the bis- (benzamido) methane (22). Other work has shown 

that even epoxides suffer ring cleavage by secondary anilides in mild 

base to give several condensation products26. 

Table 6. Base-catalysed Michael addition to amide nitrogen (equation 14). 

R1 R2 R3 X Base Temp. Solvent Ref. 

H H H COR Na 90° hconh2 24aa 

Cl H CN NaH 25° c6h6/dmf 24b 

H H H so2r NaH/NaOR ~75° Dioxan/THF 24c 

H Alkyl CN 

conr2 

co2r 

NaOMe ~50° MeOH 24d 

H 
Pyrrolidone 
RCH=CR 

Heterocyclic 
amides 

a Qniy for this case were yields reported (20-507,). 
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One of the most interesting developments is the application of base- 

catalysed intramolecular alkylation to the synthesis of lactams and 

other heterocyclic nitrogen compounds. We have already referred to 

NaOH - XCH2OR 
PhCONH2 „ PhCONH -x [PhCONHCH2OR] + X~ (15a) 

PhCONH + PhCONHCH2OR -> (PhCONH)2CH2 + OR- (15b) 

(22) 

this in connexion with the thermal cyclization of 4-bromo-JV- 

cyclohexylbutyramide, where the tetrahydrofuran derivative 23 a is 

formed under neutral conditions in contrast to the pyrrolidone 23b 
formed with fused KOH12. Related investigations confirm that 

nucleophilic participation by the nitrogen atom is normally favoured 

CbHh 

(23b) 

when the carboxamide anion is the intermediate. The synthesis of 

lactams in this way has been known for many years27 and a recent 

systematic study28 shows that 4-, 5-, and 6-membered, but not the 

7-membered lactams may be obtained from the appropriate a>- 

bromoamide (equation 16); virtually any base in a suitable aprotic 

solvent (e.g. Na in liquid NH3, NaH or f-BuO“K+ in dimethyl 

sulphoxide) is apparently effective with yields ranging from 507 to 
90%. 
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Synthesis of the corresponding 3-membered lactams (aziridones) by 

treating a-bromoamides with either NaH or £-BuO"K+ has also been 

reported by several workers29. These very reactive compounds can 

only be isolated at low temperatures and, although their structure has 

long been disputed, recent evidence confirms the lactam rather than 

the isomeric epoxide configuration. 

Cyclization of the iV-substituent itself can also be achieved in 

alkaline solutions. Stirling30, for example, has studied this trans¬ 

formation for a series of JV-substituted benzamides with various o» 

leaving groups and chain structures (Scheme 10). In dilute sodium 

NH 
I 

COPh 

N- * 

I 
COPh COPh 

(24) 

Y = O, CH2N—tosyl, S, SO, S02 
Z = O—tosyl, I, Cl 

Scheme 10. Cyclization of iV-substituted benzamides. 

ethoxide in ethanol cyclic products 24 arise only from iV-substitution, 

although intermolecular substitution by ethoxide ion and elimination 

compete. The extent of cyclization, however, is insensitive to the 

leaving group but depends on the acidity of the JV-proton: this 

indicates that the carboxamide anion is the reactive species. 

Intramolecular O-alkylation is rarely observed under alkaline 

conditions and then only when steric factors (i.e. much larger ring size) 

are particularly favourable. For example, iV-(2-bromoethyl)-4- 

chlorobenzamide (25) on reaction with sodium methoxide in methanol 

yields the oxazoline 26 rather than the aziridine 2731. With trans- 

2-benzamidocyclohexyl ^-toluenesulphonate under closely similar 

(27) 
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conditions, however, a mixture of the corresponding aziridine and 

oxazoline are obtained32. 

2. O-Alkylation 

The preference for JV-alkylamide formation in alkaline solutions is 

drastically altered by the addition of silver salts to the reaction 

mixture, and appreciable amounts of O-substituted products are then 

obtained21. This interesting phenomenon, which has been known 

for a long time, is often used to effect the synthesis of O-alkyl imidates. 

For example, treatment of the silver salt of A-phenylformamide (28) 

OEt 
/ 

» HC 
\ 

NPh 

(29) 

with ethyl iodide in solvent petrol produces 74% of the corresponding 

O-ethyl imidate 29. Usually, however, a mixture of 0- and N- 

alkylated products is formed unless the alkylation is carried out in 
non-polar solvents 2 la. 

The reason why silver salts promote O-alkylation has not been 

investigated thoroughly and no entirely satisfactory explanation is 

available. Since these reactions are conducted at ambient tem¬ 

peratures, it seems unlikely that O to N rearrangements of the kind 

encountered in neutral solutions are important. As discussed 

previously in section II.A.6.b, Kornblum7 has suggested that in 

common with the alkylation of other ambident anions, silver salts may 

enhance the unimolecular character of the reaction with alkyl halides, 

thereby promoting alkylation at the more electronegative oxygen 

atom. Recent studies 21b with 2-pyridones, however, suggest that the 

situation is more complicated. In particular, the heterogeneous 

nature of the silver salt reactions appears to favour O-alkylation, and 

the increased importance of this pathway in non-polar solvents may 

arise from the lower solubility of the silver amide salt in such media, 
rather than from mechanistic reasons. 

3. C-Alkylation 

a. Tertiary amides. Alkylation at the ac=0-carbon atom in tertiary 

amides is readily effected with alkyl halides under strongly basic 

conditions (e.g. fused KOH or NaNH2 in liquid NH3). Either one 

or two groups can be introduced by employing the appropriate 

Na0H/AgN03 _ Ftl 
HCONHPh -- HCONPh Ag+ - 

(28) 
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quantity of base and reagent (equation 17). Until recently it was 

generally assumed that only activated substrates such as phenyl 

acetamides (PhCH2CONR2) would react. This is now known to be 

PhCH2CONR2 RX/l<OH> PhCHR1CONR2 .R1X/KOH > phCR^CONR2 (17) 

untrue and the reaction has wider applicability. By using sodamide 

in either benzene23b or liquid ammonia238, as the base, even tertiary 

acetamides, propionamides and butyramides undergo mono- and 

dialkylation at the ac=0-carbon atom in reasonable yields. 

b. Primary and secondary amides. With compounds of this type that 

form relatively stable carbanions, alkylation of the ac=0-carbon atom 

competes with TV-alkylation and may in some cases become the pre¬ 

ferred reaction. The usual procedure is to use two molar equivalents 

of sodamide in liquid ammonia to produce the dianion 30, which then 

undergoes either mono- or disubstitution according to the amount of 

alkyl halide added 22 (equations 17a, 17b). With just one equivalent 

2 NaNHa/ rPhCHRCONH2 (17a) 

PhCH2CONH2 NHa - PhCHCONH ^ 

(30) 
PhCHRCONHR (17b) 

of alkylating reagent the C-substituted derivative is usually obtained 

indicating that the carbanion centre is the most nucleophilic site. It 

is therefore not surprising to find that Michael addition reactions take 

place with activated olefins33. In these cases, sodium hydride is used 

to generate the dianion intermediate, as in the reaction of phenyl- 
acetamides with ethyl cinnamate338, (equation 18). 

2 NaH 
PhCH2CONHR -- PhCHCONR 

PhCH=CHC02Et 
-> 

PhCHCH2C02Et 
I 

PhCHCONHR 
(18) 

C. Alkylation under Acidic Conditions 

Most alkylamides (and arylamides to a lesser extent) are sufficiently 

basic to exist mainly as their conjugate acids in even dilute (~05 n) 

acid solutions. Accordingly alkylation under these conditions is 

usually very difficult. One way, however, in which an acid may 

catalyse these reactions is by protonation of the alkylating agent and 

several examples of this effect are known. Thus alkylation by 
25 + c.o.a. 
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alcohols113, acetals34, ethyl orthoformate35, f-butyl acetate36 and 

vinyl ethers 37 are all facilitated by trace amounts of mineral acid. An 

important observation is that only products arising from JV-substitution 

are usually obtained, even with reactions at low temperature. One 

possible explanation, albeit speculative, is that hydrogen bonding 

RCONH2 + CH2=CHOR1 

CH2 

RC\ /CHa 
NHCH 

^'OR1 

(19) 

between the protonated reagent and the carbonyl oxygen directs 

attack by the carbonium ion centre towards the nitrogen atom. This 
is illustrated for reaction by vinyl ether in equation (19). 

D. Homolytic Alkylation 

Direct 0- or JV-substitution of amides by alkyl radicals is not known, 

but alkylation can be effected by homolytic addition to olefinic 

compounds yielding only C-alkylated products (see also Chapter 5). 

Formamide, for example, reacts on initiation with ultraviolet38a and 

electron irradiation386, or in the presence off-butyl peroxide380, to 

HCONR2 + R1CH=CHR2 
hv 

t-BuO* 
-> R!CH' 

CH2R2 CH2R1 

' / 
+ R2CH (20) 

\ \ 
nconr2 conr2 

form mixed alkylamides (equation 20). With more highly sub¬ 

stituted amides, such as JV-methylacetamide, the products are con¬ 

sistent with the formation of CH2CONHCH3 and CH3CONHCH2 

radical intermediates, which then add across the olefinic double bond 
(equation 21) 38d. 

CH3CONHCH 

ch2conhch3 —h CHa> R(CH2)3CONHCH3 

CH3CONHCH2 -^H=CHa> CH3CONH(CH2)3R 

(21) 

III. REACTIONS WITH ALDEHYDES AND KETONES 

In common with other nucleophiles, primary and secondary amides 

add to the carbonyl group of aldehydes and ketones. The initial 

product is usually the iV-acylcarbinolamine (RCONHC(R1)2OH) 
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resulting from substitution by the amide nitrogen; unlike alkylation, 
no O-substituted products are obtained. The carbinolamine deriva¬ 
tive is stable in neutral and mildly basic solutions, but in the presence 
of acid, dehydration and further coupling occurs. In this and many 
other respects, these reactions are similar to the carbonyl addition 
reactions of other nucleophilic species such as amines, alcohols, etc. 
Thus the addition of amides is both reversible and catalysed by acids 
and bases. The catalysis is specially important because of the weak 
nucleophilic properties of amides. For this reason, too, only activated 
carbonyl compounds react and even then relatively high temperatures 
are required. 

Under neutral and mildly basic conditions, aldehydes, particularly 
formaldehyde39 and those containing electron-withdrawing sub¬ 
stituents such as chloral40, combine with amides containing an N—H 
to produce the carbinolamine derivative 31 in good yield (equation 22). 

~ 150° 

RCONHR1 + R2CHO v RCONR1CHR2OH (22) 

(31) 

High temperatures (100°-150°) are necessary to induce reaction39,40, 
and this may explain the absence of any O-substituted products: 
O-alkyl imidates bearing electron-withdrawing substituents (such as 
OH) are known to rearrange rapidly at these temperatures to the 
corresponding iV-alkylamide (section II.A.6.b). Ketones, generally, 
are less reactive than aldehydes, but several examples of carbonyl 
addition are known41,42. For instance, both hexafluoroacetone and 
iym-dichlorotetrafluoroacetone condense with primary amides at 50° 

50° 

RCONH2 + (CF2X)2CO --^ RCONHC(CF2X)2OH (23) 

(X = F, Cl) 

(equation 23) 41. Other a-substituted ketones such as acyloins and 
a-aminoalkyl ketones react readily with formamide: the initial 
product is probably the corresponding carbinolamine derivative, but 

HCONH2 + R^OCHR2 

NH2 

HN' 

O 

RU.OH 
-C 

CH2R2 
r/\ \ 12 
O H:NH2 

(24) 

subsequent condensations result in the formation of imidazoles 
(equation 24)42. 
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A. Hydroxymethylation 

The most intensive studies have been concerned with the addition 

of formaldehyde39 (and to a lesser extent of glyoxal) 43 to various 

amides. This process is usually referred to as ‘hydroxymethylation’. 

The addition to formaldehyde is reversible (equation 25), but the N- 

HCHO 
RCONH2 + HCHO ~ RCONHCH2OH -> RCON(CH2OH)2 (25) 

(32) (Mg0) (33) 

hydroxymethylamide 32 is stable and can be isolated in good yield 

from neutral or mildly alkaline solutions. Primary amides react 

further to form the bis-hydroxymethylated derivative 33 on heating 

with excess formaldehyde in the presence of MgO catalyst (equation 
25)44. 

iV-Hydroxymethylamides (32) are useful intermediates that con¬ 

dense readily with compounds bearing labile hydrogen (equation 26; 

XH 
RCONH2 + HCHO % RCONHCH2OH -^ RCONHCH2X + HaO (26) 

XH = HCR3, H2C(COR)2j etc.) 45. The best known example is the 

Einhorn reaction between amide, formaldehyde and amine (XH = 

R4NH2) 46, but in this case intermediacy of the iV-hydroxymethylamide 

seems unlikely. The reaction is usually accomplished by heating the 

three reagents together at about 70°, which is much below that 

required for iV-hydroxymethylamide formation46. This, and other 

evidence466, suggests the Einhorn reaction proceeds via the N- 

hy droxy me thy \amine 34 instead, and is therefore a Mannich reaction 

(equation 27) 47. For further information on the synthetic applica- 

R1NH2 + HCHO — RiNHCHaOH RC°NH% R1NHCH2NHCOR (27) 

(34) 

tions of amidomethylation, the reader is referred to a recent review45. 

Nearly all the mechanistic information about the addition of amides 

to aldehydes and ketones comes from studies of hydroxymethylation. 

Like other carbonyl additions, this process is both reversible396 and 

catalysed by acids48 and bases39>43a. Kinetic studies of the 

aqueous base-catalysed addition of acetamide, benzamide and urea to 

formaldehyde have been reported by Crowe and Lynch39d. The 

reaction follows equation (28) and the rate increases rapidly with rising 

pH. In aqueous solutions, formaldehyde is in equilibrium with its 

Rate = k2[Amide][HCHO] (28) 

hydrated form. In going from pH 8-6 to 12-7 the concentration of un¬ 

hydrated formaldehyde increases by a factor of about 30, whereas the 
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rate of hydroxymethylation of acetamide, for example, increases by a 

factor of 3000 39d. This suggests, but does not prove, that at least part 

of the base catalysis is associated with formation of the carboxamide 

anion, which then reacts with the dehydrated formaldehyde (equation 

29). This, in turn, may account for the incidence of A-substitution by 

these amides in alkaline solutions even at low temperatures. A 

OH- 
RCONH2 =F=± RCONH — 

+ 
QU- 

HCHO(HzO) HCHO -J 

RCONHCH2OH (29) 

similar effect is observed in the alkylation of carboxamide anions 
(section II.B.l). 

The acid-catalysed addition to formaldehyde has been investigated 

for a series of alkylamides and substituted benzamides48. These 

reaction rates also follow equation (28), and in addition there is an 

approximate first-order dependence on the hydronium ion concen¬ 

tration over a limited pH range 48. Substituent effects for the benza¬ 

mides and alkylamides correlate with Hammett (p — — IT) and Taft 

parameters (p* = — 2T6), respectively48, and the p values indicate 

that electron supply increases the reaction rate. The conclusion from 

these data is that the rate-controlling step involves attack by the 

protonated formaldehyde on the neutral amide (equations 30a,b) 48. 

However, an alternative mechanism involving the protonated amide 

Fast + 
H2C=0 + H+ ^ H2C=0—H (preequilibrium) (30a) 

H2C=6—H + RCONH2 RCONHCH2OH (30b) 

and the neutral formaldehyde is not excluded by these results. In 

either case, direct JV-substitution would be expected from the findings 

for alkylation in acidic solutions (section II.C). 

B. Strongly Acidic Conditions 

Apart from increasing the rate of carbonyl addition, acids often 

facilitate dehydration of the carbinolamine derivative35 which results 

in the formation of other products (Scheme 11). With primary 

amides, further coupling with the amide is promoted to give the 
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alkylidene or arylidene bis-amide (36) 39e>49. For aliphatic aldehydes 

carrying at least one cc-hydrogen atom, elimination of water produces 

an JV-vinylamide (or enamide) (37)50. In some cases, as with 

reaction between isobutyraldehyde and phenylacetamide or benza- 

mide51, and between acetaldehyde and lactams52, iV-vinylamide and 

bis-amide formation compete and mixed products are obtained. This 

suggests that dehydration of the initial carbinolamine derivative 35 

produces a hybridized ionic intermediate (38), which can either lose 
a proton or react with amide. 

Scheme 11. 

RCONH2 + R2CHCHO ^=± 
(R = Ph, alkyl, etc.) 

[rconh=chchr^ «-v 

(38) 

rconh2 

RCONHCHCHRJ 

(35) 

H +(—H20) 

RCONHCHCHRj] 

(RCONH)2CHCHRi 

(36) 

RCONHCH=CR£ 

(37) 

Reactions of amides and aldehydes under strongly acidic con¬ 

ditions. 

The reaction of ketones with amides under acidic conditions is rare. 

The single example reported thus far, cyclohexanone with phenyl¬ 

acetamide, yields an IV-vinylamide via an addition-elimination 

sequence similar to that of Scheme 11 (equation 31)53. 

PhCH2CONH2 + H+. 
PhCH2CONH (31) 

C. Strongly Basic Conditions 

Reaction in strongly basic conditions (e.g. with sodamide or sodium 

methoxide) has not been examined in detail, but the few known 

examples show clearly that substitution of the amide cec==0-carbon atom 

may compete with JV-substitution. This can be related, of course, to 

carbanion formation, and in this sense the reactions with aldehydes 
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and ketones are analogous to ordinary alkylation under similar 
conditions. 

Phenylacetamides, for example, on treatment with an equimolar 

amount of either benzaldehyde54 or benzophenone22a in the presence 

of sodamide in liquid ammonia react preferentially at the cec=0-carbon 

atom, presumably via a dianion intermediate (equations 32a,b). 

PhCH2CONHR - 

PhCHCONR+PhCHO -^ PhCH 

PhCHCONR 

Ph Ph 
| 

CHO- CHOH 
/ 2H + / 
-> PhCH 

\ (NH4CI) \ 
CONR CONHR 

(32a) 

(32b) 

Unactivated amides, however, such as acrylamides or isobutyramide, 

react only at the nitrogen atom with formaldehyde under similar 

conditions (equation 33) 49a’55. The reaction is reversible, of course, 

Na or NaOMe 
RCONH2 + HCHO RCONHCH2OH (33) 

(CCI4) 

and it is necessary to precipitate the product (in this case by using 
CC14 solvent) in order to effect a high yield. 

IV. ACYLATION 

Primary and secondary amides undergo JV-substitution by powerful 

acylating agents such as organic acyl chlorides and anhydrides; esters 

are less effective and carboxylic acids react in a different way resulting 

in addition to the amide carbonyl function (section X). With 

primary amides, dehydration to the nitrile invariably competes with 

substitution, and tertiary amides form only salt-like addition com¬ 

plexes. The usual products derived from each type of amide by 

esters, anhydrides and acyl halides are summarized in Scheme 12. 

Under neutral conditions all these products seem to arise from 

either rearrangement or further substitution of a precursor that is a 

mixed anhydride of a carboximidic and a carboxylic acid (equation 34). 

RCONHR1 + R2COX 

(R1 = H, alkyl, etc.) 

OCOR2 

R\ 
NR1 

(R.1= H) 
-► RCN + R2C02H 

(R1 = H) + R2COX 
RCON(COR2)2 (34) 

RCONRiCOR2 
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Primary amides 

RCONH2 + RJCOX- 

-> RCN + R'COaH 

RCONHCOR1 ~ > RCON(COR1)2 

Secondary amides 

RCONHR1 + R2COX ->- RCONCR^COR2 

Tertiary amides 

RCONR^ + R2COX 

OCOR2 
X 

RC: 
\- 

NR| 

x- 

Scheme 12. Normal products from the acylation of amides. 

These reactions therefore resemble alkylation (section II), except that 

the intermediate mixed anhydrides are usually too unstable to be 

isolated. The analogy goes even further in that substitution by acyl 

halides and anhydrides under acidic or alkaline conditions probably 
involves direct substitution of the nitrogen atom. 

Other, more specialized, reagents such as isocyanates, ketenes and 

oxalyl chloride also combine with amides, although the products are 

different on account of specific transformations subsequent to the 

initial acylation. However, circumstantial evidence points to 0- 
acylation as the initial process under neutral conditions. 

A. Acyl Halides 

Reagents of this type react with most amides at ambient or even 

lower temperatures56-58. The products are those listed in Scheme 12. 

Substitution of the nitrogen atom (i.e. di- and triacylamine forma¬ 

tion) is favoured in the presence of base and worthwhile yields may 

be obtained in this way. However, a number of other factors are also 

important, the relevance of which is best appreciated from con¬ 
siderations of the reaction mechanism. 

Direct evidence for the formation of O-acylated intermediates comes 

from studies of tertiary amides 57. These combine with acyl halides to 

form a salt-like 1:1 addition complex which can be isolated at low 

temperatures 57. Various pieces of indirect evidence point to a mixed 

anhydride salt structure (39) for this adduct. For example, the 

complexes 40 obtained by condensation of the imidoyl chloride 41 

with acetate ion, and of dimethylformamide with acetyl chloride, are 

identical (equation 35)59, and it is also known that benzoyl chloride 
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RCONRJ + R2COCI 

^,OCOR2 

RC. 

NRi 

(39) 

ci- 

does not complex with tertiary amino compounds lacking a carbonyl 

oxygen atom (e.g. MeS02NMe2, Et2NC=N, Me2NNO)57. More 

OCOCHa 
+ 

Cl 
HCON(CH3)2 -ch3COCI > 

X 
HC: 

\- 
L N(CH3)2 

Cl“* ^CHaC02 X 
HC 

N(CH3)2_ 

(4«) (41) (35) 

convincing evidence is that decomposition of the ionic complex 

derived from dimethylformamide and benzoyl bromide with water 

results in the production of benzoic but not formic acid; likewise, 

decomposition with aniline results in the formation of benzanilide but 

not formanilide (Scheme 13) 57. This is only consistent with an 0- 

acyl structure (42) for the complex and not with the corresponding 

iV-acyl structure (43). The actual mechanism of complex formation 

HCONMe2 + PhCOBr 

PhC02H PhCONHPh HCOzH HCONHPh 
"I" ~f- 

PhC02H PhCONHPh 

Scheme 13. Decomposition products from a tertiary amide-acyl halide 

complex. 

with tertiary amides has not been investigated, but it is known that 

the reactivity of acyl halides towards dimethylformamide decreases 

in the order MeCOCl > PhCOCl > PhS02Cl > EtOCOCl57: this 
25* 
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suggests that steric factors are important and presumably the reaction 
is of the 6^2 type. 

We have already noted that the reactions of primary amides are 

complicated by the formation of three products—both di- and tri- 

acylamines plus the nitrile from dehydration. The proportion of each 

product depends on the acyl halide and the experimental conditions, 

and the influence of these factors is summarized by Table 7. Bearing 

Table 7. Influence of reagent, temperature and catalyst on products of acyl halides wil 

primary amides66. 

Reaction 
Major product 

variable RCN (RCO)3N (RCO)2NH 

Reagent 

Temperature 

Catalyst 

Strong 

(e.g. />-N02C6H4C0Cl) 

>0° 

Moderate 

(e.g. />-ClC6H4COCl) 

-60° 

Pyridine 

Weak 

(e.g. C3H7COCl) 

>0° 

Pyridine 

in mind the capriciousness of generalizations, it is evident from Table 7 

that iV-acyl derivatives are best obtained in the presence of a base 

catalyst (usually pyridine) with increasing yields of the triacylamine 

at low temperatures56. The reason for these effects is most easily 
understood once the mechanism has been established. 

By analogy with tertiary amides, it seems probable that mixed 

anhydrides are also formed intially from primary amides. This 

species has never been isolated, and it must rearrange rapidly even at 

low temperatures. Evidence for its participation, however, comes from 

studies of both nitrile and triacylamine formation. Titherly and 

Holden60 showed many years ago that acetamide reacts with benzoyl 

chloride to form acetonitrile, whereas benzamide and acetyl chloride 

yield only W-acetylbenzamide (Scheme 14). This clearly rules out 

CH3CONH2 + PhCOCI % CH3CN + PhCOaH -f HCI 

PhCONH2 + CH3COCI PhC Cl- 

NH2COCHq 

PhCONHCOCH3 + HCI 

Scheme 14. Acylation of acetamide and benzamide. 



763 13. Reactions of the carboxamide group 

the TV^ac/ylamide as an intermediate in dehydration, but is consistent 

with a mixed anhydride intermediate. Furthermore, it is known that 

the dehydration reaction is reversible—under acid catalysed con¬ 

ditions, nitriles react with carboxylic acids as shown in equation (36)61. 

OCOR1 
H + / 

RCN + R1C02H — - - RC (36) 
\ 

NH 

The importance of mixed anhydride intermediates in the sub¬ 

stitution of primary amides is suggested by an interesting observation 

of Thompson’s on the benzoylation of benzamides56. Under identical 

experimental conditions that favoured substitution at the expense of 

dehydration (excess benzoyl chloride with pyridine catalyst in chloro¬ 

form at low temperature), he noticed that tribenzamide (44) was 

formed more slowly from dibenzamide (45) than from benzamide 

itself. This seems to eliminate 45 as a viable intermediate in the 

formation of tribenzamide, but favours a mechanism involving a rapid 

second substitution of the mixed anhydride 46 followed by an O to N 

rearrangement. This situation is represented by Scheme 15 where 

> k2 » k3. Unfortunately, detailed kinetic studies to establish the 

relative magnitudes of the rate coefficients have not been undertaken. 

c5h6n 
PhCONH2 + PhCOCI 

OCOPh 

PhC^ 
% 

NH 

(46) 

k.2 

OCOPh 

-—-> PhC^ 
PhCOCI/C5H5N 

NCOPh 

PhC --ff--> 

NHCOPh 

(45) 

PhCON(COPh)a 

(44) 

Scheme 15. Reaction of benzoyl chloride with benzamide. 

From the available evidence, it seems likely that all three products 

with primary amides arise from either rearrangement or further 

substitution of a mixed anhydride formed in a rapid preequilibrium 

step. The situation is summarized by equation (37). In the light of 

this conclusion, we are in a better position to understand (and predict) 

the factors influencing product orientation. Of these, reactivity of 
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RCONH2 + R1COX 

OCOR1 

RC 
/ 

NH 
R1COX . 

RCN + R1C02H 

RCONHCCOR1) 

RCON(COR1)2 

(37) 

the reagent is particularly important. This is evident from the data 

in Table 8 for the reaction of various acyl chlorides with both acetamide 

and the amide derivative of the acyl chloride: clearly, nitriles, tri- 

acylamines and diacylamines are favoured by strong, moderate and 

weak acyl chlorides, respectively, where the reactivity of the reagent is 

linked to the acidity of the parent carboxylic acid. The tendency 

towards nitrile formation with the most powerful reagents may arise 

from the enhanced stability of the expelled carboxylate ion, and 

disubstitution should be favoured with the more reactive agents 

whenever dehydration is not the dominant path. In addition, both 

temperature and pyridine catalyst concentration, affect the proportion 

Table 8. Product variation with acyl chloride (RCOC1) reactivity in the 

acylation of primary amides56. 

RGO— 
105tfa 

of RC02H“ 

Product yield (%) with 

Reaction type CH3CONH2 RCONH26 

2-Furoyl 0-7 Monoacylation 80 
Propionyl 1-34 Monoacylation 24 60 
Isocaproyl 1.53 Monoacylation 38 65 
Anisoyl 3.38 Monoacylation 35 52 
Cinnamoyl 3-70 Monoacylation 25 23 
j&-Toluoyl 4-24 Monoacylation 76 54 
Benzoyl 6.30 Monoacylation 86 89 
2-Naphthoyl 6.90 Monoacylation 83 50 
3-Methoxybenzoyl 8-17 Diacylation 75 81 
4-Chlorobenzoyl 10-4 Diacylation 88 67 
4-Bromobenzoyl 10-7 Diacylation 84 76 
Diphenylacetyl 11-2 Diacylation 87 79 
4-Iodobenzoyl Diacylation 92 74 
3-Bromobenzoyl 15-4 Diacylation 93 82 
3-Nitrobenzoyl 32-1 Dehydration 84 
4-Nitrobenzoyl 37-6 Dehydration 84 
2-J\itrobenzoyl 671-0 Dehydration 57 

a The reactivity of the acyl chloride is expressed in terms of the acidity of the parent acid. 
6 R is the same substituent as in the acyl chloride (column 1). 
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of each product. The first may be related to the stability of the mixed 

anhydride precursor. Triacylamine formation predominates at low 

temperatures ( — 60°) because the precursor has a sufficiently long 

half-life for further substitution to occur, whereas, at 0° and higher 

temperatures, the O to N rearrangement must occur so rapidly that 

mainly nitriles and diacylamines are produced. Pyridine is known to 

complex with acyl halides to form a very reactive acylating agent56, 

and this, rather than carboxamide anion formation, accounts mainly 

for its catalytic effect. Since lower temperatures may then be used to 

effect reaction, substitution is favoured at the expense of dehydration. 

However, diacylamines are formed in greater yields with excess 

pyridine56, and in this instance direct substitution at the nitrogen atom 

of the carboxamide anion may occur. 

Transformations with secondary amides have not been examined 

thoroughly, although it is known that JV-acylamides are normally 

obtained. For example, benzoyl chloride reacts with e-caprolactam 

O O 

(47) 

in the presence of JV,./V-dimethylaniline to give 47 58. In view of our 

previous discussion, these reactions probably proceed via an O-acyl 

intermediate under neutral conditions. 

6. Acyl Exchange Reactions 

Exchange of acyl groups between the amide and the acyl chloride 

are known to occur. The simplest case is with tertiary amides 62,74d, 

where an equilibrium (equation 39) is set up, which may be displaced 

in either direction by removal of the more volatile acyl chloride. 

With dimethylformamide (R = H; R1 = Me) this process is a useful 

synthetic route to tertiary amides since the equilibrium is displaced 

readily to the right-hand side by loss of carbon dioxide and hydrogen 

chloride62. Although no detailed investigation has been reported, it 

seems probable that the exchange process involves the formation of 

mixed anhydride salt, which then rearranges via a quaternary 

ammonium ion (equation 39). 
Direct exchange of acyl groups does not occur with primary 

amides. Instead, these undergo substitution to the diacylamine, 
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RCONRJ + R2COCI 

OCOR2 

Ref' 

\ri 

Cl- 

NR2.COR2 

ci- (39) 

RCOCI + R2CONRi 

ROCO 

jCR2 

R|N 

ci- 

which then exchanges with the acyl halide60’63,64. An example is 

shown in equation (40) 63, but these transformations are not universal. 

PhCONH2 + PhCH2COCI -> PhCONHCOCH2Ph 

PhCH2COCI (40) 
' T 

(PhCH2CO)2NH + PhCOCI 

C. Anhydrides 

Anhydrides react sluggishly with most amides unless a catalyst such 

as sulphuric acid, dry hydrogen chloride, an acyl chloride, or even 

ammonium chloride is used65,66. Both dehydration to the nitrile 

and mono-iV-substitution is observed with primary derivatives65, 

suggesting that mixed anhydride intermediates are involved as in the 
case of acyl halides (Scheme 16). 

Most catalysts appear to speed both nitrile and diacylamine 

formation. Sulphuric acid is unusual, however, in that the proportion 

of each product depends on its concentration. With small quantities 

„ , COR1 
A 

RC ( O—COR2 

N—H 
H 

RC 

OCOR1 

+ r2co2h 

NH 

r 

RCN + R1C02H RCONHCOR1 

Scheme 16. Acylation of primary amides with acid anhydride. 
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of the order of 0-01 equivalents, dehydration is favoured, whereas 

higher concentrations increase the amount of diacylamine65. A 

tentative explanation of this phenomenon is linked to the protonating 

power of the medium with respect to the amide. With low con¬ 

centrations of sulphuric acid, the amide will exist mainly in its neutral 

form, but proton loss from the intermediate mixed anhydride ion 48 

will be retarded. This would hinder rearrangement to the N- 

acylamine, but not the dehydration reaction, since the latter may still 

reasonably proceed via a six-centre transition state as depicted in 48. 

/R1 

I 
H 

(48) 

High concentrations of sulphuric acid will convert the amide to the 

O-protonated conjugate acid. This species, as in alkylation reactions, 

may undergo direct substitution at the nitrogen atom (Scheme 17). 

Only the diacylamine product would be expected from this pathway. 

rconh2 + h2so4 RC: 
X- 

.OH 

\* 
NH, 

RCONHCOR1 + R1C02H + H2SOt 

Scheme 17. Sulphuric acid catalysed acylation of primary amides with anhydrides. 

A similar situation may prevail with dry hydrogen chloride catalyst, 

as A-acylamides are also formed in preference to nitriles66. These 

studies are, however, much less complete. Little is known about the 

mode of catalytic action by acyl chlorides and ammonium chloride. 

D. Amides and Esters 

Disproportionation of primary amides occurs at elevated tem¬ 

peratures and the isolation of nitriles, diacylamines and ammonia 

from the reaction mixture is most consistent with the formation and 

decomposition of a mixed anhydride intermediate (equation 41) 67. 
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N—H 
I 

H 

R 
I 
c=o 

NHo NH3 + RC^ 

OCOR 

NH 

-+ (RCO)2NH 

(41) 

-> RCN + RC02H 

It is claimed, too, that unactivated esters react with amides on heating 

together at 200°68, but the evidence is tenuous. The mixture of 

products (butyronitrile, />-nitrobenzonitrile, butyric acid, phenyl 
butyrate and phenol) obtained by heating butyramide with phenyl 

p-nitrobenzoate68 can all be accounted for by unassisted dispro¬ 

portionation of the butyramide itself, followed by regular transforma¬ 
tions between the products and the benzoate ester. 

Reaction does occur with simple esters, however, in the presence of 

strong base69, because of the higher reactivity of the carboxamide 

anion. Benzoate esters, for example, substitute both the ac=Q-carbon 

and the nitrogen atom of various primary amides in the presence of 

excess sodium hydride (equation 42) 69. This reaction is, of course, 

directly comparable with base-catalysed alkylation (section II.B) and 

RCH2CONH2 + 2 ArCOaR1 —aH > ArCOCHRCONHCOAr (42) 

the absence of any nitrilic products is consistent with direct sub¬ 

stitution of the nitrogen atom rather than rearrangement of a mixed 

anhydride. Reports of intramolecular acylation by neighbouring 

ester groups also reflect this tendency under alkaline conditions70. 

Thus treatment of the amido ester 49a with potassium ^-butoxide 

results in rearrangement to the alcohol 49b70a, most probably via 

nucleophilic attack by the carboxamide anion on the ester carbonyl 

rco2ch2conh2 

(48a) 

t-BuO- n 

'— °=i *~\/c=° 
R ¥ 

H 

rconhcoch2o- 

(43) 
>| 

rconhcoch2oh 

(49b) 

function (equation 43). More direct evidence comes from the iso¬ 

lation of the succmimide 50 alone, and not the anticipated hydrolysis 

product on treating the amido ester 51 with aqueous hydroxide 

(equation 44)70b. Conversion of phthalamic esters (52) to phthal- 
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CH2CONH2 

RCH $= 

C02Me 

(51) 

RCH 
\ 

ch2conh 

c=o 
H 
^■OMe 

(R = PhCH2OCONH—) 

f° 

O 

(50) 

imides can also be effected readily at pH 7*871. However, in view of 

the neutral conditions and the known stability of the anhydride 

derivative 5372, it seems possible that the normal O-attack and 

subsequent slow rearrangement mechanism for neutral amides is 

(45) 

followed (equation 45). The low Hammett p value (-0-1) found 

for the various Ar substituents of 52 would not be inconsistent with 

this mechanism71, but further studies are required to resolve this point. 

Acidic species also appear to catalyse the reactions with esters. 

Isopropenyl esters, for instance, react with both primary and secondary 

amides in the presence of jfr-toluenesulphonic acid to form A-acyl- 

amides73. Here, too, the absence of any nitrilic products is suggestive 

of direct substitution of the nitrogen atom. It is not known whether 

the protonated amide (as shown in equation 46) or the protonated ester 

RCONHaCOR1 + (CH3)2CO 

(46) 

RCONHCOR1 

RCONH, 
H + 

{p'-H Ajjj 
RC+ 

\- 
nh2 

ch2 

cch3 

6 o 
/ 

COR1 

is involved, but in either case hydrogen bonding between the amide 

oxygen and the ester would direct attack by the acyl fragment to¬ 

wards the nitrogen atom. It is interesting to recall that a similar 

situation prevails in alkylation reactions, where A-substitution is also 
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favoured under acidic conditions. This lends further weight to our 

contention that the prime factor influencing the site of substitution in 
amides generally is the pH of the reaction media. 

£. Oxalyl Chloride (COCI)2 

Careful investigations by Speziale and his coworkers74 make 

oxalyl chloride one of the few acylating agents for which the mechanism 

is reasonably well-established, and these results contribute significantly 

to our understanding of the acylation process with other reagents. 

The products depend on the amide structure as summarized in Table 

9, and clearly reflect the bifunctional character of oxalyl chloride. It 

is important to note, however, that the general mechanism for 

acylation under neutral conditions still applies. Thus the initial step 

with all amides involves O-attack by the oxalyl chloride; only the 

subsequent cyclizations and decompositions leading to products are a 
function of the amide structure (equation 47). 

With primary compounds (RCONH2), the nature of the R group is 

important. When this is either aryl or an electronegative group 

Table 9. Products from the reaction of various amides with oxalyl chloride74. 

Amide type Products 

'RCONH2 (R = t-alkyl, Ph, etc.) 

Primary< 

Lrch2conh2 

'RCONHR1 (R = i-alkyl, Ph, etc.) 

Secondary< 

LRCH2CONHR4 

RCONCO + CO 

Rl 

or RCONR^OCOCI 

Tertiary RCH2CONR£ { + 2(COCl)2} 

,o 
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RCONRJ ^ 

^.OCOCOCI 

RC: Cl- 

(R = H, alkyl etc.) 

Products (Table 9) (47) 

without occ=o”hydrogen atoms, the intermediate mixed anhydride 

decomposes on heating to give an isocyanate (54) in moderate to good 

yield together with hydrogen chloride and carbon monoxide 74a‘c. 

When the R substituent possesses ac=0-hydrogen atoms (e.g. R = 

PhCH2), however, cyclization and elimination to an enamine 55 

occurs instead74b. Both types of reaction are thought to involve an 

intramolecular cyclization of the mixed anhydride to an intermediate 

56, which then either eliminates the ac=0-hydrogen atom or de¬ 
composes to the isocyanate (Scheme 18). 

Direct information on the initial formation of a mixed anhydride 

species actually comes from investigations with secondary amides. 

The mechanism of these reactions closely resembles those with 

primary amides although the ultimate products are different. 

RCONCO + CO 

(54) 

Scheme 18. Reaction of primary amides with oxalyl chloride. 
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Secondary amides (RCONHR1) devoid of ac==0-hydrogen atoms, for 

example, produce an iV-acylamide derivative (57) via a cyclic inter¬ 

mediate 58 analogous to that postulated for primary amides (Scheme 

19) 74b. The formation of 57 is eminently reasonable in this case 

RCONHR1 + (COCI)a 

OCOCO + 
/<• \ 

RC^ Cl 

NHR1 

(59) 

Cl- 

oco 
/ \ O' 

RC CO-t-CI + HCI 

NR1 

RCONR1COCOCI 

(57) 

R1 
(58) 

Scheme 19. Reaction of secondary amides with oxalyl chloride. 

because the cyclic intermediate 58 cannot achieve stabilization by 

proton loss. Thus ring opening occurs instead, possibly initiated by 
chloride ion attack on the acyl carbon atom. 

Evidence for reaction via the species 59 was obtained by trapping 

with methanol the products derived from a-chloroacetanilide and 
oxalyl chloride7413. During the early stages of the reaction ( < 20%), 

the trapped products were a mixture of methyl chloroacetate, methyl 

oxalate and aniline hydrochloride, all of which can be explained most 

satisfactorily by the interaction of intermediate 60 with methanol 

(Scheme 20). Adding methanol after 100% reaction, however, 

produced only ClCH2CON(Ph) C0C02Me, the expected solvolysis 

product of the iV-acylamide derivative ClCH2CON(Ph)COCOCl. 

These findings clearly suggest that A-substitution by oxalyl chloride 

does not occur in the early part of the reaction. Secondary amides 

possessing ac=0-hydrogen atoms (e.g. C^CHCONHR1) also form an 

A-acylamide derivative similar to 57. On further heating, this 

undergoes cyclization and elimination of the ac_0-hydrogen atom to 

form an enamine analogous to that derived from primary amides 
(cf. 55, Scheme 18)74b. 

In contrast to these results, tertiary amides with ac_0-hydrogen 

atoms (e.g. RCH2CONR^) consume two equivalents of oxalyl 

chloride to produce an aminofuranone (61)74d>e. The proposed 
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CICH2CONHPh + (COCI)2 

773 

jpcoco 
CICH2C(f \| 

NHPh 

ci- 

(60) 
MeOH 

JDCOCO 

CICH2C: XOMe 
\- 

NHPh 

ci- 

MeOH 
Y 

C02Me 
l 

CICH2C02Me + C02Me + PhNH3+C|- MeOH 

MeOH 

ClChU O-fCOCO 

/x' + ‘ ^OMe 

MeO NH2Ph 

Cl 

Scheme 20. Products from the reaction of a-chloroacetanilide with oxalyl 

chloride in the presence of methanol (trapping of the intermediate 60). 

mechanism involves decomposition of the mixed anhydride salt 62 to 

a chloroenamine (63), which then reacts further with oxalyl chloride 

(Scheme 21). Tertiary amides lacking a pair of ac_0-hydrogen atoms 

(e.g. Cl2HGGONEt2) react only under forcing conditions74d. The 
products, as yet, have not been characterized. 

RCH2CONRi + (COCI)a ^ 

OCOCO 
X- \ 

RCH2C^ Cl 

NRJ 

(62) 

Cl 

RCH=C + HCI + CO + C02 

NRi 
(63) 

ci- 

(61) 

Scheme 21. Reaction of oxalyl chloride with tertiary amides. 
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F. Ketenes and Isocyanates 

The more reactive isocyanates combine with most amides at room 

temperatures, whereas ketenes require temperatures in excess of 100°. 

The products depend on the amide structure and experimental con¬ 

ditions, but are explicable in terms of the general mechanism outlined 

in previous pages for other acylating reagents. Thus O-substitution 

of the amide is the initial process in the absence of base or acid 

catalysts to form an intermediate 64, bearing a close resemblance to the 

mixed anhydrides encountered with other reagents. Not surprisingly, 

this intermediate from primary amides may undergo either dehydra¬ 

tion to the nitrile or rearrangement to a diacylamine (65) as des¬ 

cribed by Scheme 22. Both reactions have been reported for ketene: 

benzamide, for example, gives either benzonitrile or 7V-acetylbenzamide 

in good yield depending on the precise experimental conditions75. 

With isocyanates, however, nitrile formation from primary amides has 

not been described, although, in principle, this reaction is possible. 

o --> RCN + hxco2h 

^.OC—XH 

RCONHR1 + X=C=0 RC — 
% 

NR1 

(X = R2CH or R2N) (64) ->. RCONR^OXH 
R' = H, alkyl, etc. 

(65) 

Scheme 22. Reaction of primary (R1 = H) and secondary amides with 

ketenes and isocyanates. 

Isocyanates also combine with tertiary amides to form the corre¬ 

sponding intermediates 66 but these break down readily to the amidine 

(67) with evolution of carbon dioxide (equation 48)76. This is 

probably an SNi type process involving a four-centre intermediate (68), 

as experiments with 14C-labelled amide show the evolved carbon 

dioxide comes entirely from the isocyanate76a. Closely similar re¬ 

arrangements are observed with inorganic acid halides (section IX). 

Amidine formation, in competition with rearrangement to the N- 

acylamides, also occurs for secondary amides bearing electron-donating 

A-substituents (e.g. AAbutylacetamide and acetanilide) to stabilize 

the iV-protonated intermediate 66 78. Any increase in reaction 

temperature appears to favour amidine formation with N-s-butyl- 

formamide, but the reason for this effect has not been investigated 76a. 

Both secondary (acetanilide)77 and primary amides78 react with 
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\ O
 

0~
7~

O
 

R*CONR£ + R2N—C—O ;-- R*C ^ 

^NRJ 
(66) 

NR2 

R*C^ + C02 «- 

NRi 

[v\ 
R2 

(67) (68) 

ketene in the presence of sulphuric acid to give nearly quantitative 

yields of the iV-acylamide. No nitrilic products are formed. This is 

a familiar situation, of course, and, as with other unsaturated alkyla¬ 

ting (e.g. vinyl ethers) and acylating (e.g. isopropenyl ester) agents, 

interaction between the amide and ketene must direct substitution to 

the nitrogen atom. This is represented in equation (49) as arising 

from preequilibrium protonation of the amide oxygen atom, although 

interaction between the neutral amide and the protonated ketene 
would lead to an identical transition state. 

ch2=c=o + RCONH2 
O—H—CH2 

Rcf; i! 
\. c 

nh2 II 
o 

RCONH2COCH3 

j1 (49) 

RCONHCOCH3 + H + 

V. HALOGENATION 

Both molecular halogens (other than fluorine) and hypohalites 

behave as ionic halogenating agents towards primary and secondary 

amides. The usual product is the JV-haloamide, although in a few 

instances carbon-substituted derivatives are also obtained. This can 

be associated with the instability of the JV-haloamides and their 

decomposition in acidic solutions to give ‘positive’ halogen, which 

may then attack other parts of the amide molecule. Of course, JV- 

haloamides also decompose readily in basic solutions. With deriva¬ 

tives of primary amides, degradation to the amine with one less 
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carbon atom ensues (the Hofmann degradation), and with others 

straightforward hydrolysis regenerates the parent amide. 

Molecular fluorine also reacts with amides, but this is a free-radical 

process producing a mixture of C- and JV-fluorinated species. 

A. Molecular Halogens 

Primary and secondary amides react with iodine79, bromine80 and 

chlorine81 to give iV-haloamides. Conditions for reaction are not 

critical, but, as mentioned above, strong acids and bases enhance 

decomposition. The overall reaction is, in fact, reversible (equation 

50) and the equilibrium position depends on the solvent; highly 

polar solvents (e.g. HaO) favour JV-haloamide formation81. 

RCONHR1 + Cl2 ^=7^ RCONCIR1 + HCI (50) 

(R1 = H, alkyl, aryl, etc.) 

The mechanism has not been diligently investigated, although 

several findings (but not all) point to an initial substitution of the 

oxygen atom followed by an O to N rearrangement as with organic 

acylating reagents. It is known from infrared spectral measurements, 

for example, that tertiary amides form an O-complex (69) with 

molecular iodine 79. On complex formation, the carbonyl stretching 

vibration shifts to a higher frequency and the enthalpy of formation 

O'—I—li_ 

RC • 5 + 
X- 

NR£ 

(69) 

(A//f) correlates well with Taft ct* parameters79. The p* value of 

— 0-60 indicates that complex stability, as expected, increases 

slightly with electron donation from the ac==0-substituent. 

The reverse reaction, the hydrolysis of iV-haloamides, has been 

studied kinetically in connexion with the Orton rearrangement of 

iV-chloroacetanilides, which is catalysed by halogen acids with rates 

proportional to [HX]2, i.e. to [H+][X“]81. This, together with 

other observations, has been interpreted as evidence for a rate¬ 

controlling nucleophilic attack by halide ion (X-) on the iV-protonated 

substrate (step a) followed by a rapid intermolecular halogenation 

(step c) of the aromatic nucleus (equation 51) 81. The important 

point as far as we are concerned is that, by the principle of micro- 
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scopic reversibility, the molecular halogenation of acetanilides (step b) 

must then proceed via direct substitution at the nitrogen atom (by 

XC1). This is, of course, countercurrent to our previous conclusions 

and therefore requires explanation. Two come to mind. Firstly, 

RCONCIPh 
H -i- , 

RC 

O 

V 
/rNHPh 

(51) 

it is possible that molecular halogens are sufficiently reactive to 

attack the nitrogen atom directly, as in the precedent set by diazo¬ 

methane (section II.Affix). Secondly, and more likely, the Orton 

rearrangement may proceed via the O-protonated rather than the N- 

protonated conjugate acid, and the arguments outlined above are 

then invalid. Evidence from the base-catalysed hydrolysis discussed 

in the next section offers some support for the second explanation. 

C-Halogenation competes with iV-haloamide formation particularly 

when aromatic substituents are present, as in the Orton rearrangement 

discussed above (equation 51). This process is explored in detail in 

Chapter 4 and it is sufficient to mention here that, although the 

precise mechanism is contentious, the ionic intermolecular mechanism 

catalysed by halogen acids is supplemented by a free-radical pathway 

catalysed by either light or radical initiators81. Photocatalysed 

rearrangement of JV-haloalkylcarboxamides to C-substituted products 

has also been discussed recently82 (see also Chapter 5). 

B. Hypohalites 

These are preferable to molecular halogens for preparing N- 

haloamides because competing C-halogenation is less of a problem. 

Hypohalous acids are usually formed in situ by adding an equimolar 

amount of sodium hydroxide to a mixture of the molecular halogen 

and the amide (equation 52) 83. Treatment of halogenated primary 

RfONHR1 
X2 + NaOH HOX + NaX-> RCONXR1 + HaO (52) 

(R1 = H, alkyl, Ph, etc.) 

amides (RCONHX) with further alkali induces the eliminating 
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rearrangement known as the Hofmann degradation (equation 53) 84. 

In practice the iV-haloamide is rarely isolated, instead the amide is 

RCONHX R-r-c' -► RNCO + X" (53) 
w\- 

n-Lx 

treated with halogen and excess hydroxide simultaneously. Details 

of this reaction have been amply discussed elsewhere84. 

Kinetic studies of the formation of substituted A-chloro-A-methyl- 

benzamides with hypochlorite ion and their hydrolysis in aqueous 

alkali have recently been reported85. These are the constituent 

forward and reverse reactions of an equilibrium process (Scheme 23) 

and must therefore involve a common intermediate, probably 70. A 

number of observations, but in particular the existence of an induction 

period, suggest that the hydrolysis reaction involves an initial re¬ 

arrangement (step k_ 3) of the JV-chloroamide to the 0-chloro imidate 

71, which then undergoes a rate-controlling hydrolysis by hydroxide 

ion to the A-methylbenzamide (step £_2)85. Consequently, the 

chlorination reaction must involve attack by the hypochlorite ion on 

the amidic hydrogen (step kj to give the O-chlorinated intermediate 

70, and studies of substituent effects on the rate of chlorination are in 

accord with this being the rate-controlling step. Two important 

points emerge from this investigation. The first is that halogenation 

by hypochlorite ion initially involves substitution of the amide 

oxygen atom with subsequent fast rearrangement to the stable N- 

SCHEME 23. 

ArCONHMe + CIO~ 
fei (slow) 

• fc-1 

ArC 

ArC 
/ 

O—Cl. 

V../’ 
Me 

(70) 

fc-2 (slow) 

k-3 ^ 
O—Cl 

ArC^ 

\ 1 
\iCI 

1 

^3 

1 
Me 

1 
Me 

(71) 

+ OH- 

Reversible chlorination of substituted TV-methylbenzamides with 

hypochlorite ion. 
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chlorinated product, and this agrees nicely with the general mechanism 

for electrophilic substitution of neutral amides. The second is that 

rearrangement of the O-chloro imidate to the iV-chlorinated product 

is reversible (at least under alkaline conditions) and this may also be a 
factor in the Orton rearrangement. 

The esters of hypohalous acids (e.g. f-BuOX) will also effect 

JV-halogenation of primary and secondary amides82’86. The mixture 

usually consists of f-butyl hypochlorite and molecular halogen with 

the amide in carbon tetrachloride. Since the halogen monochloride 

(e.g. IC1, BrCl) is surprisingly ineffective under these conditions, it 

has been suggested, and proven80, that the reagent is the f-butyl 

hypohalite formed in situ (equation 54). More recent work has shown 

that £-butyl hypochlorite itself is effective under similar conditions82. 

t-BuOCI + I t-BuOl + ICI 

(54) 
(R1 = H, alkyl, etc.) 

RCONIR1 + t-BuOH 

C. Fluorination 

A mixture of C- and iV-fluorinated products is obtained by treating 

most amides with gaseous fluorine87. These are invariably free- 

radical processes. As an illustration, dimethylformamide gives a 

mixture of (CF3)2NF and (CFg^NN^CFg^, possibly via the routes 

outlined in Scheme 24. Otherwise, fluoride ion is reported to react 

FN(CF3): 

FCO' + FN(CH3) 

HCON(CH3) fcon(ch3)2 

F 2CO + N(CH3) 

Dimerization 

(CH3)2NN(CH3) 

(CF3)2NN(CF3) 

Scheme 24. Fluorination of dimethylformamide. 
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with tertiary acetamides at 160° to form only monofluorinated products 
(equation 55)88. None of these reactions, however, has been 

CH3CONPhMe ■ > FCH2CONPhMe (55) 

investigated in detail or found appreciable synthetic application. 

VI. NITROSATION AND NITRATION 

Both nitrous and nitric acid combine with suitable weak bases to form 
powerful electrophilic reagents, which can be regarded as carriers of 
the nitrosonium (NO + ) and the nitronium (N02 ) ions, respectively. 
Many of these reagents react with primary and secondary amides, but 
not generally with tertiary compounds. All the reactions are much 
less facile than with amines, however, reflecting the lower nucleophilic 
strength of amides. Similar products result from both nitration and 
nitrosation: primary amides undergo deamination to the carboxylic 
acid, and secondary amides form their A-substituted derivatives. 
With aromatic substrates, substitution of this nucleus also occurs, but 
we shall not consider these transformations in detail. The mechanism 
of deamination and A-substitution has not been closely studied, 
particularly in regard to the site of initial attack by the reagent. 
Incidental evidence favours the nitrogen atom, but this is by no means 
proven. Nitrosation reactions have evoked the greater interest and 
these are considered first. 

A. Nitrosation 

With primary amides, the overall reaction is one of deamination, 
usually to the carboxylic acid (equation 56). This may be effected, 

RCONH2 + XNO -=>- RC02H + N2 + HX (56) 

as in the case of amines, by a number of reagents (represented as 
XNO) whose presence depends on the reaction conditions. Sodium 
nitrite has been employed in aqueous mineral acids, but deamination 
is sluggish unless the acidity is carefully adjusted89'91. From a 
synthetic standpoint, either alkyl nitrites in inert solvents (ether, 
dioxan, etc.) 92 at room temperature or nitrosonium tetrafluoroborate 
(NO+BFj) in acetonitrile at 0° (higher temperatures are required for 
sterically hindered amides such as Ph3CGONH2) 93 are better than 
nitrous acid, and 70 to 90% yields of carboxylic acid are usually 
realized. Nitrosonium tetrafluoroborate is slightly unusual in that 
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with ortAo-J-butylbenzamide, the corresponding aldehyde and not the 
carboxylic acid is formed93. 

Secondary amides are converted to their iV-nitroso derivatives by 

similar reagents (equation 57). As with secondary amines, the reac¬ 

tion is reversible and to ensure high yields of products a suitable base is 

Base 

RCONHR1 + XNO RCON(NO)R1 + HX (57) 

added to remove the HX acid. The efficacy of several reagents has 

been tested by White94, who concluded that nitrosyl chloride or 

nitrogen tetroxide in either carbon tetrachloride or acetic acid solvents 

are best: in both cases sodium acetate should be added to drive the 

equilibrium to the right. Other reagents such as sodium nitrite in 

mineral or acetic acid are both less productive and only successful 
when the ac=0 group is RGH294. 

TV-Alkyl-W-nitrosoamides are highly reactive substances which 

undergo both thermal95 and photolytic decomposition96. The 

thermal process (equation 58) produces both carboxylic acids and 

esters, probably via a diazo-ester intermediate (72)95. Photolysis, 

O 
II 

R—C 4 0 
KNI 

Ri—N—N 

O 
II 

RCON=NR1 

(72) 

* RCOaR1 + N2 

+ RC02H + N2 + Olefins 

(58) 

however, results in fission of the N—N bond to give a mixture of 

aldehyde and primary amide (equation 59) 96. The thermal stability 

of iV-nitrosoamides decreases with increasing branching at the ac==0- 

NO 
I 

RCONCH2Rl 
RCON=CHR1 + [NOH] 

RCONH2 + RiCHO 

(59) 

carbon atom. Thus compounds carrying either an RGH2 or R2CH 

ac=:0-group are stable up to 75° and 50°, respectively, whereas those 

where this group is tertiary decompose at temperatures below 0° and 

are therefore difficult to isolate 94. Decomposition of TV-aryl-TV-nitroso- 

amides occurs similarly, but results in the formation of phenyl 

radicals97 and possibly a benzyne intermediate98. 

Mechanistic studies have been concerned mainly with the deamina¬ 

tion of primary amides in aqueous solvents. Under these conditions 

several reactive nitrous species are in equilibrium with nitrous acid. 
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A similar situation applies to the nitrosation of amines, for which the 

studies are more complete, and it is evident that the various species lie 

in the following order of increasing reactivity": 

N2Os nitrous anhydride 

HalNO nitrosyl halides 

H2ONO+ nitrous acidium ion 

NO+ nitrosonium ion 

It is noteworthy that nitrous acid, itself, is quite ineffective. One 

expects the same schedule of reagents to be important for the nitrosation 

of amides in aqueous solutions, and most of the investigations thus far 

have been directed towards proving this point. 

Studies by Bruylants and his colleagues 92a,10° have provided ample 

evidence that the nitrosation (deamination) of acetamide and related 

alkylamides in hydrochloric acid arises from reaction between 

nitrosyl chloride (formed in a rapid preequilibrium step) and the un- 

protonated amide (equations 60). Logarithmic rate coefficients can 

HN02 + HCI . CINO + H20 (fast preequilibrium) 
si (60) 

RCONH2 + CINO —RC02H + N2 + HCI 

be correlated with Taft a* parameters (p* — — 3-0) providing one 

assumes that steric effects are the same as in ester hydrolysis 92a’100a. 

It is surprising that steric interactions from the alkyl substituent are 

important at all in nitrosation, and this result may indicate a hitherto 
unrevealed subtlety in the mechanism. 

In perchloric and sulphuric acids, the corresponding nitrosyl salts 

are fully ionized and this means that potential nitrosating agents will 

be limited to nitrous anhydride, the nitrous acidium ion and the 

nitrosonium ion in that order with increasing acidity". There is 

no evidence that nitrous anhydride alone is capable of reacting with 

amides (although it does with amines) probably because of its low 

reactivity. There is good evidence, however, that the nitrosation of 

both benzamide90 and acetamide89 is strongly catalysed by mineral 

acids, although it is uncertain whether this corresponds to reaction of 

the nitrous acidium ion or the nitrosonium ion (or even both!). Thus 

the results for benzamide, originally regarded as evidence for a rate¬ 

controlling reaction between the nitrosonium ion and the neutral 

amide", have been reinterpreted89 in the light of further data in 

favour of the nitrous acidium ion. The same conclusion has been 

reached for acetamide, but in both cases the results are not entirely 

consistent with this reagent and doubt remains89. 
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All the mechanistic studies to date have assumed that the rate¬ 

controlling step involves attack by the nitrous species on the nitrogen 

atom of the neutral (unprotonated) amide (Scheme 25). There can 

be little doubt that the unprotonated amide is one reactant, because 

RCONH2 + XNO Slow, 
RC 
“\ 

.O 

'NH— 

• + 
H 

Fast 
RC 

,o 

+ HX 

N—N=0 

H 

'Fast 

RCOjH + N2 RC 

N=N—OH 

Scheme 25. Deamination of primary amides with nitrous acid. 

the rate of deamination slows down in concentrated mineral acid where 

the amide exists mainly in its conjugate acid form89’90. The site 

of initial substitution seems to be an unanswered (question. Since other 

electrophilic reagents preferentially attack the amide oxygen atom, the 

same may be true for neutral nitrosating agents, with the product 

arising from a subsequent O to N rearrangement. With positively 

charged agents (e.g. H2ONO+ and NO+) electrostatic interaction 

with the amidic oxygen would direct attack towards the nitrogen atom, 

as with alkylation and acylation under acidic conditions (equation 61). 

t 

Past 
-> Products (61) 

The only evidence bearing on this concerns the reversibility of N- 

nitroso formation with secondary amides. If the reverse reaction 

(decomposition) is acid catalysed, the simplest mechanism would 

involve JV-protonation (equation 62). Then by the principle of 

rconh2 + h2ono + Slowv 
rc o; 

|3 
nhX n 

II 
o 

RC 

o o 
H+ 
;-" RC 

H,0 

- RCONHR1 + H2ONO+ (62) 

NR1NO NR1NO 

H 
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microscopic reversibility, the forward reaction, too, should involve a 

direct iV-substitution by the nitrosating agent. 

B. Nitration 

Only secondary amides have been investigated to any extent, and 

even with feeble nitrating agents these readily form the iV-nitro 

derivative (equation 63). Several reagents have in fact been used, 

RCONHR1 + XNOa --" RCON(NOa)R1 + HX (63) 

but the general consensus is that either acetyl nitrate (CuNOg or 

HN03 in acetic acid) 95a’101,102 or nitrogen pentoxide in an inert 

solvent103 are most effective. The iV-nitroamides are slightly more 

stable than the corresponding N-nitroso compounds, but otherwise the 

two have closely similar properties104. Thus thermal decomposition 

does occur (equation 64), but requires temperatures in the region of 

RCOaR1 + N20 

(64) 

> RC02H + N20 -f Olefins 

25° to 75° depending on the structure of the acyl moiety104. The 

products, a mixture of the carboxylic acid and the ester are the same 

as from JV-nitrosoamides, and decomposition probably proceeds via a 

similar pathway involving the diazoxy ester (73)—instead of the diazo¬ 
ester intermediate (cf. equation 58)95a,1°4. 

If the secondary amide is either a benzamide or an anilide deriva¬ 

tive, then nitration of the aromatic ring competes with JV-substitution. 

The situation has been investigated most thoroughly for substituted 

iV-methylbenzamides and the results are summarized in Table 10. It 

is evident that the relative importance of each pathway depends on the 

reactivity of the reagent in relation to the substrate: thus compounds 

with strongly deactivated nuclei only form iV-nitro products even with 

the powerful nitronium ion; mildly deactivated, monosubstituted N- 

methylbenzamides undergo iV-substitution with feeble reagents, such 

as acetyl nitrate, but ring substitution with the nitronium ion; and 

activated compounds suffer ring substitution with both weak and 

powerful reagents101. Nitration of the aromatic ring also seems to 

be the predominant path for secondary anilides. In reactions with 

both acetyl nitrate and mixed nitric and sulphuric acids no N- 

nitrated products have been detected 105’106. However the ortho:para 

ratio depends on the reagent in an interesting way, being considerably 

O 

RC 4 0 
kNI 

R1—N—N—»-0 

O O 
II t 

RCON=NR1 
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higher with acetyl nitrate (ca. 5-0) than with the mixed acids 

(ca. 0-05) 10°.. A consistent rationale for this effect is that preferred 

ortho^ substitution with acetyl nitrate results from rearrangement of the 

N-mtro precursor, whereas the para substitution favoured in mixed 

Table 10. Nitration of substituted iV-methylbenzamides101. 

Product orientation 

Reactivity of aromatic ring CH3C02N(V N02+i> 

Deactivated 

(e.g. 3,5-(N02)2; 2,4,6-Cl3; etc.) 
Mildly deactivated 

N N 

(e.g. 4-N02; 4-C1; etc.) 
Activated 

N N + ring 

(e.g. 4-MeO; 4-Me; etc.) ring N + ring 

“ From ehher CuN03 or HN03 in acetic anhydride. 

6 From mixed HN03 and H2S04. 

acids arises from substitution of the conjugate acid of the anilide 
substrate105. 

Few studies with primary amides have been reported, although it 

appears that the iV-nitro derivative is very unstable and deamination 

occurs almost as rapidly as with A-nitrosoamides. Benzamide, for 

example, reacts with acetyl nitrate (either GuN03 or HN03 in 

acetic anhydride) to form benzoic acid in high yield (equation 65)101. 

PhCONH2 + CH3C02N02 

O 
II 

PhC O 
I II 

HN-N—>0 

(74) 

+ ch3co2h 

(65) 

O O 
II t 

PhCON=NH 
PhCOzH + N20 

The half-life of the reaction is less than five minutes, which is con¬ 

siderably faster than conventional hydrolysis under these conditions 

(section X). Formation and decomposition of an A-nitro inter¬ 

mediate (74) is an obvious possibility by analogy with nitrosation. 

Support for this conclusion comes from the isolation of a crystalline 
26 + c.o.a. 
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solid in the low-temperature nitration of 3-hydroxy-4-pyridinecarbox- 

amide with mixed nitric and sulphuric acids; this is believed to be the 

JV-nitro derivative and rapid decomposition occurs on melting107. 

Tertiary alkylamides appear to be inert towards all nitrating agents 

unless the ac=0-carbon atom is unsubstituted (RCH2CONR|). In 

this instance, nitration of the ac==0 site is reported with amyl nitrate in 

the presence of potassium f-butoxide (equation 66)108 presumably via 

the carbanion intermediate 75. The product is isolated as the 

extremely hygroscopic potassium salt 76, which decomposes violently 

N02 k + 
t-BuOK — r h riNO 

RCH2CONMe2 — RCHCONMe2 ---5--11 - 2 > RCCONMe2 (66) 

(75) (76) 

on exposure to the atmosphere on account of its high energy of hy¬ 

dration. Attempts to obtain the neutral a-nitroamide by acidification 
failed without exception108. 

VII. OXIDATION 

Little is known about the oxidation of amides—less than a dozen of 

the many available oxidants have been investigated—and this subject 

may be regarded as one of the underdeveloped areas of organic 

chemistry. Even the limited information available, however, does 

reveal a complex situation, with hydrogen abstraction from carbon 

and nitrogen competing effectively with oxidative substitution at the 

nucleophilic centres. In reality, the predominance of free-radical 

pathways may well have discouraged more extensive investigations. 

The commonest process with secondary and tertiary amides seems 

to be the removal of the aN-hydrogen atoms, which are activated 

towards radical attack by the nitrogen lone electron pair. Even 

peroxidic agents act in this way, in striking contrast to their behaviour 

with amines, and this again reflects the lower reactivity of amides 
towards electrophilic species. 

Only when the JV-substituent is devoid of a-hydrogens does oxidative 

substitution become important. For instance, A-phenylamides react 

with hydrogen peroxide to form nitrobenzene in a reaction comparable 

to that of aromatic amines. The oxidation of primary amides 

proceeds via different pathways for the same reason, with either 

hydrogen abstraction from the nitrogen atom (with peroxydisulphates) 

or oxidative substitution (with lead tetraacetate) being the more 
important. 
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It is unwise to generalize further, because both the amide and the 

oxidant structure have an important bearing on the product-forming 

stages of the reactions. We shall therefore consider each case 
individually. 

A. Autoxidation 

On account of its interference to the commercial production of 

nylon, the autoxidation of Aralkyl- and A,A-dialkylamides has 

engendered considerable interest and attention. As expected, this 

is invariably a free-radical process which may be induced either by 

thermal (> 100°)109 or by photochemical means10913’110'112 at lower 

temperatures both with and without suitable initiators. Three 

principal overall reactions have been identified (equations 67- 
y^l09b,110. 

(i) Formation of A-acylamides from A-n-alkylamides: 

RCONHCHjjR1 -> RCONHCOR1 (67) 

(ii) Formation of AWormylamides from A-n-alkylamides or N- 

acylamides from A-j-alkylamides, via carbon-carbon bond fission: 

RCONHCHaR1 -> RCONHCHO (68) 

R1 

RCONHCH^ ——> RCONHCOR1 + RCONHCOR2 (69) 
\ 

R2 

(Hi) Oxidative dealkylation (carbon-nitrogen bond fission) to 

yield carbonyl derivatives: 

RCONHCHaR1 -> RCONH2 + R^HO (70) 

R1 
/ 

RCONHCH -^ RCONH2 + R^OR2 (71) 
\ 

R2 

What factors determine the relative importance of each path has not 

been clearly established, but recent investigations, particularly some 

elegant kinetic measurements by Sagar and his colleagues109, have 

begun to unravel the complex mechanism of these reactions. There is 

little doubt that the initial steps common to all three pathways are 

removal of the aN-hydrogen atom followed by oxygen addition to give 

the peroxy radical (77), which then decomposes to products by 

various routes (Scheme 26). Only the aN-hydrogen atom seems 

sufficiently labile to suffer abstraction, which explains the resistance 
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of both acetamide and iV-^-alkylamides to autoxidation. This is 

clearly demonstrated by experiments with iV-(l-[14C1]-pentyl)- 

RCONHCH2R1 
hv or A* 

(A* = radical initiator) 

RCONHCHR1 + AH 

(78) 

o2 

RCONHCHR1 

O—O' 

(77) 

Products as in equations (67-71) 

Scheme 26. Initial steps for the autoxidation of iV-alkylamides. 

hexanamide under conditions (uninitiated photooxidation at 50°) 

where oxidative dealkylation (cf. equation 70) is the principal product¬ 

forming route113. The isotopic label is found only in the valeraldehyde 

and valeric acid products, showing these originate solely from the 

V-pentyl fragment; the other products, n-hexanoic acid and n- 

hexanamide were inactive and must therefore come from the acyl 

fragment (equation 72). Various rate measurements have established 

n-C5H11CONH14CH2Bu-n fa'°2> 

n-Bu14CHO + n-Bu14COaH + n-C5HuC02H + n-C6HxlCONH2 (72) 

oxygen uptake by the carboxamide radical 78109b>d>110. In one 

instance, the photooxidation of e-caprolactam (79), a hydroperoxide 

intermediate (80) has been isolated; on treatment with a cobalt(m) 
salt this is reduced to adipimide (81) (equation 73)114. 

Other details of these reactions, in particular the nature of the 

product-forming steps, are not generally understood. Sagar109d, 

however, has provided strong evidence for the operation of a radical- 

chain mechanism in the thermal oxidation (< 100°) of TV-alkylamides, 

in which product formation is governed by four processes. The first 

is a chain reaction of the substrate with oxygen giving iV-alkylamide 

hydroperoxide as the primary product1090 in accord with our dis¬ 

cussion above; the second is thermal decomposition of this hydro- 
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peroxide, the third is chain termination by condensation of two 

JV-alkylamide hydroperoxy radicals; the fourth, of importance only in 

the later stages of the reaction, is interference with the oxidation chain 

by products from the hydroperoxide. A much simplified version of the 

first three processes is described by Scheme 27. However, the low- 

temperature photooxidation using sodium anthraquinonesulphonate 
initiator is claimed to proceed via a non-chain mechanism110. 

RCONHCHaR1 

A 

' ’ 

RCONHCHR1 

o2 

RCONHCHR1 

O—O’ 

Termination 

RCONHCHR1 
I 

O 
I 

O + 02 

RCONHCHR1 

RCONHCOR1 + RCONH2 + R^HO + 02 

Propagation 
RCONHCHaR1 

RCONHCHR1 + RCONHCHR1 

O—OH 

r* 
R'CO.H 

HO + RCONHCHR1 

q- | RCONHCH2R1 

RCONHCH0R1 

^ RCONHa + RJCHO 

> RCONHCHR1 + RCONHCHR1 

OH 

Initiation 
> RCONHCHR1 + HaO 

Scheme 27. Radical-chain thermal oxidation of JV-alkylamides. 

B. Hydrogen Peroxide and Diacyl Peroxides 

The known electrophilic properties of peroxidic reagents are not 

manifest in their reactions with amides. The products from N- 

alkylamides resemble those from autoxidation and clearly similar 

free-radical mechanisms operate. Oxidative substitution, reminiscent 

of amine oxidation, is only important for JV-arylamides. The 

preference for hydrogen abstraction can be associated with the low 

nucleophilic reactivity of the amide group. High reaction tempera¬ 

tures are therefore necessary, and this, in turn, promotes homolytic 

fission of the weak peroxide linkage. 
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Oxidation of N, A-dialkylamides with diacyl peroxide results in the 

introduction of an acyloxy moiety on the aN-carbon atom (equations 
74.^115,116. ^ similar process would be expected for A-alkylamides. 

Both photoinitiation116 and inhibition by radical scavengers such as 

styrene115 indicate a free-radical process, but no detailed mechanistic 

studies have been reported. A tentative mechanism involving 

removal of the ccN-hydrogen followed by radical coupling (equation 74) 

is reminiscent of the first stages of autoxidation. 

(PhC02)2 hv °rA> 2 PhCOj 

HCONMe2 + PhCC>2 -> HCONMeCH2 + PhC02H (74) 

HCONMeCH2 + PhCO'2 -> HCONMeCH2OCOPh 

Reaction of iV-methyl and JV-n-butylacetamides with hydrogen 

peroxide in the presence of ferric ion catalysts results in almost 

complete fission of the carbon-nitrogen bond, with oxidation of the 

A-alkyl substituent through to the carboxylic acid (equation 75)117. 

CH3CONHCH2R Ha°2/Fe3l> CH3CONH2 + RC02H (75) 

(R = H or n-Pr) 

This reaction is analogous to one of the routes established for aut¬ 

oxidation (equation 70) and a similar sequence of steps is probably 

involved. No evidence is available, however, to identify the type of 

bond fission. 

In contrast to these results, compounds without aN-hydrogen atoms 

available for abstraction do undergo substitution by peroxidic 

reagents. JV-Phenylacetamide, for instance, ultimately yields nitro¬ 

benzene on treatment with 30% hydrogen peroxide in glacial acetic 

acid at 100° (Scheme 28)118. The reaction is probably heterolytic, 

by analogy with peroxidic oxidations of A-arylamines, involving 

substitution of the nitrogen atom by electrophilic oxygen. Since 

acetylphenylamine iV-oxide (82), but not phenylhydroxylamine (this 

couples with nitrosobenzene to form azoxybenzene in glacial acetic 

acid), is also oxidized to nitrobenzene under the reaction conditions118, 

it seems probable that elimination of the acetoxy fragment results 

from an attack by a second hydrogen peroxide molecule on the 

hydroxamic acid intermediate (83). Nitrosobenzene (84) must be 

another intermediate since this is also isolated from the reaction 

mixture. A tentative mechanism embodying all these findings is 

reproduced in Scheme 28. Other studies118 have shown that 

formanilide is more reactive than acetanilide and this may be at¬ 

tributed to steric differences. Substituents in the aromatic ring 
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affect the yield of nitro product, but it is impossible to deduce a 

sensible explanation on the limited data available. 

OH OH 
1+ _i_i + 

RCONHPh + HO—OH -> RCONHPh ;==± RCONPh 

(83) 

HoO, o 
t 

RCONHPh 
(82) 

PhN02 PhNO *■ 

(84) 

.OH 

PhN 
\ 

OH 

O OH 
II I 

RC-^NPh 

v HO—OH 

+ rco2h 

Scheme 28. Oxidation of JV-arylamides with hydrogen peroxide. 

C. Peroxydisulphate 

The lability of the aN-hydrogen atoms towards radical abstraction 

is also evident with this reagent. Thus JV-alkylamides (both secondary 

and tertiary) suffer dealkylation with peroxydisulphate salts at 

moderate temperatures (65°-90°) to yield a mixture of the less highly 

substituted amide and a carbonyl derivative (equation 76)119a. 

RCONCCHzR1^ -^21^. RCONHCCHzR1) + R*CHO 

RCONH2 + RJCHO 

Preliminary results of kinetic studies have been published and these 

show a f order dependence in peroxydisulphate ion concentration, but 

a zero-order dependence in amide concentration11915. This fits nicely 

with the usual behaviour of the reagent, as the effective oxidant is 

thought to be a sulphate radical ion (SO4 -) produced slowly from the 

peroxydisulphate ion120. It is also consistent with a radical-chain 

process (Scheme 29) involving induced decomposition of the peroxydi¬ 

sulphate ion by intermediate amidic radicals—hence the f dependence 

in oxidant concentration. Both the products and related kinetic 

studies with JV-acetyl-L-alanine119b are consistent with abstraction of 
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S20§- -£-+ 2 SO/ 

RCONHChhR1 + SO/ -* RCONHCHR1 + HSOp 

S2Oe_ 
T 

RCONHCHR1 + SO/ 

OS03 
h2o 

RCONH2 + R'CHO + HSO* 

Scheme 29. Oxidation of secondary alkylamides by peroxydisulphate salts. 

the «N-hydrogen atom. These oxidations have been extended to 

cyclic amides (lactams), but, surprisingly, ring cleavage does not occur 

and the imide is obtained instead (equation 77)119c. 

o=c' 
JCCH^ 

jCH, 

V 
R 

o=c' 
JCH2)^ 

OHO 

NH 
I 
R 

fCH2)n 

-> o=c jc=o 
"N' 

I 
R 

(77) 

Primary amides may also be expected to react differently and this 

is indeed the case. Formamide decomposes to carbon dioxide and 

ammonia presumably via abstraction of the formyl hydrogen although 

this has not been proven119a. Smaller amounts of carbon dioxide and 

ammonia are also recovered in the reactions with A-alkylfbrmamides 

and these probably arise from further decomposition of formamide 

obtained by dealkylation119a. Apparently acetamide does not react 

unless silver salts are added to the reaction mixture1194. Under these 

conditions, rapid deamination occurs even at 30° to give a quantitative 

yield of acetic acid. The rate of oxidation has a first-order dependence 

on both the peroxydisulphate and silver ion concentrations, but it is 

independent of the acetamide concentration1194. This again suggests 

that the effective oxidant is the sulphate radical-ion (SOj) produced 

slowly from the peroxydisulphate salt. Subsequent oxidation of the 

acetamide is not rate controlling (equation 78). The suggested 

mechanism for the oxidation (Scheme 30) involves hydrogen ab- 

S2Og- 
Ag+ 

-* 2 SO-; 
2 CH3CONH2 

■» 2 CH3C02H + 2NS slow fast (73) 
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straction from the nitrogen atom followed by dimerization of the 

resultant radical to 1,2-diacetylhydrazine (85)119d. This, on further 

oxidation, would form an azo intermediate (86) which is known to 

suffer homolytic fission of the carbon—nitrogen bonds giving nitrogen 

2 CH3CONH2 ---g~-/Ag + > 2 CH3CONH -> CH3CONHNHCOCH3 

(85) 

[O] 

2 CH3C02H + 2H' 2CH3CO + N2 «- CH3CON=NCOCH3 

(86) 
Scheme 30. Peroxydisulphate ion oxidation of acetamide. 

and acetyl radicals. No one has yet investigated the effect of silver ion 

on the oxidation of secondary and tertiary amides, but this would 
appear to be a profitable exercise. 

D. Lead Tetraacetate 

Only primary amides react with lead tetraacetate via a peculiar 

oxidative rearrangement similar to the Hofmann reaction121’122. 

The initial product is an isocyanate (87) but this can only be isolated 

when an inert (aprotic), basic solvent such as dimethylformamide is 

the reaction medium122. Otherwise further reaction occurs rapidly 

with either the acetic acid coproduct to give acetylamines (88) and 

ureas (89), or with another proton source such as £-BuOH solvent to 

give urethanes (90) (Scheme 31)121,122. 

RCONH2 + Pb(OAc)4 -► RNCO + Pb(OAc)2 + 2 HOAc 
(87) 

HOAc t-BuOH 

RNHAc + RNHCONHR RNHC02Bu-t 
(88) (89) (90) 

40-80% 3-8% 

Scheme 31. Reaction of primary amides with lead tetraacetate. 

Some information about the mechanism of this interesting reaction 

is available. Rate measurements show a first-order dependence on 

both the amide and lead tetraacetate concentrations; also the oxidation 

is catalysed by base (pyridine, tertiary amines, etc.) and favoured by 

polar solvents (dimethylformamide is one of the better ones)123. By 
26* 
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analogy with the Curtius rearrangement in acetic acid (e.g. isocyanate 

formation from acyl azide) the reaction might be expected to proceed 

via a nitrene intermediate. Attempts to trap nitrenes have failed thus 

far121, and this intimates that migration of the alkyl group is syn¬ 

chronous with nitrene formation, as in the Hofmann reaction. One 

mechanism, consistent both with these observations and the established 

tendency for amides to suffer initial O-substitution by electrophilic 

reagents, is outlined in Scheme 32. This requires formation of an 

(91) 

RNCO + Pb(OAc)2 + HB+ + OAc" 

Scheme 32. Mechanism of the lead tetraacetate oxidation of primary amides. 

O-imidate precursor (91) followed by base-induced rearrangement 

with elimination of Pb(OAc)2 to the isocyanate. Other mechanisms 

have been suggested involving an initial substitution by lead tetra¬ 

acetate on the amide nitrogen atom121’122, but in the absence of 

definite evidence, further speculation is out of place. 

An interesting application of this novel process is the preparation of 

various heterocyclic species through ring closure of ortAo-substituted 

aromatic amides123. Two examples are given in equations (79a,b). 
Further applications will be keenly awaited. 
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VIII. REDUCTION 

795 

Amides, generally, are fairly resistant to reduction and only the more 

potent reagents such as alkali metal hydrides, sodium in liquid 

ammonia (Birch reduction) and electrolysis are effective; of these, the 

first method is foremost. Two distinct reaction paths have been 

recognized, whose importance depends primarily on the reagent and 

to a lesser extent on the type of amide as well. The first route (path 

a of Scheme 33) produces an amine with the same number of carbon 

(a) 

RCONFU — 
(b) 

RCH2NRJ 

RiNH + RCHO > RCH2OH 

(R1 = H, alkyl, Ph, etc.) 

Scheme 33. General routes for the reduction of amides. 

atoms as the original amide by reduction of the carbonyl group to 

methylene. The second route (path b) arises from fission of the 

carbon-nitrogen bond to give an aldehyde plus an amine (the 

aldehyde may then be reduced further to an alcohol). Both routes 

are synthetically useful and a high yield of a single product can usually 

be obtained by an appropriate choice of reagent and conditions. 

A. Complex Metal Hydrides 

Gaylord’s excellent treatise124 on these reagents has been outdated 

by recent developments. It is now known, for instance, that hydrides 

of both boron and aluminium are effective, although the latter are 

favoured on account of their higher reactivity. Products depend on 

several factors as discussed in the text below, but it is possible to make 

fairly reliable generalizations for the various amides and reagents, as 

summarized in Table 11. Exceptions are not unknown, however, 

and the cited references should also be consulted. 

I. Primary and secondary amides 

One can see from Table 11 that the majority of hydride reagents 

reduce these compounds to the corresponding amine (path a of 

Scheme 33) and not to the aldehyde (path b). There is not much to 

choose between the various hydrides in regard to their efficacy, and 

excellent yields may be expected throughout. It should be noted, 

however, that primary amides react sluggishly and periods of the 
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Table 11. Normal products from complex metal hydride reductions of amides. 

[Amide]/ Special 
Amidea Reagent [Reagent] conditions6 Product Refs. 

rconh2 LiAlH4 

rconh2 LiAlH4 

RCONHR* 1 LiAlH4 

RCONR1 LiAlH4 

RCONR£c LiAlH4 

/* 
RCON LiAlH4 

\ 

RCON LiAlH4 

\ 

RCONR1 LiAlH4/AlCl3 

rconh2 LiAlH(OMe) 
RCONR^ LiAlH(OMe) 

RCONR| LiAlH(OEt)3 

rconh2 aih3 

RCONR1 aih3 

rconh2 NaBH4 

RCONHR1 NaBH4 

RCONR| NaBH4 

rconh2 bh3 

RCONHR1 bh3 

rconr2 bh3 

1:1 

1:0-5 

1:0-75 

1:0-5 

1:0-25 Inverse 

addition 

- 70° to 0° 

1:0-5 

1:0-25 
Inverse 
addition 
- 70 °to 0° 

1:0-5 

1:4 

1:2 

1:1 

1:1-33 

1:0-67 

1:0-5 

1:0-75 

1:0-5 

Reflux in 

diglyme 

Via O-ethyl 

imidatee 

Via O-ethyl 

imidatee 

1:2-33 

1:2-0 

1:1-66 

rch2nh2 125,126 

RCN 125 

RCH2NHRx 126 

RCH2NR2 126 

RCHO 124 

\ 
NH + RCH2OH 

/ 

\ 

124 

NH + RCHO 

/ 
124 

rch2nr2 127 

rch2nh2 128 

rch2nr^ 128 

RCHO 129 

rch2nh2 128 

rch2nr^ 128 

RCN 130 

RCHaNHR1 2b 

rch2nr2 2b 

rch2nh2 131,132 
RCHgNHR1 132 
RCH2NR^ 132 

a R and R1  alkyl, aryl or heterocyclic. 

Usually the amide is added to the hydride solution, unless otherwise stated. 
1 endency to RCHO formation increases with bulky R1 groups. 
Heteroaromatic compounds only. 

e The O-ethyl imidate is prepared previous to the reduction (reaction 80). 

order of 24 hr at 0° and 3 to 6 hr at 25° are required for comple- 

tion • . Another important practical consideration to the attain¬ 

ment of high yields is the relative reactant concentrations. In addition 

to the expected two equivalents of hydride ion (H“) for reduction of 

the carbonyl group, it is essential to add an extra one equivalent per 
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^-hydrogen atom present in the substrate, probably because the 

hydride also functions as a base for neutralization of the A-proton. 

The [amide]: [reagent] ratios listed in Table 11 take account of this 
requirement. 

There is, in fact, fairly good evidence that reduction of primary 

amides proceeds via base-induced dehydration to a nitrile, which is 

then reduced to the amine (Scheme 34)125. It has been shown, for 

RCONH2 + 2 MH -> RCN + MzO + 2 H2 

RCN + 2 MH -> RCH2NM2 

RCH2NM2 + h2o -> RCH2NH2 + m2o 

(M = A1H2i LiAIH3, BH2, etc.) 

Scheme 34. Overall stoicheiometry for the reduction of primary amides. 

instance, that two molecules of hydrogen are evolved during re¬ 

duction. Also, when a deficient quantity (i.e. only two equivalents of 

hydride ion) of LiAlH4 is used, the nitrile derivative can be isolated 

from the reaction mixture as the major product125. Otherwise, not a 

great deal is known about the mechanism. Probably, an O-aluminate 

complex (92 a) is formed first, but its exact structure has not been 

ascertained. It is known, however, that the second molecule of 

hydrogen is usually evolved more slowly than the first one, and that 

nitriles are reduced very rapidly to amines under the experimental 

conditions126. This tentatively fixes the rate-controlling step as 

hydrogen elimination from an O-imidate intermediate (92 b). A 

RCONH2 + AIH3 :J—‘ ' 

- p—aih2 
/ A 

RC. (nH 
A 

nAh 

RC 

O—AIH 
AJ \ 

Slow. 

V) ( 
nJ-h 
(92b) 

H + Hs 

ai2o3 + rch2nh2 < 
AlHn 
Fast 

RCN + [HAIO] + H2 

Scheme 35. Tentative mechanism for the reduction of primary amides with 

aluminium hydride. 
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plausible mechanism based on these observations involving intra¬ 

molecular elimination of hydrogen is illustrated for A1H3 reduction in 

Scheme 35, but clearly some thorough investigations are required. 

Reduction with borohydride reagents warrants special comment. 

For many years these were regarded as unreactive towards amides 

generally, but recent developments have invalidated that conclusion. 

Diborane, itself, is now known to reduce primary and secondary 

amides to their corresponding amines, with no C—N bond scission, in 

almost quantitative yields under relatively mild conditions131,132. 

With special techniques, NaBH4 also reacts; primary amides, for 

example, are reduced to the nitrile on refluxing in solvent diglyme130. 

This latter reaction seems to be a useful alternative method for de¬ 

hydrating primary amides in the absence of acidic reagents such as 

PC15 or SOCl2 (section IX and section III of Chapter 4). Both 

reductions with NaBH4 shown in Table 11 are obviously analogous to 

those with LiAlH4. 

2. Tertiary amides 

Hydride reduction of these compounds is slightly more complex as 

far as the products are concerned. Reference to Table 11 shows that 

both straightforward reduction to the amine (path a of Scheme 33) 

and reductive dealkylation to an aldehyde (path b) may occur with a 

facility that depends on both the substrate and reagent structure. 

The most satisfactory reagents for amine formation are A1H3,BH3, 

LiAlH(OMe)3 and LiAlH4. Reduction with any one of these hydrides 

is usually rapid and yields are high; reaction times of the order of 30 

minutes at 0° with A1H3 and LiAlH(OMe)3 are not unusual128, but 

the other hydrides require slightly longer periods. It is interesting to 

note, too, that recent developments have enabled reduction with the 

relatively unreactive NaBH4 under mild conditions. The ploy here 

is to form an 0-ethyl imidate salt of the tertiary amide (93) by reaction 

OEt"| + 
- ■ nr- NaBH4 
“y. lO°/EtOH > RCH2NR£ (80) 

NR h. 

(93) 

with (Et30)+BF4 (section II.A.4) which is then rapidly reduced in 

quantitative yield to the amine by NaBH4 at low temperatures 

(equation 80)2b. One notable advantage of this method is its high 

selectivity, and the amide moiety can be reduced in the presence of 

RCONRi 
(Et3Q) + BF4 

ch2ci2 
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other functional groups. Secondary amides may be reduced in a 
similar way2b. 

Reductive deamination to an aldehyde (path b of Scheme 33) is less 

common, but often competes with amine formation (path a) in LiAlH4 

reductions. It is, in fact, the main reason for the low yields of amine 

sometimes obtained with LiAlH4. Aldehyde formation is particularly 

prevalent when the A-substituents are bulky124. It will become the 

major pathway if deficient amounts (i.e. less than 0-5 equivalents) of 

LiAlH4 are used at low temperature (— 70° to 0°) and if the hydride is 

added to the amide (inverse addition) rather than vice versa as is 

more usual124. Also, reductive deamination to a mixture of alde¬ 

hydes and alcohols is the usual reaction with A-heteroaromatic 

amides, irrespective of the experimental technique124. The most 

satisfactory synthetic method for aldehyde formation is, however, to 

use a substituted hydride such as LiAlH(OEt)3 or LiAlH2(OEt)2: 

even unhindered tertiary alkylamides give yields of aldehyde to the 

extent of 60% to 90%, and the method seems to have general ap¬ 
plicability129. 

The mechanism of tertiary amide reduction is not well understood, 

and there are almost as many theories as reagents employed. One of 

the earlier rationalizations, due to Weygand133, invoking a common 

RCONFq + HM ^-» 

(M = H3AI. (RO)3AI, etc.) 

RCH2NR£ + MzO 

(95) 

* OM 

R—C—N R2 
I 

L H 

(94) 

(b) HaO RCH2OM + MNR£ 

' ' 

h2o 

R2NH + RCHO RCH2OH + RJNH 

(96) (97) 

Scheme 36. Weygand’s mechanism for reduction of tertiary amides with 

hydrides. 

tetrahedral intermediate (94) for all the products, seems to be the 

most satisfactory (Scheme 36). The intermediate 94, some kind of 

O-aluminate complex, can react further by way of three routes; 

nucleophilic attack by the hydride reagent on the carbon-oxygen bond 
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(path a), either intra- or intermolecularly, would form the tertiary 

amine 95; hydrolysis would convert the intermediate 94 to the alde¬ 

hyde 96; and either further reduction of the aldehyde or nucleophilic 

attack by the hydride reagent on the carbon-nitrogen bond (path c) 

with subsequent hydrolysis would produce the alcohol 97. However, 

any substantial proof for such a mechanism, and a suitable structure 

for the tetrahedral intermediate 94, is entirely lacking. 

It has been suggested that bulky ^-substituents favour aldehyde 

formation by inhibiting lone-pair nitrogen electron delocalization and 

thereby increasing the susceptibility of the carbonyl group to nucleo¬ 

philic attack by water124. However, the very same arguments 

should of course apply to substitution by the nucleophilic hydride 

reagent which leads to amine formation. Steric hindrance has also 

been cited to explain the prevalence of reductive deamination with 

substituted hydrides (e.g. LiAlH(EtO)3, etc.)129, but the absence of a 

second hydride ion (H ~) for intramolecular substitution of the carbon- 

oxygen bond must be another important factor. 

8. Birch Reduction 

This well known method of reduction using sodium in liquid 

ammonia, together with a proton source such as acetic acid or alcohol, 

is successful with secondary and tertiary amides giving aldehydes in 

high yield134. The mechanism suggested by Birch and his col¬ 

leagues134 involving two successive additions of an electron and a 

proton is presented in Scheme 37. The method is quite general and 
has wide applicability. 

RCONRJ, 
-/ 

O' 

-> RC 
\ 

-> RCH 

NR£ 

-I 

\ 

o- 

/ 
OH 

RCHO + R!,NH x- RCH 
/ 

NRi 

o- 

\ 
RCH 

NRJ NR3j 

Scheme 37. Birch reduction of tertiary amides. 

C. Electrolytic Reduction 

In contrast to the Birch method above, electrolytic reduction in¬ 

variably produces an amine without G—N bond scission (path a of 
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Scheme 33)135. The process is usually carried out in acidic solutions 

(e.g. cone. H2S04) using a lead cathode, and is most facile when the 

carbon or nitrogen atoms bear electron-donating substituents135. 

Presumably, the initial steps are similar to the Birch reaction, but 

further reduction of the amino alcohol 98 occurs (equation 81). 

OH 

RCONRJ -2e '2H > RCH^ 26 ’2H + > RCH2NH2 + H20 (81) 

^NR^ 

(98) 

D. Catalytic Reduction 

These techniques have attracted little attention as far as amides are 

concerned. It is known, however, that amines (path a of Scheme 33) 

are produced with copper chromite136 or rhenium catalysts137, but 

with substituted amides scrambling of the Aralkyl groups is an 

undesirable side-reaction. With common catalysts, such as Raney 

nickel or palladium on charcoal, high temperatures and pressures are 

usually required with the result that other active substituents are 

preferentially reduced or react. For example, with secondary or 

tertiary W-aminomethylamides, dealkylation is the major reaction 
(equation 82)138. 

RCONR1CH2NRl ■~-/N'°rPd> RCONRJH + CH3NR| (82) 

(R1 = H, alkyl, etc.) 

IX. INORGANIC ACID HALIDES 

Although the carbonyl function in neutral amides is normally un¬ 

reactive, nucleophilic addition will occur whenever external factors 

enhance the polarization of the carbon-oxygen bond. In this way 

many reactive inorganic acid halides, such as phosgene, thionyl 

chloride and phosphorus pentachloride combine with amides usually 

to form an imidoyl chloride [(RC(C1)=NR£) + C1_], although in some 

cases, and invariably with primary amides, further transformations in 

the reaction mixture result in dehydration to the nitrile. Acid 

fluorides interact similarly to produce the analogous covalent difluoro- 

alkylamine derivative RCFgNR?,. 

A reasoned explanation of these reactions is that formation of an 

O-complex (99 a) between the amide and the acid halide polarizes the 
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carbon-oxygen bond, which then suffers a rapid internal nucleophilic 

substitution by halide ion (an SNi process) with synchronous elimina¬ 

tion of a neutral fragment such as C02, SOa or POCl3 (equation 83). 

The imidoyl chloride (99 b) may then react further, depending on its 

structure and the conditions, as is discussed in detail below. 

RCONFq + CI2X 
Cl- 

(99a) 

Cl 

5 - I 
(RC=NR!)+ Cl - + X=0 

(99b) (83) 

(X = CO, SO, PCI3, etc.; R1 = H, alkyl, Ar, etc.) 

Not all acid halides react in this way. Two distinct structural 

features making the SNi process unfavourable can be envisaged and the 

initial O-complex may then be sufficiently stable to have more than a 

transient existence: the first is where the expelled fragment is unstable 

as, for example, in the Vilsmeier reactions with phosphorus oxy¬ 

chloride (equation 84)—the P02C1 fragment is known to be a hypo- 

RCONRJ + POCI3 
/• 

RC. 
N 

o....pci2 

NR| 

(100) 

Cl- 

SNi 

Cl- 
Cl 

Cl 
(RC=NR‘) + C|- + [POaCI] 

RC=NR| POaCli (84) 

thetical (and therefore unstable) species; the second is where the 

O-complex lacks a suitable internal nucleophile as with 101, derived 

from arylsulphonyl chloride (equation 85). Both 100 and 101 are 

RCONR! + ArSOzCI 

? 
P—S—Ar 

RC- O 
NR! 

(101) 

Cl 

c- I + 
Cl- RC=NR! ArSOr (85) 

known to react readily with nucleophilic species, and in this way they 

have attracted application as formylating and acylating reagents 
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(Vilsmeier reactions). It therefore seems probable that imidoyl 

chloride formation in these instances results from an intermolecular 

attack by chloride ion. 

A. Tertiary Amides 

I. Phosgene, thionyl chloride and phosphorus pentachloride 

The most stable imidoyl halides are derived from tertiary amides. 

Phosgene will react readily at room temperature139 and is probably 

the best reagent for their preparation (equation 86). Recent work 

Cl 

RCONR.2 + COCI2 -> (RC=N R2)+ Cl- + COa (86) 
n 

has shown that with excess phosgene (two equivalents) a-chloro-/3- 

chlorocarbonyl enamines (102a) are also formed in up to 30% yield 

from tertiary amides bearing ac=0-hydrogen atoms (equation 87)140. 

These may be readily separated from the ionic imidoyl chloride (102 b) 

Cl 

RCH2CONR! + COCI2 -> RCH2C=NR2j Cl~ + COa 
(102b) 

COCI2 

COCI 
I 

RC=CCINR2 + 2 HCI (87) 
(102a) 

by extraction with a non-polar solvent such as toluene. Thionyl 

chloride and phosphorus pentachloride also react to form an imidoyl 

chloride, but higher temperatures are required139a. The stronger 

conditions may account for some dealkylation to the nitrile with 

phosphorus pentachloride141, as is commonly found for primary and 

secondary amides (cf. the Von Braun reaction in section IX.B.l). 

Doubts existed for many years over the structure of these imidoyl 
+ 

chlorides. The ionic formulation (RCC^NRgCl-) is now preferred 

over the isomeric covalent structure (RCCI2NR2) on account of their 

typical ‘salt-like’ properties, their infrared spectrum and their ability 

to undergo nucleophilic substitution at carbon with a host of reagents 

such as alkoxides, amines, thiols and carboxylic acids139. A typical 

example is given in equation (88) for sodium alkoxide, in which 

subsequent hydrolysis yields the ester 103a and the amine 103b. 
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Further details of these useful transformations have been reviewed 
elsewhere139a. 

Cl OR2 

RC=NR£ Cl- —-R2> RC=NRJ Cl" + NaCI 

h2o 

RCOzR2 + RiNH (88) 

(103a) (103b) 

2. Acid fluorides 

Covalent products are obtained with acid fluorides. Carbonyl 

fluoride and sulphur tetrafluoride, for example, both react with 

tertiary amides to give the difluoroalkylamine 104, usually a volatile 
liquid totally devoid of ionic properties (equation 89)142-143. 

RCONRi —F* °r COF2 > rcf2NR^ (89) 

(104) 

Carbonyl fluoride appears to be the more effective because product 

purification is simpler, and the eliminated C02 has been shown by 

C-radiotracer experiments to originate entirely from the reagent and 

not from the amide142. This suggests that the reaction also proceeds 

by way of an 0-acyl intermediate (105) reminiscent of the trans¬ 
formations with acyl chlorides (equation 90). 

RCONRi + 14COF2 

NR£ 

(105) 

RCF2NR^ + l4COa (90) 

The stability of the difluoroalkylamine product depends very much 

on the nature of the R substituent. When this is primary, hydrogen 

fluoride is readily eliminated (equation 91) and the resultant enamine 

CH3CF2NR4 RCH2=CFNR| (FCO)2C=CFNR* (91) 

(106) 

reacts further to yield 106 442. This is closely similar to the competing 
reaction observed with excess phosgene (cf. equation 87). 



13. Reactions of the carboxamide group 805 

3. Phosphorus oxychloride and arenesulphonyl chlorides* 

The reaction of phosphorus oxychloride with tertiary amides has 
been widely examined in connexion with the Vilsmeier-Haack method 
of aromatic formylation and the stable species isolated from these 
solutions is often referred to as the Vilsmeier complex144. The 
structure of this complex has been a contentious issue for several years 
and is not yet settled. Its typical salt-like properties are consistent, 
however, with an ionic formulation. Arguments based mainly on 
infrared spectral measurements145,146 in favour of the O-acyl structure 
(107a) have been advanced, but more recent n.m.r. data (in particular 
the absence of hydrogen-phosphorus coupling in the dimethyl form- 
amide complex) are more consistent with the imidoyl chloride salt 
(107b)147. We have previously suggested, however, that structure 

O + 

xO—PCI2 

rc 

XNRi 

(107a) 

ci- 

Cl 
I ♦ 

RC=NR| P02CI2 

(107b) 

107a may be more stable for phosphorus oxychloride than for other 
acid halides and explained why imidoyl chloride formation may then 
be less facile. It therefore seems probable that both 107a and 107 b can 
be isolated from solutions of phosphorus oxychloride and tertiary 
amides under the appropriate conditions. Vilsmeier complexes are 
readily attacked by nucleophilic species and in this way they fulfil an 
important role in synthetic organic chemistry. These reactions have 
been extensively reviewed144 and we shall only discuss them briefly. 
One important point is that the low temperature conditions (< 25°) 
under which Vilsmeier complexes are normally prepared and allowed 
to react would not favour rearrangement of the O-acyl precursor 107a 
to the imidoyl salt 107 b. Furthermore, the range of reactivity of these 
nucleophilic substitutions is much wider than with imidoyl chlorides 
prepared from other acid halides, and embraces aromatic and hetero¬ 
cyclic nuclei as well as amines, activated olefins and alkoxide ions. 
Both these observations suggest that the active species derived from 
phosphorus oxychloride and tertiary amides is therefore 107a. 

The most important substitutions are those by aromatic and hetero¬ 
cyclic compounds, which are known as Vilsmeier-Haack formylation 
reactions. This process results in the introduction of the CHO 

* See also section IV of Chapter 4. 
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substituent into the aromatic or heterocyclic nucleus. It is usually 

accomplished by first complexing a disubstituted formamide with an 

equimolar proportion of phosphorus oxychloride, and then treating 

this mixture with the substrate; subsequent hydrolysis affords the 

aldehyde (e.g, 108). iV-Methylformanilide is usually employed, but 

either dimethylformamide or JV-formylpiperidine are suitable alter¬ 

natives144. Simple aromatics such as benzene and naphthalene fail 

to react, but the more basic polynuclear aromatic hydrocarbons, 

heterocyclic compounds such as indole and pyrrole and benzene 

derivatives with electron-donating substituents (e.g. OH, OCH3, 

NMe2, NHMe) are successfully converted to their aldehyde deriva¬ 

tives144. This is illustrated in Scheme 38 for dimethylformamide and 

phenol: as expected, orientation is usually ortho and para. 

HCONMe2 + POCl3 

? 
O—PCI 2 

X- 2 
HC-. 

N<NMe2 

ci- + HCI 

(108) 

Scheme 38. Formylation of phenol by the Vilsmeier-Haack reaction. 

Tertiary amides other than formamides also complex with phos¬ 

phorus oxychloride and then react with suitable substrates to form the 

corresponding keto derivatives. These transformations have not been 

widely exploited, but the early patent literature lists many examples of 

aromatic acylation144 and recent investigations have demonstrated 

their viability with benzofuran148 (Scheme 39) as well as with several 

indole149,150 and pyrrole149,151 derivatives. 

r 01 
II 

P— PCI 2 

+ 

NHR2 
/•• 

rc •; ci- + r2nh2-► RC;. 
V. 

L nr^ J 

-1
 

C
L

 

,z 

ci - + hpo2ci2 

(109) 

(92) 

(R2 = alkyl, Ar, RNH) 
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Scheme 39. Vilsmeier-Haack acetylation of benzofuran. 

As with imidoyl halides (section IX.A. 1), many other nucleophilic 

species readily attack the carbonyl carbon atom of the Vilsmeier 

complex. An amidinium salt (109), for example, is obtained from 

either aliphatic amines or hydrazines (equation 92)146. It is note¬ 

worthy that primary aromatic amines react in this way, too152, in 

contrast to ring substitution observed with their secondary and 

tertiary counterparts. 

Another illustrative case is the reaction with olefins (equation 93), 

which after hydrolysis yields the unsaturated aldehyde (110)144. 

/p—PCI 2 

HC;" 

NMe2 J 

Cl- + RCH=CH2 

O ' 

II 
OPCI2 q 

RCH—CHCH 

ChlMe 
+ HCI 

RCH=CHCHO + HP02CI2 + Me2NH (93) 

(110) 

Many of these transformations are synthetically useful and the reader 

is referred to papers153 and a review144 for further details. 
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The difficulty of removing phosphorylated by-products has stimu¬ 

lated interest in reagents other than phosphorus oxychloride for the 

preparation of Vilsmeier complexes. We have already commented 

on the possibilities of compounds such as arenesulphonyl halides in 

which the imidoyl salt cannot be produced readily by an intra¬ 

molecular SNi process. These reagents are known to combine with 

dimethylformamide and the resultant complexes react readily with 

aromatic primary amines (cf. equation 92) to form the amidinium 

salt, or with alcohols (equation 94) to give the formate ester (111) on 

HCONMe2 + ArS02CI 

yO—S02Ar' 

HC; 

\lMe2 

C\~ 

ROH 

ArS03H + Me2NH + HCOzR 

(HI) 

OSOoAr' q 
ROCH 

H 
:NMe, 

+ HC! (94) 

hydrolysis154. Thus far, however, aromatic substitution with these 

complexes has not been reported. Other sulphonyl chloride deriva¬ 

tives, such as Me2NS02Cl155 and R02CNHS02C1156, have been 

R02CNHS02CI + HCONMe2 

‘ O—SO 

HC ^ 

NMe2 

nhco2r ci- 

R02CN—CHNMe2 + S03 + HCI (95) 

investigated, but these contain a neighbouring nucleophilic entity and 

internal rearrangement with elimination of S03 is commonly observed 
(equation 95). 

8. Secondary Amides 

Compounds of this type also react readily with inorganic acid 

halides. The primary product, except with carbonyl fluoride and 

phosphorus oxychloride, is probably an imidoyl halide, but further 

transformations within the reaction mixture resulting in dehydration to 

the nitrile derivative commonly occur. In this respect, secondary 

amides are more reactive than their tertiary analogues. 
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I. Thionyl chloride and phosphorus pentachloride* 

Treatment of many (but not all!) jV-alkylamides with either one of 

these reagents may induce N—alkyl bond fission on heating, with the 

formation of a nitrile and the alkyl halide (equation 96). This 

RCONHR1 + PC15 —> RCN + RiQ + POCI3 (96) 

remarkable reaction was discovered in 1900 by von Pechmann using 

phosphorus pentachloride157; subsequently von Braun carried out 

extensive investigations and the reaction now bears his name158. 

More recently, thionyl chloride has proven to be a better reagent, 

since product isolation and purification is then simpler159. The 

reaction is by no means universal; formamides and some alkylamides 

are notably unreactive, but good yields may be obtained from 

benzamides. The reason for this selectivity is discussed later. 

Although details of the mechanism await elucidation, there is 

evidence pointing to the intermediacy of imidoyl chlorides. It has 

been demonstrated independently, for example, that thermal de¬ 

composition of A-alkylbenzimidoyl chloride under von Braun con¬ 
ditions leads to benzonitrile and alkyl halide (equation 97)158,159. 

Cl 
I A 

PhC=NR- > PhCN + RCI (97) 

Also, it is possible to isolate the expected imidoyl chloride from the 

reaction of either benzanilide or W-benzylbenzamide with thionyl 

chloride159 and of several JV-alkylbenzamides with phosphorus 
pentachloride 16°. 

Suggestions have been made that decomposition of the imidoyl 

chloride to the nitrile may proceed via two limiting pathways (Scheme 

40)159. The first involves heterolysis of the N-alkyl bond by an 

‘6^1-like’ mechanism, followed by rapid expulsion of the chloride ion 

(equation 98). The other is a reversal of this sequence, with chloride 

ion loss occurring first to give the intermediate 112, which then 

interacts with the chloride ion in an {6'N2-like’ rate-determining step 

(equation 99). The necessity for two concurrent pathways comes 

from stereochemical studies with optically active substrates and from 

structural effects of both the R and R1 groups. When R is aromatic, 

for instance, the 5*N2 process should be favoured by stabilization of the 

intermediate carbonium ion 112, and the inversion of optical rotation 

reported for benzamides with assymmetric R1 substituents161 is con¬ 

sistent with this argument. On the other hand, the 5^1 process 

* See also section III.A.2 of Chapter 4. 
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Swl mechanism: 

Cl t 

RC^NR1 
5+ Fast 

,RiJ -Tast-> rcn + R'CI (98) 

Cl 
SN2 mechanism: 

RC=NRX RC+^N^R1^!- ■SIo---> RCN + R'CI (99) 

(112) 

Scheme 40. Thermal decomposition of imidoyl chlorides. 

should be more facile for amides in which the displaced 7V-alkyl (R1) 

group forms a stable carbonium ion. This is partially substantiated 

by the result for JV-alkylacetamides; with optically active ( —)-iY- 

(a-methylbenzyl) acetamide, for example, racemization concurs with 

nitrile formation, and increasing yields of alkyl halide product along 

the series iV-benzyl-, iV-a-methylbenzyl- and JV-benzhydrylacetamide 

suggest that steric factors are unimportant in their transition states159. 
Both observations are characteristic of an £N1 mechanism. 

In the light of these proposals, one can now account for the failure 

of the von Braun reaction with some secondary amides. The most 

reactive substrates should be those either in which the ac=0 sub¬ 

stituent (R) stabilizes the intermediate carbonium ion (112) or in 

which the ccN substituent (R1) exists as a relatively stable carbonium 
ion. These predictions are borne out in practice. 

2. Phosgene 

iV-Alkylamides react with phosgene to form imidoyl chlorides 

(equation 100)162. There is no evidence that further reaction of the 

Cl 

(100) 

RCHaCONHR1 + COCI2 RCbhC^HR1 Cl~ + COz 

\ 
Cl 

RCH=CNHR1 + HCI (101) 

von Braun type occurs, although in principle this must surely be 

possible. Enamine formation via elimination of the ac=0-hydrogen 

atom has been reported, however, in a few instances (equation 101)163. 
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It will be recalled that similar reactions occur with tertiary amides on 

treatment with either phosgene or carbonyl fluoride. This kind of 

elimination may also compete with the von Braun reaction using 

thionyl chloride and phosphorus pentachloride, but any evidence is 
again lacking. 

3. Phosphorus oxychloride 

A-Alkylamides (other than formamides) usually suffer dealkylation 

to the corresponding nitrile with phosphorus oxychloride, and only in 

special circumstances does nucleophilic substitution, reminiscent of 

the Vilsmeier-Haack transformation with tertiary amides, occur 

instead. The dealkylation reactions have not been closely examined 

because thionyl chloride and phosphorus pentachloride do the same 

job more effectively. It is known, however, that high temperatures 

(~120°) are required and that only compounds for which the aN 

substituent will form a relatively stable carbonium ion (e.g. iV-benzyl-, 

A-i-butyl-, or A-cyclohexylbenzamide) react readily164. This sug¬ 

gests that an i9Nl process operates, similar to one of the two limiting 

paths depicted in Scheme 39 for the von Braun reaction. Unlike the 

latter, however, alkyl halides are not the usual coproduct. Instead, 

the expelled carbonium ion (R1 + ) either reacts with the aromatic 

solvent or eliminates a proton to give an olefin. This different 

behaviour is also consistent with an 5^1 process and further suggests 

that the initial O-acyl complex (113) rearranges to the imidoyl salt 

(114) before dealkylation occurs, probably because of the high 

temperatures employed. A mechanism consistent with these findings 
is outlined in Scheme 41. 

An unusual reaction occurs with secondary formamides resulting 

in overall dehydration to the isonitrile (equation 102). Product 

HCONHR1 + POCI3 QH5N > R1—NC + HCI + HOPOCI2 (102) 

formation is favoured by basic solvents such as pyridine or quinoline, 

but the addition of f-butoxide is recommended for formanilides165. 

It is interesting that arenesulphonyl chlorides are even more ex¬ 

peditious (and more convenient as far as work-up is concerned) than 

phosphorus oxychloride166,167, with good yields of isonitrile obtained 

on standing at room temperature in solvent quinoline. The mech¬ 

anism of dehydration has not been investigated, but the low- 

temperature conditions suggest that the relatively stable O-acyl 

complex 115, only formed from phosphorus oxychloride or arene¬ 

sulphonyl chlorides, is involved. A plausible explanation would then 
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RCONHR1 + POCI3 — 

(R = alkyl, Ar) 

? 
A- 

RC: 
\ 

,0—PC 12 

NHR1 

(113) 

ci- 

^■Cl 

[RC=N~] + [R1+J 

Cl 
I + 

RC=NHR1 P02CI2- 

(114) 

Cl 
I 

RC=NRX + HOPOCI2 

Slow (SnI) 
> f 

Cl 
I s- s+ 

[RC=N----R1]t 

RC==N + Cl Products 

Scheme 41. Phosphorus oxychloride catalysed dealkylation of secondary 
amides. 

HCONHR1 + ArSOoCI 

R1—NC + ArSP3H <- 

P-S Ar 

Hc'f II 
\- 0 

NHR1 

(115) 

c5h5n 

Ov Ar 

V 

ci- 

V 
H-r-C. 

NR1 

+ c5h5nh+ci- 

(116) 

Scheme 42. Isonitrile formation from secondary formamides. 
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be 

as 

Vilsmeier—Haack-type aromatic formylations with secondary amides 
m the presence of phosphorus oxychloride are not common. The 

Bischler-Napieralski isoquinoline synthesis from acyl derivatives of 

(^-phenylethyl) amines (117) may involve a related sequence, however, 

in which the aromatic nucleus attacks the neutral O-acyl imidate (118) 

to effect cyclization (Scheme 43). No definitive evidence is available 

an intramolecular proton abstraction from the neutral imidate (116) 
shown in Scheme 42. 

+ POCl3 

RC=0 

(117) OPOCI2 

\ 

(118) 

Scheme 43. Bischler-Napieralski isoquinoline synthesis. 

on this point, but it has been shown that nitrile formation competes 

with cyclization particularly when the substrate is substituted in the 
ccN position164. 

4. Carbonyl fluoride 

Atypical reactions are observed with this reagent, which bear a much 

closer resemblance to acylation with organic rather than inorganic 

acid halides (section IV.A). The usual products are a mixture of 

the iV-acylamide 119 and the ureide 120 together with a small 

amount of the JV-acyl(difluoroalkyl) amine 121142. With cyclic 

secondary amides (lactams), ring cleavage also occurs142. The most 

satisfactory and consistent way of accounting for these products is 

shown in Scheme 44. The usual O-acyl imidate salt (122) is formed 

initially, but O to N rearrangement (path a) must be faster than 

intramolecular (SNi) attack by the fluoride ion (path b). Both the 

greater strength of the carbon-fluorine bond (relative to G—Cl, for 

example) and the poor nucleophilic properties of the fluoride ion 
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O 

RCONHR1 + COF2 

(122) 

RCF-jNHR1 + C02 + HF 

(123) 

RCONR1COF + HF 

(119) 
RCONR'COF 

RCF2NR1COF + HF 

(121) 

(RCONR^CO + COF2 

(120) 

Scheme 44. Reaction of carbonyl fluoride with secondary amides. 

would enhance this departure from the usual mechanism. The 

ureide (120) and the iV-acyl(difluoroalkyl) amine (121) would then 

arise from subsequent transformations of the JV-acylamide (119) and 

the difluoroalkylamine (123) as shown in Scheme 44. Another 

indication of the relative unimportance of path (b) is the absence of 

enamine products from suitable substrates, unlike the reactions 

between phosgene and A-alkylamides discussed above (section 

IX.B.2). 

C. Primary Amides* 

The dehydration of primary amides to nitriles by almost any acid 

halide and phosphorus pentoxide is one of the better known aspects of 

amide chemistry. These reactions were last reviewed some time 

ago168, but subsequent developments have been few. We have 

already discussed the application of organic acid halides in section 

IV.A. As far as the inorganic reagents are concerned, dehydration 

with phosphorus pentachloride, thionyl chloride, phosgene and 

phosphorus oxychloride are all of preparative value (equation 103). 

Both aliphatic and aromatic substrates react and the use of basic 

RCONH2 + XCI2 RCN + X=0 + 2 HCI 

(X = CO, SO, PCI3, POCI) 

* See also section III.A.l of Chapter 4. 

(103) 
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solvents (pyridine, dimethylaniline, A-alkylformanilides, etc.) is 

recommended to remove acid by-products168. The most convenient 

reagent is probably thionyl chloride: it is less toxic than phosgene and 

most of the by-products are volatile. Recent work has shown that in 

solvent dimethylformamide, dehydration with thionyl chloride can 

be effected at 0° with high yields of relatively pure nitrile169. With 

phosphorus oxychloride less than an equimolar amount of reagent is 

required (0*25 to 0'5 molar equivalents is typical)170 and this has been 

attributed to regeneration of phosphorus oxychloride by dispro¬ 

portionation of dichlorophosphoric acid (HOPOCl2) formed in the 
dehydration process (equation 104)168. 

3 HOPOCI2 -> 2 POCI3 + H3P04 (104) 

Although the synthetic applications of dehydration have been 

widely studied (reference 168 gives all the relevant details), sur¬ 

prisingly little is known about the mechanism. It seems possible that 

in some cases, at least, a sequence of O-acyl and imidoyl halide inter¬ 

mediates (Scheme 45) is involved, as in the dehydration of secondary 

and tertiary amides. No reliable evidence is available on this point. 

RCONH2 + XCI2 
A \ 1 

RC- Cl 

nh2 . 

ci- 

(X = SO, CO, PCI3, POCI, etc.) 

rc=nh2ci- + x=o 

Cl 

RCN + HCI «- RC=NH + HCI 

Scheme 45. Dehydration of primary amides. 

With phosphorus pentachloride the situation may be slightly different 

as the phosphoryl dichloride derivative of the iminochloride 

(RCGl=NPOCl2) has been isolated from the reaction mixture for 

a-chloroacetamides170. Other more recent work has shown that 

conformation at the ac=0-carbon atom is not changed on dehydration 

with either thionyl chloride or phosphorus oxychloride171,172. This 

is illustrated for 4-^-butylcyclohexylcarboxamide in equation (105). 

This result is consistent with the mechanism outlined in Scheme 45. 
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t-Bu—/ V-CONH, -iSSW 
\ / 2 POCI3/IO6' 

(trans) (trans) 

X. HYDROLYSIS AND SOLVOLYSIS 

Amides hydrolyse under suitable conditions to regenerate the parent 

carboxylic acid and an amine (equation 106). Since the initial step 

H + or OH - 
RCONR1 + HaO -> RC02H + R|NH (106) 

involves nucleophilic addition to the carbonyl function, it is not 

surprising that the reaction is usually sluggish. Water by itself, for 

instance, is virtually inert and many amides can be recrystallized 

successfully from this solvent. Hydrolysis can be effected, however, 

with the assistance of either base or acid catalysts. In basic conditions, 

the more powerful OH “ nucleophile is available, whereas protonation 

of the amide oxygen atom in acidic solutions renders the carbonyl 

carbon more susceptible to nucleophilic attack by water itself. In 

this context, it is interesting that quaternary amide salts (RCONR^X “) 

are readily hydrolysed by cold water. Both the acid- and base- 

catalysed processes have been thoroughly examined, probably 

because of their relevence to the behaviour of proteins and peptides. 

Their mechanisms are more complex than the simple stoicheiometry 

of the reaction would suggest and the following discussion is therefore 

confined to the relatively straightforward non-biological substrates. 

Amides also react with nucleophilic solvents other than water, such 

as amines, alcohols, hydroxylamines, carboxylic acids, etc.: alcohols, 

for example, form esters in the presence of either base or acid catalysts 

(equation 107). None of these reactions has been as widely examined 

RCONRi + R2OH - °rOH > rco2R2 + RJNH (107) 

as hydrolysis itself, and, with the notable exception of tertiary amides, 
they are of minor importance as synthetic procedures. 

A. Alkaline Hydrolysis 

Most amides hydrolyse in aqueous alkaline solutions. The 

reaction is usually less facile than with esters, for reasons discussed 

earlier, and unactivated compounds such as simple alkylamides 

require relatively high temperatures. It has been known for a long 
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time173 that, under these conditions, the hydrolysis rate usually 

follows equation (108), although other evidence to be discussed later 

Rate = kft[Amide][OH ~] (108) 

shows this to be one particular limiting form of a general, more complex 

kinetic expression. For the present we shall concentrate on reactions 

following equation (108), which is indicative of an attack by the 

hydroxide ion on the polarized carbonyl bond of the neutral amide. 

This interaction could occur in a couple of possible ways, and much of 

the early argument was devoted to this aspect of the mechanism. 

One would be a two-step sequence (equation 109) with the formation 

o- 

RCONRi + OH- R—C—NR2, RC02H + RJNH + OH- (109) 

OH 

(124) 

(R1 = H, Ar, alkyl, etc.) 

of a relatively stable tetrahedral (.sp3) intermediate (124); the other 

(equation 110) would be a direct, ‘.S^-like,’ displacement via a 

square-planar transition state (125). Although steric factors (i.e. 

bond angles are only 90°) make transition state 125 seem unlikely, 

RCONR£ + OH- 
Slow 
-> 

o 
i; 

HO---C — 
I 
R 

(125) 

RCOaH + R^NH + OH- (110) 

Schowen and his colleagues174 have pointed out that back-bonding by 

both the oxygen and nitrogen lone-pair electrons into the relatively 

low energy tt* orbital of the carbonyl group could well counteract the 

unfavourable geometry. 

Extensive investigations within the last decade have established the 

importance of tetrahedral intermediates in nucleophilic displacements 

at carbonyl carbon175, and in a few instances it has been possible to 

isolate such species: for example, the salt 126 has been obtained in 

OEt 

CF3-i—nh2 Na-1 

27 + c.o.a. 

o_ 
(126) 
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low yield from the reaction of trifluoroacetamide with sodium 

ethoxide176. Although similar intermediates have not been isolated 

from the alkaline hydrolysis of amides, there is now little doubt that 

the reaction does proceed via the mechanism outlined by equation 

(109). The evidence is largely indirect, but nonetheless sound, and 

comes from a careful analysis of kinetic data for oxygen exchange, 

buffer catalysis and structural effects in the hydrolysis reaction. 

I. Oxygen-18 exchange 

The observation of concurrent oxygen exchange between the 

carbonyl group and the solvent water during the alkaline hydrolysis of 

benzamides (Scheme 46) was the first real indication that tetrahedral 

18Q 

fe,(OH -) 
phTNH- —-^ 

1 1 O
- 

CD 

1_
 

1 
pk r MU ^2 > 

fc-1 | 
L OH 

(127) 

18Q 

PhCOH + NH2- 

Fast 

' ■ 

18Q 

PhCO- + NH3 

Scheme 46. Oxygen-18 exchange during the alkaline hydrolysis of benzamide. 

intermediates such as 127 might be involved, although it doesn’t 

prove their existence177. For instance, it could be argued that lsO 

exchange is irrelevant to the reaction path for hydrolysis, but recent 

studies (to be discussed in detail later) of buffer catalysis show this to 

be unlikely. However, if the tetrahedral intermediate 127 is assumed 

to partition either to give products or to regenerate reactants, the 

reverse step (A;_1) will result in lsO exchange so long as the oxygen 

atoms in 127 equilibrate by means of rapid proton transfers. The rate 

coefficients for exchange (kex) and hydrolysis (,kh) are then related to 
A;_x and k2 by equation (111). 

^exl^h ^-l/2^2 (HI) 

Under conditions where the hydrolysis rate follows equation (108), 

180 exchange is faster than hydrolysis for benzamide and its A-methyl 

derivative (Table 12)177. This implies, of course, that decomposition 

of 127 rather than its formation is the rate-controlling step in alkaline 

hydrolysis. The lack of appreciable 180 exchange for N,N-di- 

methylbenzamide (kex/kh = 0-05)177d is surprising. It does not, 

however, signify any radical change in the hydrolysis mechanism, but 

probably arises from solvation of the tetrahedral intermediate. We 
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Table 12. Ratio of lsO exchange and alkaline hydrolysis 

rates for benzamides®. 

Substrate 

C6H5CONH2 4-7 
C6H5CONHMe 1-38 
C6H6CONMe2 0-05 

“At about 100° in 0-l m OH : this ratio decreases slightly with 
increasing [OH-]. From reference 177. 

shall return to this result later, once the properties of the tetrahedral 

intermediate have been more clearly defined. 

Measurement of substituent effects for both 180 exchange and 

alkaline hydrolysis rates ofjfrara-substituted acetanilides provides some 

information on this point178. From this data it is possible to assess 

by means of Hammett op plots the electronic requirements for both the 

formation (Ay) of the tetrahedral intermediate and its partitioning 

(k-1/k2) as well as for the overall hydrolysis rate (kh). From the p 

values obtained for each process (Table 13), it is clear that substituent 

Table 13. Hammett p values for the alkaline hydrolysis of 

/>ara-substituted acetanilides178. 

Process P 

Overall hydrolysis (ph) + 0-1 

Formation of 127 (px) + 1-0 

Partitioning of 127 (p_1/jo2) -1-0 

effects are negligible for the overall rate of hydrolysis, but electron- 

withdrawing groups, as expected, mildly facilitate hydroxide ion 

addition to the carbonyl group. The result for partitioning of the 

tetrahedral intermediate is more interesting: the negative sign for 

P-ilP2 implies that electron-attracting substituents (e.g. N02) in the 

aniline fragment favour exchange over hydrolysis (since kex/kh — 

k-il2 k2). Any simple hydrolysis mechanism (such as Scheme 46) in 

which the amine is expelled as an anionic species (i.e. as ArNH~) is 

obviously inconsistent with this finding. Perhaps this is not sur¬ 

prising as the low acidity of aniline (pK ~ 35) would make the con¬ 

jugate base a very poor leaving group. Several other explanations 
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come to mind, but the most satisfactory, particularly when considered 

in conjunction with solvent effects for the hydrolysis of benzamide1770, 

is that outlined by Scheme 47 involving equilibrium formation of a 

RCONHAr + OH- 
fc-i 

' o- 
I 

R—C—NHAr 
I 

OH 

(129) 

k — 2 k 2 

o- 
I + 

R—C—NH2Ar RC02 + ArNH2 

o- 
(128) 

Scheme 47. Alkaline hydrolysis of acetanilides. 

dipolar ion (128) from the initial addition intermediate (129), 

followed by rapid breakdown to products178. Electron-withdrawing 

substituents in the aniline fragment should lower the equilibrium 

concentration of 128 and thereby promote 180 exchange relative to 

hydrolysis. Subsequent kinetic studies of buffer-catalysed alkaline 

hydrolysis (discussed below in this section) strongly support this 

conclusion and show the general applicability of Scheme 47 to the 

alkaline hydrolysis of amides at low pH. However, in more strongly 

alkaline conditions, the tetrahedral intermediate 129 can decompose 
to products via an alternative pathway. 

Decomposition via a dipolar ion species such as 128 also explains 

the lack of lsO exchange during the hydrolysis of JV,JV-dimethyl- 

benzamide noted previously (Table 12). This odd result has never 

been well-understood and has fostered ideas that hydrolysis and 180 

exchange are unrelated processes. It has also led to speculation that 

equilibration of the oxygen atoms in the tetrahedral intermediate 

results from rapid proton transfers involving high-energy structures 

such as 130. A more plausible explanation comes directly from the 

18Q- 

I 
Ph—C—NHR 

I 

18OH 
I - 

Ph—C—NR 
I 

OH 

(130) 

18OH 

Ph—C—NHR 

OH o- 
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mechanism outlined in Scheme 47. It seems unlikely that conversion 

of the addition intermediate 129 to the dipolar ion 128 results from 

direct O to N proton transfer and a water molecule is probably the 

transfer agent. This water molecule must be strongly hydrogen 

bonded to the dipolar-ion structure so that free rotation about the 

C—N bond is inhibited. Thus equilibration of the oxygen atoms in 

the dipolar-ion intermediate for tertiary amides (131) is sluggish and 

negligible lsO exchange is therefore observed during hydrolysis. 

18Q- 

I 
Ph—C-NMe2 

H $ / 
H^Ox 

(132) 

H 

18Q- 

Ph—C—NMe2 

O- H 

h—o: 
\ 

H 

(131) 

2. General base- and general acid-catalysed alkaline hydrolysis 

In relatively strong solutions of aqueous hydroxide (>0T m), the 

hydrolysis rate of acetanilides follows an expression containing both 

first- and second-order terms in hydroxide ion concentration (equation 

112). This distinction was first noticed by Biechler and Taft179, but 

Rate = [Amide] (& [OH - ] + £'[OH-]2) (112) 

similar behaviour has been reported subsequently for many other 

amides bearing electron-withdrawing substituents attached to the 

carbonyl group, as in 2,2,2-trifluoroacetanilides174’180, chloroacet- 

amide181, urea182 and A,iV-diacylamines183. The function of the 

second hydroxide ion in the hydrolytic process has curried considerable 

speculation, but the most reasonable explanation is one (Scheme 48) 

where the products arise via two pathways involving intermediates 133 

and 134175c. Structure 133 is familiar as the dipolar-ion intermediate 

suggested by the 180 exchange experiments of Bender and Thomas178; 

structure 134 contains one proton less, and is obviously associated with 

the second-order hydroxide ion term. 

The steady-state rate expression for hydrolysis in accordance with 

Scheme 48, making the simplifying assumption that the various 

intermediates are in equilibrium with each other, is given by equation 

(113), and the rate equations discussed previously are limiting forms 

Rate = 
(k^Kyl OH-] + MA[OH-] 

\ k-1 + k2Kx\C)W ] + k3Ky 
(113) 
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o- 

RCONH, 
kitOH -] 

k-1 

R—C—NH2 —Products 

o- 
(134) 

Kx[OH -] 

o- 
I 

R—C—NH2 

OH 

(135) 

o- 

R—C—NH3 —;J > Products 

o- 
(133) 

Scheme 48. Hydroxide ion catalysed alkaline hydrolysis of amides. 

of this. For instance, only the first-order term will be important at 

very low hydroxide ion concentrations: provided (k_x + k3Ky) > 

]) in the denominator, the kinetic expression approximates 
to equation (108) and represents the hydrolysis rate via intermediate 

133. Similar arguments may be used to derive equation (112). The 

most interesting result, however, comes at very high pH where 

^[OH ] > (k_x + k3Ky), and equation (113) then reduces to: 

Rate = kx [Amide] [OH ~ ], i.e. the initial addition of hydroxide ion to 

the amide carbonyl is rate limiting. The realization of this transition 

in the rate-limiting step with increasing hydroxide ion concentration 

for the alkaline hydrolysis of both 2,2,2-trifluoroacetanilide180 and its 

iV-methyl derivative174 is convincing evidence that the addition 

intermediate 135 is kinetically important and actually lies on the 

reaction path. In turn, this justifies the assumption made earlier for 
analysing the 180 exchange data. 

A difficult question to answer is the nature of the rate-limiting step 

at lower pH (i.e. when the hydrolysis rate follows equation 108 or 112). 

A tentative conclusion has already been drawn in respect of equation 

(108) from the 180 exchange experiments with acetanilides178, but 

further information is available from kinetic measurements in buffer 
solutions. 
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These show that in the alkaline hydrolysis of 2,2,2-trifluoroacet- 

anilides184, for example, the second-order dependence on hydroxide 

ion concentration derives from a general base term superimposed on a 

first-order hydroxide ion term. In other words, equation (112) is a 

special case (with B4 = OH-) of the limiting rate expression defined 

by equation (114) in which B{ represents the general base species. 

For iV-methyl-2,2,2-trifluoroacetanilide184a, the rate coefficients for 

several catalysts fit a Bronsted relationship with j3 ~ 0-3. This 

establishes that proton transfer occurs in the rate-limiting process. 

The most likely explanation seems to be either general base-catalysed 

formation of the intermediate 134 or its general acid-catalysed de¬ 

composition, via transition states 136 and 137, respectively. From the 

observation of appreciable solvent isotope effects for jV-methyl-2,2,2- 

trifluoroacetanilide (&H20/A;D20 = 2,2), Schowen and his colleagues185 

have concluded that only proton transfer and no cleavage of the 

carbon-nitrogen bond occurs in the transition state, but the generality 

of this conclusion remains to be tested. 

Related investigations show that hydrolysis via the dipolar-ion 

intermediate 133 is also catalysed by buffer components. Thus 

rate accelerations by HCO^", H2PO^ and several amine cations 

for the alkaline hydrolysis of 2,2,2-trifluoroacetanilide have 

been interpreted18013’18415 as general acid catalysis (i.e. Rate = 

[Amide][OH-] [HB{]). This catalysed pathway must involve 

the same addition intermediate 135 because an identical limiting 

rate (that of formation of 135) is observed with high concentrations 

of the general acid catalyst. A plausible explanation is that 

conversion of the addition intermediate 135 to the dipolar-ion 

intermediate 133 is rate limiting via a transition state such as 

138. In the absence of buffer compon ents, the first-order dependence 

on hydroxide ion concentration (equation 108) may then derive from 
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a similar transition state with water acting as the proton donor 

(HBf = H20). This is in agreement with conclusions drawn both 

f 

(138) 

from the 180 experiments of Bender and Thomas178 discussed earlier 

and from studies of solvent isotope effects185. Undoubtedly, further 

detailed studies of buffer-catalysed hydrolysis are required to establish 
these promising conclusions. 

3. Structure and reactivity 

Generally the rate of alkaline hydrolysis of amides is mildly ac¬ 

celerated by a lowering of the electron density at the carbonyl carbon, 

but retarded by bulky groups. This is, of course, the expected 

structural influence for a multistep process involving the intermediacy 

of tetravalent structures in which the electronic demands of each step 

are of opposite sign. Thus rate coefficients for the first-order hydrox¬ 

ide ion catalysed hydrolysis (equation 108) of primary alkylcar- 

boxamides fit a modified form of the Taft equation giving reasonable 

values of p* = +2-08 and a steric parameter S = +0-73. Sur¬ 

prisingly, however, similar data for alkylcarboxanilides correlate 

poorly with Taft a* parameters, and this has been tentatively ascribed 

to an additional steric inhibition of resonance in the anilido frag¬ 

ment 179. A more interesting consideration is the influence of structure 

on the relative importance of the first- (k) and second-order (£') 

hydroxide ion terms of equation (112). Electron-withdrawing 

substituents should clearly favour hydrolysis via the second-order 

process. This is confirmed nicely by the data of Biechler and Taft179 

for 7V-methyl-2,2,2-trifluoroacetanilide (k'/k = 190), A-methyl-2,2- 

difluoroacetanilide (k jk = 34) and 7V-methyl-2-chloroacetanilide 
(k'/k = 2). It is therefore doubtful whether unsubstituted alkyl- 

carboxamides undergo alkaline hydrolysis by anything other than the 
first-order process even at high pH. 

B. Acid Hydrolysis 

Strong mineral acids are effective reagents for the hydrolysis of 

amides at temperatures of about 100°. The products are usually a 
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mixture of the amine and carboxylic acid, consistent with fission of the 

RCONR| + H30+ -> RC02H + R^NH^ (115) 

(R1 = H, alkyl, aryl, etc.) 

N-acyl bond (equation 115), although examples of N-alkyl bond 
fission have also been reported187. 

I. N-acyl bond fission 

The kinetics of these reactions have been widely examined and a 

good deal is therefore known about their mechanism. In dilute acid, 

reaction rates have a first-order dependence on the hydronium ion 

concentration and follow equation (116). The most significant 

Rate = £ [Amide] [HsO+] (116) 

feature for most amides, however, is the existence of a rate maximum 

at some high acidity, dependent on both the solvent acid and amide 

structure (Table 14), but usually in the region of 2 m to 5 m for 

sulphuric acid188. This is where most amides are extensively 

protonated on the oxygen atom189 and a logical deduction is that this 

+ 

X- -H2° > RCOzH + R*NH + HX (117) 

species is the reactive intermediate (equation 117). Thus below the 

rate maximum increasing acidity raises the concentration of the 

RCONR2 + HX 

OH 

•<b RC—NRJ 

Table 14. Experimental conditions for rate maxima for the acid-catalysed 

hydrolysis of amides. 

Amide -p*aQ Acidity (m) -H0 Reference 

Formamide 6 HC1 2-12 188b 

4-75 H2S04 2-16 188b 
Acetamide 0-6 3-25 HCl 1*14 188b 

2-5 H2S04 M2 188b 
Propionamide 0-8 3-2 HCl M2 188b 

2-4 H2S04 1-07 188b 

Benzamide 1-74 4-5 HCl 1-58 188c 

3-5 H2S04 1-62 188c 

jb-Methoxybenzamide 1-46 3-0 H2S04 1-38 188c 

/>-Nitrobenzamide 2-70 4-5 H2S04 2-05 188c 

o-Nitroacetanilide 3-72 6-07 H2S04 2-79 188d 

“ From the compilation in reference 189a. 

27* 
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reactive intermediate, whereas beyond the rate maximum the chief 

effect of increasing acidity is to decrease the concentration or activity 

of water. Accordingly, these two effects would account for the rate 

maximum. In the absence of definitive evidence to the contrary*, 

we shall assume the O-protonated amide is the reactive intermediate 

and this hypothesis fits with most of the experimental facts. 

In contrast to alkaline hydrolysis, no measurable lsO exchange 

between the carbonyl group and the solvent is observed during the 

acid-catalysed reaction with benzamides177a’195 and A-acetyl- 

imidazole196. This implies, of course, that steps subsequent to the 

attack of water on the O-protonated amide are rapid, and the forma¬ 

tion of the tetrahedral intermediate is the rate-controlling process 

(Scheme 49). This change from rate-limiting decomposition to 

RCONR3, + H-X 

r oh i + r °h -i 
|: 

R—C—NR2 

Lh2o J 

w Slow _ 
R—C—NRi 

1 

La J 
X ^- 

Fast 

RCOaH + R2NH + HX 

Scheme 49. Acid hydrolysis of amides. 

rate-limiting formation of the tetrahedral intermediate in going from 

alkaline to acidic conditions has an interesting parallel in the hydrolysis 
ofimidate esters197. 

A similar rate acidity profile would be observed if the reactive intermediate 
were the A-protonated amide (known from n.m.r. studies to be formed in low 
concentration190) in equilibrium with the more abundant O-conjugate acid. 
This alternative hypothesis is attractive because it is evident from investigations 
of alkaline hydrolysis that the amino fragment is difficult to expel as an anionic 
species. Direct evidence on this point is not available. A close correspondence 
between the hydrolytic rates for methyl benzimidate (C6H5C(OMe)=NH) and 
benzamide under identical experimental conditions suggests that both reactions 
involve rate-limiting hydration of a similar reactive intermediate (which must, 
of course, represent the O-protonated structure for benzamide)191; however’ 
more recent data for benzimidate hydrolysis has been interpreted in terms of a 
rate-limiting decomposition of a tetrahedral intermediate192. Also Bunton and 
his colleagues193 have tentatively suggested that acidity-rate profiles for 
benzamide hydrolysis are indicative of some reaction via the A-conjugate acid, 
but the theoretical basis of their argument has been severely criticized194’ 
For a more ample discussion of the site of protonation of the amido eroup see 
Chapter 3. 5 F 
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Solvent isotope effects for benzamide193 and acetamide198 (Table 
15) are also consistent with Scheme 49. Values of A:H2o/£d2o > 1 in 
dilute acid reflect the higher concentration of protonated amide in 
heavy water. The inversion of this ratio at higher acidities 
(^h2o/^d2o < 1) is consistent with complete protonation of the sub¬ 
strate, and only the lower nucleophilic strength of DaO relative to 

Table 15. Solvent isotope effects for the hydrolysis of amides catalysed by 

hydrochloric acid. 

Substrate Acidity (m) ^H2o/^D20 (100°) Reference 

CH3CONH2 0-1 1-45 198 
4-0 0-86 198 

c6h5conh2 1 1T5 193 
6 0-90 193 

HaO is important. This factor also explains why the ^h2oMd2o ratio 
at lower acidities is only slightly larger than unity and not the usual 
value of 2 to 4 observed for the difference in preequilibrium protona¬ 
tion. 

Attempts have been made recently to specify in a more exact way 
the role of water in the transition state of acid-catalysed reactions such 
as the hydrolysis of amides, by analysing the significance of linear 
free-energy relationships between observed rate coefficients and various 
combinations of water activity and acidity function data189a’199. A 
detailed account of these treatments is outside the scope of the present 
discussion, but the conclusions for amide hydrolysis are of interest. 
The most pertinent relationship is that derived by Yates and his 
colleagues189a,199e in which the experimental first-order rate co¬ 
efficient (Rate = kohs[Amide]) is correlated with the HA acidity 
function (measured from the equilibrium protonation of amides) and 
the water activity (aw) by equation (118), where r is the number of 
water molecules required to convert the protonated amide to the 
transition state structure. This equation is similar to one derived 

logA:obs + HA = rlogtzw + constant (118) 

earlier by Bunnett199a, but refers specifically to amide substrates. 
The r value obtained from the data for several amides is approximately 
3, and this has led to the suggestion that the transition state for 
hydrolysis may be represented by 139, where the water nucleophile on 
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average is solvated by two additional solvent molecules. A similar 
conclusion for this aspect of the transition state has been reached by 
both Moodie199d using a more direct relationship involving the water 
activity but not acidity function data, and by Bunnett and Olsen199b 

"H 1 + 
\ 

O-H 
R 

0-..i."0H(H20)« 

NR2 

(139) 

using acidity function data but not the water activity. The unani¬ 
mous agreement between these apparently independent treatments 
may, however, be misleading. Conceptually all are similar in that the 
hydration number (r) is derived, either directly or indirectly, from the 
dependence of the hydrolytic rate coefficient for the protonated amide 
on the water activity of the medium. A more serious criticism concerns 
the universal assumption that the ratio of the activity coefficient for 

the protonated amide to that of the transition state (y[Rc(OH)NRh+/V*) 
is independent of the medium. Experiments with butyramide show 
this to be invalid, as the rates of hydrolysis in perchloric and sulphuric 
acid for the same water activity differ by an appreciable factor194. 
Thus the real significance of the hydration parameter (r) is question¬ 
able, although there seems little doubt that water is involved in a rate- 
limiting nucleophilic attack on the protonated amide, and the 
hydrolysis is therefore of the A2 type. 

2. Substituent effects 

Since the rate of acid hydrolysis for simple amides is not very 
dependent on their structure, the most important consideration from 
a practical standpoint is the rate maximum. This means it is not 
always expeditious to employ the most concentrated acid as the 
reaction medium. As a rough guide (see Table 14) the maximum 
rate prevails in acid solutions whose H0 value equals the pK of the 
amide. r a 

Systematic studies of substituent effects for alkylamides and 
benzamides have corroborated, by and large, previous conclusions in 
regard to the mechanism of hydrolysis. Data for alkylamides taken 
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from Bolton’s186 compilation are listed in Table 16. These rate 
coefficients correlate well with a modified form of the Taft equation200 
containing terms for steric and hyperconjugative, but not polar (i.e. 
inductive), interactions (equation 119). The unimportance of polar 

log kjk0 = 0-86 Eg + 0-49 (n - 3) (119) 

effects is rationalized by the ambiguous requirements of the mech¬ 
anism in that increased electron density at the carbonyl carbon 

Table 16. Acid-catalysed hydrolysis of amides at 75°186. 

Amide 10 *ka 

Acetamide 10-3 
Propionamide 12-0 
2,2-Dimethylpropionamide 2-63 
Butyramide 5-99 
Isobutyramide 6-22 
2-Methylbutyramide 2-08 
3-Methylbutyramide 1-91 
3,3-Dimethylbutyramide 0-395 
Valer amide 5-15 
Chloroacetamide 8-54 
N- Methylacetamide 0-58 
N, JV-Dimethylacetamide 0-65 

° In units 1/mole sec. For equation (116). 

assists protonation but inhibits nucleophilic attack by water. Steric 
retardation is consistent with the tetrahedral structure of the transition 
state: in many cases this is the overriding factor, and sterically con¬ 
gested amides are well known to be impassive to hydrolysis. The 
hyperconjugation is associated with stabilization of the conjugate acid 
by ac=Q-hydrogen atoms, as reflected by the relative basicities of the 
compounds. One puzzling feature of these results is the anomalous 
reactivity of secondary amides, i.e. NH2 » NMe2 > NHMe, and the 
same trend is evident for derivatives of benzamide193. If only the 
steric factor were important, then the tertiary compounds should be 
the least reactive. Differences in solvation of the conjugate acids 
seem to be eliminated by the closely similar activation entropies for 
all three compounds186 and one is therefore left with stabilization of 
the induced positive charge on the nitrogen atom of the conjugate acid 
to explain the anomaly. 
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Similar mechanistic inferences may be drawn from the examination 
of substituted benzamides201. Only small rate perturbations are 
found for meta and para substituents, but ortho groups inhibit hydrolysis 
through steric interaction (e.g. for nitrobenzamides, korthojkpara = 0-03). 
It has been possible to determine independently in terms of the Ham¬ 
mett equation the meta and para substituent effects on the pre¬ 
equilibrium protonation (p-J and rate-limiting steps (/32)201 of 
Scheme 49. Their sum does represent, of course, the Hammett p 
factor (pov) for the overall hydrolysis reaction (equation 120). The 
close agreement between the calculated value of pov and that measured 

Pow = Pi T P2 (120) 

directly constitutes additional evidence for the mechanism of acid 
hydrolysis. 

3. N-alkyl bond fission 

The introduction of bulky substituents on the nitrogen atom 
produces a more dramatic effect, with N—alkyl bond fission becoming 
the preferred process under suitable conditions (equation 121). This 

H SO 
RCONHBu-t + H20 —- 4 > RCONH2 + t-BuOH (121) 

change of hydrolysis mechanism has been noted only for amides 
bearing A-f-alkyl groups (as well as ureas, thioureas and sulphon- 
amides) in sulphuric acid1873, and for iV,iV-dicyclohexylbenzamide in 
acetic acid187b, although it must have a wider scope. The N-t- 
alkylamides have been examined thoroughly, and in 9870 sulphuric 
acid N-alkyl bond fission is rapid (t± ~ 5 min) giving high yields of 
primary amide (equation 121). At lower acidities, both rates and 

RCONH—Bu-t 
h2so4 
-- 

OH 1+ 
I: 

LrC— NH—Bu-tJ HSOy 

(140) 

Slow 

' ’ 

OH 

RC=NH + t-Bu + HS04- 

h2o Fast 

RCONH2 t-BuOH -f H2S04 

Scheme 50. Unimolecular hydrolysis of AH-alkylamidcs in sulphuric acid. 
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yields are less, the latter probably because of competition from the 

normal hydrolysis reaction. There is little doubt that N-alkyl bond 

fission results from unimolecular decomposition of the O-protonated 

amide (140), and substituent effects for a series of A-£-alkylbenzamides 

accord with this hypothesis187a. The unimolecular pathway should 

be promoted by the combination of low water activity in concentrated 

acids, the stability of the carbonium ion fragment and steric con¬ 

gestion about the carbonyl group. In this context, it is interesting 

that AT-alkylformamides react by the normal bimolecular process 

with N-acyl bond fission even in 98% sulphuric acid187a. 

C. General Acid- and General Base-catalysed Hydrolysis 

In addition to the mechanisms discussed above, hydrolysis may also 

occur by other pathways arising purely from general acid or general 

base catalysis. These reactions are not usually observed with 

ordinary amides, but they are important for reactive substrates, such 

as A-acetylimidazoles, and for intramolecularly catalysed hydrolysis. 

I. Intermolecular reactions 

The hydrolysis of A-acetyl-A-methylimidazolium ion (AcImMe + ) 

in buffer solutions is accelerated by basic species such as acetate or 

phosphate ions, and A-methylimidazole: the reaction rates follow 

equation (122) which is consistent with general base catalysis202. 

Rate = [AcImMe+] ^ (122) 
i 

The rate of disappearence of A-acetylimidazole (Aclm) under similar 

conditions, however, depends on the concentration of both the acidic 

and basic buffer components (equation 123), apparently indicating the 

existence of a general acid- as well as a general base-catalysed path 203. 

If these two sets of results are compared, it is apparent right away that 

Rate = [Aclm] 2 AhbJHBJ + [Aclm] 2 WBi] (123) 
i i 

the first term of equation (123) actually refers to a general base- 

catalysed hydrolysis of the A-acetylimidazolium ion; i.e. the kinetic 

expression is better represented by equation (124). 

Rate = [AcImH+] 2 *b([BJ + [Aclm] 2 W6*] (124) 
i i 

The rate of hydrolysis of A-acetyl-A-methylimidazolium ion is 

exactly the same as that of fully protonated imidazole and the k'Bi 
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coefficients for both compounds over a wide range of catalytic activity 

are remarkably similar (Table 17)202. Clearly the hydrolysis 

mechanism for these two ions must be identical, with substitution of 

iV-methyl for iV-H making little difference in reactivity. Although 

nucleophilic catalysis is rarely observed for simple amides, this process 

is important with iV-acetylimidazoles and related compounds (see 

section X.D): it is known, for example, that phenolates interact with 

Table 17. Solvolysis rates for the A-acetyl-A-methylimi- 

dazolium ion and A-acetylimidazolium ion at 25° 202. 

B, 

V a 
i 

(AcImMe + ) (AcImH + ) 

H2Ob 0-051 0-051 
CH3COJ 17 19 
(ch2co2-)2 42 78 
HPO|" 2230 2100 
nh3 62000 81000 

In units 1/mole min. For equations (122) and (124) respectively. 
6 Assuming [H20] = 55-5 m. 

the A-acetylimidazolium ion exclusively by a nucleophilic path204. 

However, Jencks and his colleagues have clearly demonstrated that 

catalysis by acetate ion results to the extent of 78 % from a general base 

path and 22% from direct nucleophilic interaction (Scheme 51)203c. 

Thus the most plausible explanation for the catalytic mechanism with 

A-acetylimidazolium ions is a combination of nucleophilic attack via 

78 1 

CH3CO— ^ + ch3co2-- 

-NH 

+ 2 CH3C02H + IT ^ 

NH 

22 
(CH3C0)20 + N' 

H,0 
NH 

2 CH3C02H 

Scheme 51. Imidazohum ion hydrolysis catalysed by acetate ion. 

transition state 141 and general base-catalysed hydration via transi¬ 

tion state 142, with the relative importance of each path dependent on 
the catalyst structure. 
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CH3- 

CB ^NH 

(141) (142) 

The second term in equation (124) represents general base- 

catalysed hydrolysis of the neutral A-acetylimidazole. It has been 

observed only for catalysis by imidazole 203a,b and acetate ion203c, 

although other bases must also be effective. The mechanistic 

implications of this term are ill-defined at present. Arguments in 

favour of a base-assisted hydration of the neutral amide (analogous to 

142) have been presented203a and it may be significant that steric 

effects in this reaction are remarkably similar to those for the base- 

catalysed hydration of the JV-acetylimidazolium ion 203b. 

Acetate ions also catalyse the hydrolysis of the acetylpyridinium 

ion205. Here, too, the mechanism has not been examined, but it 

should be the same as for the A-acetylimidazolium ion. Acetamide is 

the only unactivated compound for which general acid-catalysed 

hydrolysis has been reported, in this case by Wyness for acetic acid 

buffers206. Although this finding was originally interpreted in terms 

of nucleophilic catalysis by acetate ion on the conjugate acid of the 

amide 206, a base-catalysed hydration seems more in line with the other 

conclusions. 

2. Intramolecular catalysis 

Some of the best examples of general acid-catalysed hydrolysis come 

from studies of intramolecular catalysis. An unusual feature of these 

reactions is that, in addition to requiring a favourable configuration of 

the interacting groups with the formation of a relatively unstable 

intermediate, the most powerful catalysis is obtained from neighbouring 

groups, such as carboxylic acid and imidazolium ion, that may act as a 

proton donor as well as a powerful nucleophile. The proton require¬ 

ment may be associated with either the low reactivity of the neutral 

amide or the poor leaving ability of the amino fragment. The 

overall effect, of course, is one of intramolecular general acid catalysis, 

in striking contrast to the intramolecular nucleophilic catalysis 

commonly observed in the hydrolysis of esters and other carboxylic 

acid derivatives. These reactions also have a wide significance in 

peptide and protein chemistry, and this particular aspect has been 

reviewed elsewhere17513. 
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From a mechanistic standpoint, one of the best examples is 

phthalamic acid 207, which hydrolyses rapidly in dilute acid: at pH = 

3, for example, its hydrolysis rate is nearly 105 times faster than that of 

benzamide. The shape of the pH-rate profile (Figure 1) shows 

Figure 1. pH-rate profiles for the hydrolysis of phthalamic acid and benza¬ 

mide in aqueous solutions at about 48°. From reference 207. [Reproduced 

with permission of the American Chemical Society.] 

unambiguously that the un-ionized carboxylic group rather than its 

anion is involved. Intermediate formation of phthalic anhydride has 

been demonstrated indirectly by reacting phthalamic acid, labelled 

with 13C on the amide carbonyl, with H2180—the 180-enriched carbon 

dioxide obtained from the resulting phthalic acid comes from both the 

13C-enriched and isotopically normal carboxylic groups (equation 

125). The mechanism favoured by Bender and his colleagues207 

(Scheme 52) involves simultaneous nucleophilic attack and proton 
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(125) 

transfer to the amide nitrogen, termed ‘nucleophilic-electrophilic 

catalysis’. The experimental data, however, are equally consistent 

with intramolecular displacement by the carboxylate anion on the 

protonated amide (Scheme 53). Participation by neighbouring 

h2o 

Products 

Scheme 52. ‘Nucleophilic-electrophilic catalysis’ for the hydrolysis of 

phthalamic acid. 

carboxylic acid groups has also been cited in the hydrolysis of both 
glycyl-L-asparagine (143, R = H) and L-leucyl-L-asparagine (143, 

R = i-Bu)208 and of the aromatic amide 144209. In these reactions, 
however, the evidence is less complete. 

conh2 

Scheme 53. Stepwise mechanism for the hydrolysis of phthalamic acid. 
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/ch2conh2 ^\£:o2h 

nh2chrconhch C j 

c°2H ^'■'•'''tMHCPh 
II II 
o 

(143) (144) 

The different requirements of amide and ester hydrolysis are well 

illustrated by y-(4-imidazolyl) butyric acid derivatives (145). The 

neutral imidazolyl function strongly catalyses hydrolysis of the phenyl 

ester (R = OPh), but not of the corresponding amide (R = NH2). 

Figure 2. Acidity-rate profile for the hydrolysis of y-(4-imidazolyl)butyramide 

in aqueous solution at 78° showing the rapid increase of kobs in the region of the 

pKa of the imidazolyl group. From reference 210. [Reproduced with 

permission of the American Chemical Society.] 

The latter reaction is accelerated, however, by the protonated 

imidazolyl group—this is evident from the shape of the acidity-rate 

profile (Figure 2), which shows a sharply rising slope in the region of 

the known pK& of this substituent210. As for phthalamic acid, the 

relative timing of proton transfer and nucleophilic attack cannot be 

firmly fixed. ^ Both the stepwise process outlined in Scheme 54 or the 

synchronous ‘electrophilic-nucleophilic catalysis’ suggested by Bruice 
and Sturtevant210 are consistent with the experimental data. 

Catalysis by neighbouring amide groups also requires acidic con¬ 

ditions, although for somewhat different reasons. As in the case of 

intramolecular alkylation (see section II.A.5), hydrolysis in alkaline 
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Scheme 54. Hydrolysis of y-(4-imidazolyl)butyramide (R = NH2). 

solutions usually involves nucleophilic attack by the amide nitrogen to 

form an imide, which is resistant to subsequent hydrolysis (equation 

126)211. Catalysed hydrolysis may occur, however, under acidic 

o 
II 

o 
II / 

p-C—NHR rcp 
ho r~c\ 

(CH2)„ (ch2)J (CH2)„ NR + R£NH 

L-c—nr£ Lc^nri 1 cf 
II II V 
o o o 

(126) 

conditions where the carbonyl oxygen of the neutral amide acts as the 

nucleophilic reagent. This situation has been realized for o- 

benzamido-iV,iV-dicyclohexylbenzamide (146) in acetic-sulphuric acid 

mixtures, as the hydrolysis rate is about 104 times faster than N,N- 

dicyclohexylbenzamide under similar conditions18713. Although a 

portion of the increased rate may arise from steric acceleration, the 

isolation of benzoylanthranil intermediate 147 in 80% yield under 

milder conditions strongly supports the claim for anchimeric as¬ 

sistance18713. A plausible mechanism involving preequilibrium 

protonation of the more basic amide oxygen is outlined in Scheme 55. 

Intramolecular catalysis by aliphatic hydroxyl groups has been 

widely recognized and enhanced solvolysis rates for aldonamides212, 

4- hydroxybutyramide213 (as well as the corresponding anilide214), 

5- hydroxyvaleramide213a and tertiary iV-(2-chloroethyl) carboxa¬ 

mides215 (these first hydrolyse to the 2-hydroxy derivative) have all 

been attributed to this cause. Reaction via lactone intermediates is 

almost certainly involved in each case. 
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O 
(147) 

Scheme 55. Hydrolysis of o-benzamido-A,iV-dicyclohexylbenzamide in acetic- 

sulphuric acid mixtures. 

The hydrolysis of 4-hydroxybutyramide, for example, is catalysed by 

both hydroxide and hydronium ions, but the rate coefficients are about 

18 times larger than those for butyramide (Table 18) 213. From our 

knowledge of substituent effects (see sections X.A.3 and X.B.2), it 

seems unlikely that increases of such magnitude could arise from 

Table 18. Hydrolysis rates for butyramide and 

4-hydroxybutyramide 213b. 

104&h+ (30°) “ 104A;oh- (100°) ° 

CH3(CH2)2CONH2 3-7 0-44 

HOCH2(CH2)2CONH2 65 9-5 

a In units of 1/mole min. 

inductive electron withdrawal by the hydroxide group. A more 

reasonable explanation is that both the neutral OH and the anionic 

O- forms of the substituent react intramolecularly to produce the 

lactone (148), which then decomposes rapidly to products (Scheme 56). 

For the acid-catalysed path, it is possible that proton transfer to 

nitrogen and attack by O on the carbonyl carbon are synchronous, 

and this represents another example of ‘electrophilic-nucleophilic 

catalysis’21313. The unassisted participation by the O- entity for the 

base-catalysed path is in direct contrast to the carboxylate ion and 
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(R = H, Ph, etc.) (14«) 

Scheme 56. Hydrolysis of 4-hydroxybutyramides. 

839 

(Acid) 

(Base) 

neutral imidazole groups, but this merely reflects the greater nucleo- 

philicity of alkoxide ions. A closer examination of the base-catalysed 

pathway for the anilide derivative (R = Ph) has produced some 

convincing kinetic evidence for the formation of tetrahedral pre¬ 

cursors (149 and 150) to the lactone intermediate (Scheme 57), as 

would be expected from our knowledge of intermolecular alkaline 

hydrolysis214. An interesting point is that decomposition via the 

neutral intermediate 150 produces a plateau in the pH-rate profile at 

neutral pH. The occurrence of a similar plateau in the hydrolysis of 

4-hydroxybutyramide was originally attributed21315 to a reaction of 

the zwitterion 151, but in the light of the anilide data this conclusion 

needs to be reexamined. Another finding, with far-reaching im¬ 

plications, is that bifunctional species such as bicarbonate and phos- 

O 

(150) 

Scheme 57. Tetrahedral intermediates in the intramolecularly catalysed 

hydrolysis of 4-hydroxybutyranilide. 
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phate ions (but not imidazole) strongly accelerate the hydrolysis rate 

of 4-hydroxybutyranilide214. This results from concerted acid-base 

catalysed decomposition of intermediate 150 via transition states 152 a 

OH 

(151) 

and 152 b, which reflects yet again on the poor leaving ability of the 

amino fragment. One would expect this kind of catalysis to be of 

major importance to intermolecular hydrolysis, although only 

tentative indications have been found thus far. 

- O + “ 

|| % /°- 

O O- 
: 

O O- 
1 : 

1 
H H 
: | 

• 
H H 
: 1 

PhNH _0 
: 

PhNH O 

jXo 
1 ° 

(152a) (152b) 

When direct nucleophilic catalysis through intermediate lactone 

formation is prohibited by the molecular geometry, neighbouring 

hydroxide groups may still assist amide hydrolysis by functioning as 

general base catalysts. This is evident from the pH-rate profiles for 

the hydrolysis of salicylamides216 (Figure 3), where plateaus directly 

related to the acidity (pKg) of the phenolic proton indicate participa¬ 

tion by the O ~ entity. However, the lower pH-independent rate for 

5-nitrosalicylamide, relative to the unsubstituted compound, shows 

this to be general base catalysis (i.e. dependent on the basicity of the 

phenolic anion). This may operate either by facilitating nucleo- 

(153) (154) 
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Figure 3. pH-rate profiles for the hydrolysis of salicylamides in aqueous 

solution at 100° showing plateaus in the vicinity of the pK& of the phenolic 

proton. From reference 216. [Reproduced with permission of the American 

Chemical Society.] 

philic attack by water (153) as suggested by Bruice and Tanner216, or 

by assisting decomposition of the tetrahedral intermediate 154. The 

second explanation is more consistent with the maxim that ‘ breakdown 

of the tetrahedral intermediate is usually rate limiting for the alkaline 
hydrolysis of amides’. 

D. Solvolysis Reactions 

Nucleophilic solvents other than water, such as amines, alcohols and 

carboxylic acids, will also interact with amides under suitable con¬ 

ditions. Few of these reactions have been investigated thoroughly, 

but it would be reasonable to suppose that many of the mechanistic 

intricacies of hydrolysis apply to solvolysis reactions in general. 

Most of the available information supports this assertion. 

Amino-group exchange occurs on heating with primary amines, 

often without additional catalysts, but usually the reactions only 

proceed to completion when the expelled amine is relatively volatile217. 

Aromatic amines react sluggishly, however, and mild acid catalysts 
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are helpful218; for example, heating ^-substituted anilines with the 

amide hydrochloride at 100° for just 10 minutes yields 50% to 90% of 

the corresponding anilides (equation 127)218d. With o-hydroxy- and 

A 
ArNH2 + [RC(OH)NH2] + C|- RCONHAr + NH4C1 (127) 

o-aminoanilines, the resulting anilide undergoes ring closure to give 

either a benzimidazole (equation 128) or a benzoxazole product 

(equation 129) 218d. It has been suggested that acids catalyse all these 

reactions through the increased reactivity of the O-protonated 

amide 218b. This simple interpretation seems most unlikely, however, 

O 

because the amine is by far the more basic species. Accordingly, a 

more plausible explanation is that acids catalyse the decomposition of 
a tetrahedral intermediate. 

Nucleophilic displacement is particularly facile with amino deriva¬ 

tives containing electron-donating substituents, as in hydrazine and 

hydroxylamine. Kinetic studies have been reported for the reaction 

of hydroxylamine with alkylamides in which displacement of the 

amino fragment yields a hydroxamic acid (equation 130) 219. The 

RCONH2 + HONH2 25° > RCONHOH + NH3 (130) 

pH-rate profile is characteristically bell-shaped, with a maximum rate 

at about pH = 6-5, because of general acid catalysis by the hydroxyl- 

ammonium ion (pAa = 6-04). A more telling observation is a steady 

decrease in the catalytic coefficient for the general acid (both 

hydroxylammonium ion and imidazolium ion) as its concentration is 

increased (Figure 4) 219. This sort of fall-off in the rate-coefficient has 
already been discussed in connexion with alkaline hydrolysis, and is 

indicative of a change in the rate-limiting step and, therefore, of the 
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Total hydroxylamine concentration (m) 

Figure 4. Dependence of the second-order rate coefficient for formohydrox- 

amic acid formation (k'2 = &obs/[NH2OH]) on hydroxylamine concentration at 

different fractions of hydroxylamine neutralization in aqueous solution at 39°. 

From reference 219. [Reproduced with permission of the American Chemical 

Society.] 

formation of a tetrahedral intermediate. One possible mechanism, 

involving general acid-catalysed formation together with both 

spontaneous and acid-catalysed decomposition of a tetrahedral 

intermediate 155, is outlined by Scheme 58. The present data do 

not distinguish, however, between this and other permutations of 

similar rate coefficients for a two-step reaction. Other kinetic 

investigations suggest that the multiplicity of pathways discussed 

earlier for hydrolysis will also be found in solvolysis reactions. Thus 

preliminary results for displacements from 2,2,2-trifluoroacetanilide by 

both hydrazine and hydroxylamine show that breakdown of the 
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RCONH 

k4[H +] 
fc3[ HA] 
(=2 

(155) 

Scheme 58. Hydroxyaminolysis of alkylamides. 

tetrahedral intermediate is catalysed by basic rather than acidic 
species220. 

Acyl exchange occurs on heating amides with carboxylic acids 

(equation 131), and this explains why the latter are ineffective N- 

acylating reagents (see section IV). To obtain a worthwhile yield 

of product, it is usually necessary to displace the equilibrium to the 

A 
RCONR£ + R2COaH — — ^ RCOaH + RzCONR| 

(R1 = H, CH3; Ra, R = alkyl, aryl, etc.) 

(131) 

right by distilling off the more volatile component. For example, 

removal of acetic acid by distillation produces reasonable yields of 

JV-methylbenzanilides221 or benzamide2180 from benzoic acid and 

iV-methylacetanilide or acetamide, respectively. The mechanism of 

these reactions is not well-understood. Undoubtedly the initial step 

is one of nucleophilic substitution of the O-protonated amide by the 

carboxylate ion to give a tetrahedral intermediate 156, which might 

then be expected to form an anhydride via elimination of the amino 

fragment (as in the acetolysis of iV-acetylimidazole203c). The an¬ 

hydride could then react with the displaced amine to regenerate an 

amide. However, tests for both anhydride and amine have proved' 

negative (for example, NH3 is not evolved in the transformation 

between acetamide and benzoic acid218c) and this suggests that 156 
decomposes to products directly via a four-centre transition state 
(equation 132) 221. 

OH 

RCONRJ + R2COzH ^ R2CONR| + RC02H (132) 
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The most important and extensive studies of solvolysis have con¬ 

cerned the acyl derivatives of tertiary amines such as pyridine and 

imidazole. We have already commented on some of these reactions 

in connexion with general acid- and general base-catalysed hydrolysis 

(section X.C). Current interest in these compounds stems from their 

utility as acylating agents for a wide range of nucleophilic species, and 

their performance in this respect has earned them the title of‘energy- 
rich compounds’. 

The advantages of pyridine as a solvent for the acylation of amines, 

alcohols and phenols with either acid chloride or anhydrides has been 

widely recognized. Incidental evidence suggests the intermediacy 

of the A-acetylpyridinium ion (157), which then reacts rapidly with 

any available nucleophilic species (equation 133) 222. The acetyl- 

pyridinium ion has not been detected directly in the reaction solutions, 

(CH3C0)20 

Nu = a nucleophile 

O 

CH3C—N + ;) + CHaCOj 

(157) 

Nu 

CHgCONu + N 
/ 
O (133) 

but it has been isolated from acetyl chloride and pyridine mixtures 
under anhydrous conditions22213. 

Acyl derivatives of imidazole and related azoles are sufficiently 

stable to be obtained as crystalline compounds223. They, too, have 

found wide applicability as acylating reagents, and this aspect of their 

chemistry has been reviewed by Staab223. It is evident that their 

solvolysis by water, alcohols, phenols, thiols, amines, carboxylic acids 

and various other nucleophiles is both clean and rapid. JV-Acetyl- 

imidazole, for example, undergoes rapid hydrolysis even in neutral 

solutions, in striking contrast to other amides. Some information 

about the mechanism of these reactions is available from kinetic 

studies, but much more remains to be done. The number of terms in 

the rate expression depends on the experimental conditions (solvent 

nucleophile, pH, buffer components, etc.) as in the case of hydrolysis, 

but Jencks and Garruiolo 203a have established the general importance 

of one term with a first-order dependence on the iV-acetylimidazole and 

nucleophile concentrations. The pH-rate profile, as well as com- 
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parison with the data for A-acetyl-A-methylimidazolium ion202, leave 

no doubt, however, that this refers to attack by the conjugate base of 

the nucleophile on the jV-acetylimidazolium ion; i.e. the kinetics 

follow equation (134) where HX = RNHJ, RG02H, ROH, etc. 

Since most of the measurements have been made in aqueous solutions, 

some contribution to the overall rate may come from general base- 

catalysed hydrolysis (which would also follow equation 134). 

Product studies have not been extensive for these reactions, but it is 

Rate = £1[AcImH+][X] (134) 

known that hydroxylamines203a and phenolate ions204 interact 

exclusively by the nucleophilic path, whereas the acetate reaction 

occurs 78% via the general base-catalysed hydrolytic path and 22% 

via the nucleophilic reaction2030 (see section X.C.l). It has been 

estimated that the point of change of hydrolytic to nucleophilic 

mechanism for the iV-acetylimidazolium ion with changing basicity of 

the nucleophile occurs in the region of pH = 4 to 5 224. 

There is good evidence, too, that under the appropriate conditions 

the nucleophilic substitution is catalysed by general bases203a. In 

this sense, these reactions parallel hydrolysis. For example, the 

reaction with amines in imidazole buffers follows equation (135), 

Rate = Aq[AcImH+][RNH2] + £2[AcImH+][RNH2][Im] + 

£3[AcIm][RNH2][Im] + A;4[AcIm][RNH2]2 (135) 

which contains terms for imidazole catalysis of the iV-acetylimidazo- 

lium ion reaction (k2) and for imidazole- (k3) and amine- (&4) catalysed 
substitution of neutral JV-acetylimidazole. 

[O' H 4 

/^1 
CH3—C—N 

% \^N 
B * H-i-X 

4 

CH3—C-Gn 

x 

(o'- ^ 
CH3—c—N//^'j H-^g* 

X 

(!58) (159) (leo) 

The exact mechanism of the catalysis has not been ascertained and the 

kinetic terms for the neutral A-acetylimidazole are equally con¬ 

sistent with general base-catalysed attack by the nucleophile (158), 
general base-assisted breakdown of the tetrahedral intermediate (159) 
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or general acid-catalysed decomposition of the tetrahedral inter¬ 

mediate (160). Arguments in favour of 158 have been tentatively 

advanced 203a, but it is by no means unlikely that the catalytic 

mechanism changes with both substrate (A-acetylimidazolium ion 

versus neutral JV-acetylimidazole) and the experimental conditions. 

XI. ADDITION OF ORGANOMETALLIC REAGENTS 

Nucleophilic addition to the amide carbonyl function also takes place 

with organometallic substances such as Grignard reagents and organo- 

lithium compounds. This process probably involves a concerted 

attack by the metal atom and the carbanion fragment on the amide 
oxygen and carbon atoms respectively. 

In practice, the reactions with primary and secondary amides are 

not very useful, as much of the organometallic reagent is converted to 

the corresponding hydrocarbon through interaction with the feebly 

acidic JV-proton225. However, phenylacetamide and diphenyl- 

acetamide dehydrate readily to the corresponding nitriles with three 

mole equivalents of n-butyllithium in inert solvents 226. 

Tertiary amides react cleanly but slowly with Grignard reagents to 

form a stable addition complex (161), which on treatment with 

aqueous acid produces a ketone (equation 136) 227. Dimethyl- 

formamide gives the corresponding aldehyde228. The addition of 

excess Grignard reagent to tertiary amides such as dialkyl- 

formamides228, A-methylpyridone229 or iV-methylcaprolactam229, 

RCONMe2 + ^MgX 

R OMgX 

C 
\ 

NMe2 

R 

» \l=0 + MgX2 + Me2NH 

rS (136) 

(161) 

however, results in reductive alkylation, i.e. replacement of the amidic 

oxygen by two alkyl groups (equation 137). 

RMgX 
HCONMe2 --> 

H OMgX 

V 
/ \ 

R NMe2 

RMgX 
» R2CHNMe2 + MgO + MgX2 (137) 

With organolithium compounds, tertiary amides also form addition 

complexes which on hydrolysis yield the ketone 23°, as for the Grignard 

reagent. When the ac=0 proton is acidic, however, the strongly 
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(138) 

basic conditions induce elimination from the addition complex with 

the formation of enamine products231 (equation 138). Few of these 

reactions have generated much interest as synthetic procedures. 
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Di-i-butyramide, synthesis of 337 
A, A-Diethylacetamide, conformation 

of 23 
rotational entropy and enthalpy 30 

A, A-Diethylformamide, rotational en¬ 
tropy and enthalpy 28 

Difluoroalkylamine 801, 804, 814 
gem-Difluorohydrazines, hydrolysis of 

526 
Dihydrotetrazines, preparation of 457, 

480, 482, 483, 501, 510 
Dihydrothiazines, preparation of 457 
Diimides, by imide acylation 340 

from hydrazides 566, 569 
DIMBOA, biosynthesis of 677 
A, A-Dimethylacetamide, acid hydrol¬ 

ysis of 829 
association 228, 231 
complexes with metals 236 
dipole-dipole association 39, 59 
electronic spectrum of 58 
hydrogen bonding in 224 
infrared spectra 193, 233 
iodine adduct 235 
J couplings of 12 
n.m.r. spectra 14, 189, 190, 234 
radiolysis of 320 
rotation in 24, 29 
shielding effects in 18 

A, A-Dimethylacrylamide, rotational 
entropy and enthalpy 30, 31 

A, A-Dimethylbenzamide, alkaline 
hydrolysis of 819 

iodine adduct 235 
n.m.r. spectra of 190 
rotational entropy and enthalpy 30 

A, A-Dimethylcarbamoyl chloride, ro¬ 
tational entropy and enthalpy 
27, 31, 33 

A, A-Dimethylformamide, absorption 
band in 290 

acylation with acyl halides 760, 761 
as formylating agent 806 
complex formation 230, 236 
dehydration of 275 
dipole-dipole association 39 
dipole moment 6 
fluorination of 779 
iodine adduct 235 
J coupling of 14 
n.m.r. spectra of 14, 16, 25, 189, 

190, 234 
photoelectron spectrum of 66 

radiolysis of 318 
reaction with Grignard reagent 847 
rotation in 24, 27, 28, 33 
shielding effects in 17, 18 

A, A-Dimethylpropionamide, associa¬ 

tion with phenol 228 
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!V,iV-Dimethylpropionamide—coni. 
iodine adduct 235, 236 

rotational entropy and enthalpy 
30, 33 

2,2-Dimethylquinuclidone, basicity of 
195 

N, IV-Diphenylacetamide, dehydration 
of 847 

Dipole moments, from mo calculations 
414 

of amides 6, 407 

of excited-state molecules 53 
of hydrazides 522 
of imides 352-355 

of thioamides 397, 406-408 
of thioamide (Z) isomer 391 

Dipropionamide, synthesis of 337, 
339, 344 

N, Ar-Di-i-propylacetamide, conforma¬ 
tion of 23 

rotation in 30, 36 

N, iV-Di-n-propylacetamide, rotational 
entropy and enthalpy 30 

N, Ar-Di-i-propylformamide, rotational 
barrier in 36 

Displacements, by amido anions 705- 
715 

of chloride 706 
of o-phenoxy 711 
of phosphate esters 706 
of tosylate 706 

by amido group 715-724 

from a y-substituted butyramide 
720 

leading to imides and nitriles 722 
of sulphonate esters 717 

by benzenesulphonamido anions 
706 

by methoxide ion, of bromide 705 
Disulphides, from thiohydrazides 505 
Dithiazoles, preparation of 455, 456 

Einhorn reaction 756 
Electric-field gradient 8 

Electric quadrupole moment, of 14N 
nucleus 8 

Electron diffraction, of amide group 2 
^-Electron distribution, of thioamides 

413 

Electronic effect, on hydrazide hydrol¬ 
ysis product 550 

on hydrazine acylation-^534, 536 
Electronic spectra, of amides 54 
Electronic transitions, of thiohydra¬ 

zides 498 

Electron spin resonance spectra for 
radical detection 311 

of irradiated solid amides 311-315 
of thioamides and their complexes 

411,412,439 
a-Electron system, of amides 6 
Electrophilic attack, on hydrazides 

549 

^-Elimination, promoted by the j3- 
toluenesulphonamido group 701 

Enamines, from jV-alkylamides 810 
from difluoroalkylamines 804 
from tertiary amides 848 

Enediols, conversion to hydrazides 
540 

Enolization, of the hydrazido group 
545-547 

Enthalpy difference, between thioamide 
(Z) and (E) isomers 393 

Epoxy amides, synthesis from a,(3-un- 
saturated nitriles 123 

Ar-Ethylacetamide, radiolysis of 321 
Ethylene, electronic spectrum of 57 
Af-Ethylformamide, J couplings in 13, 

23 

Ferrichrome, biosynthesis of 676 
Fischer’s indole synthesis 584 
Formaldehyde, reaction with amides 

755, 756 

Formamide, absorption spectrum 53- 
58, 290 

alkylation of 736, 737, 754 
C=0 vs. C—N distance in 5 
dipole moment of 7, 46 
e.s.r. spectra of irradiated 311 
excited state 60 

for primary amide preparation 
108 

ionization potential of 47, 60 
irradiation of 319-321 
microwave absorption spectrum 5 
n.m.r. spectra 7-10, 190 
orbital population analysis 50 
oxidation by peroxydisulphates 792 
photoamidation by 299, 301 
photoelctron spectrum of 66, 67 
rotational entropy and enthalpy 28 
structural parameters of 4 
titanium complex of 236 

Formamide derivatives—see also—in¬ 
dividual compounds 

conformation of 20 

A^-F ormylamides, from A^-n-alkylamides 
787 
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Formylation, of amines 117 
Free-energy relationships 827 

Gabriel synthesis 162 
Gaussian-type orbital 40-43 
Girard’s reagent 560 

Glucosamine 6-phosphate, biosynthesis 
of 651 

Glutamine, amides group hydrolysis 
655, 657-660 

as substrate 628 
biosynthesis of 605-620 

concerted mechanism 609 
consecutive mechanism 612 

ester group hydrolysis 709 
leading to />-aminobenzoate 651 
leading to anthranilate 647 
leading to CTP 632 
leading to glucosamine 6-phosphate 

651 
leading to GMP 636 
leading to histidine 645 
leading to NAD 634 
leading to phosphoribosylamine 

643 
y-Glutamylamides, biosynthesis of 

651-655 
y-Glutamylcystcine 653 
Glutaramide, structural parameters of 

4 
Glutarimide, dipole moment of 353, 

354 
reaction with PC15 373 
reduction of 367 
synthesis of 340, 346, 349 
ultraviolet spectra of 358 

Glutathione 652, 653 
biosynthesis of 623—625 

Grignard reagents, addition to amides 
847 

reaction with azo compounds 539 
reaction with hydrazides 545 
reaction with imides 368, 369 

Grob’s fragmentation 570 
Guanidine derivatives 636, 641 

biosynthesis of 633-645, 669-671 
Guanosine 5'-phosphate, biosynthesis of 

636-641 
Guareschi’s imides 351, 352, 366 

Hadacidin, biosynthesis of 676 
Haller-Bauer reaction 110-112 
iV-Haloamides, a-halo-substituted, re¬ 

arrangement of 273, 274 
photochemical reactions of 303-305 

vV-Haloamides—cont. 
rearrangement of 263-274 
synthesis from amides 776 

Halogenation, of amides 775-780 
by fluorine 779, 780 
by hypohalites 777-779 
by molecular halogens 776, 777 

A-Haloimides 369-372 
halogenation by 369-371 
photohalogenation by 371 
preparation of 369 

Hammett’s acidity function 199, 200, 
202, 205-207, 212-216, 218, 219, 

222, 223 
Hammett’s equation 436 

for alkylation of hydrazides 555 
for aroylhydrazines 547, 548 
for substituent effect on rate constant 

686 
Hammett’s constants 221, 222, 228, 

234, 235 
correlation with basicity for thio- 

amides 438 
correlation with half-wave potentials 

410 
correlation with hydrolysis rate for 

thioamides 440 
correlation with isomer ratios 391, 

392 
Hartree-Fock limit 42 
XH—XH coupling 22 

for amides 10-13 
Histidine, biosynthesis of 645-647 
Hofmann degradation 778, 793 
Hudson’s phenylhydrazide rule 524 
Hydrazides, acidity and basicity 547 

acylation of 555-558 
alkylation of 553-555 
ammonolysis of 550 
analysis of 587, 588 
chlorination of 552, 553 
complex formation by 547-549 
coversion to amidrazones 564, 565 
conversion to tetrazanes and tetra- 

zenes 563 
cyclic, conversion to bicyclic com¬ 

pounds 556 
formation of 534 
ring size change 544 

cyclization of 574-587 
enolization of 545-547 
fragmentation of 570-572 
hydrogenolysis of 565, 566 
hydrolysis of 550 
nitrosation of 558-560 
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Hydrazides—cont. 
nomenclature of 517, 518 
oxidation of 166, 566-569 
physicochemical characteristics 

518-525 
physiological activity 589 
preparation of 525-545 

by acylation of hydrazines 526- 
535 

by iV-amination of amides 537, 
538 

by carboxylic acid/hydrazine re¬ 
actions 536, 537 

by cleavage of cyclic compounds 
540-543 

by conversion of azo compounds 
538, 539 

by hydrolytic methods 525, 526 
by interconversion of hydrazides 

543-545 
reaction with carbonyl compounds 

560-562 
reduction of 166, 550-552 
separation of 588 
thermal stability of 574 
thiolysis of 484-486 

Hydrazidic halides, conversion to 
thiohydrazides 487, 488 

hydrolysis of 525, 526 
Hydrazines, acylation of 526-535 
Hydrazinium salts, conversion to 

hydrazides 536 
Hydrazinolysis, of amides 527 
Hydrazones, preparation of 479, 480 
Hydrazonoesters, preparation of 483 
a-Hydrazono sulphides, formation of 

501 

Hydride ion, shift 129 
transfer of 128 

Hydrogen bonding, amide-phenol 
complexes 227-229 

effect on dipole moment 408 
in amides 38, 39, 59 

in thioamides 388, 391, 392, 397, 
435 

in thioformamide S-oxides 395 
in thiohydrazides 494, 497 
self-association 224-227 

Hydrolysis, of amides, acid 824-831 
alkaline 816-824 

general acid- and base-catalysed 
831-841 

of gera-difluorohydrazines 526 
of heterocycles, leading to thioamides 

431, 432 

Hydrolysis—-cont. 
of hydrazides 550 
of hydrazidic halides 525, 526 
of nitriles 525 
of thioamides 439, 440 
of thiolimidic esters 440 

Hydroxamates, biosynthesis of 674- 
677 

Hydroxamic acid, oxidation of 166 
/3-Hydroxy amides, conversion to oxa- 

zolines 717 
iV-Hydroxymethylamide 756 
Hydroxymethylation, of amides 756, 

757 

Imidates, conversion to thioamides 418 
cyclic, synthesis of 162 

formed by Schmidt reactions 139 
Imidazoles, from thioamides 452 
Imidazolide method 527 
Imide group 335-337 

Imides, absorption bands of 290 
alkylation of metal salts 702 
cyclic, dipole moments of 353, 354 

infrared spectra 356 
dipole moments of 352-355 
hydrolysis of 362-364 
infrared spectra of 355-358 
intermediate, in amide pyrolytic de¬ 

hydration 279 
in anilic acid ester hydrolysis 708 
in asparagine and glutamine ester 

hydrolysis 709 
mass spectra of 361, 362 
n.m.r. spectra of 360, 361 

reaction with Grignard reagents 
368, 369 

reduction of 365-368 

synthesis of, by miscellaneous methods 
348-352 

from amides and amidic acids 
337-343 

from carboxylic acids and deriva¬ 
tives 343-346 

from isocyanates 347, 348 

hydroxide ion-catalysed 711 
ultraviolet spectra of 358-360 

Imidonium salts 735, 737, 745 
Imidothiolic esters, active a-position of 

458 

from thioamides 442 

Imidoyl chloride 801, 803, 805, 809, 
810 

conversion to thioamides 417 
thermal decomposition of 810 
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Iminium ion, in Beckmann rearrange¬ 
ment 132, 136 

in Schmidt reaction 139, 144 
Iminium salts, photoamidation of 

301 

Iminodiazonium ion, in Schmidt re¬ 
action 144 

Iminolactone, from an iV-haloamide 
270 

Inductive effect, on hydrazide acyla¬ 
tion 557 

on hydrazide fragmentation 571 
Infrared spectra, in thioamide analysis 

433 
of iV2-acylthiohydrazides 491 
of amide complexes 232-234 
of iV1,iV2-dithioacylhydrazines 491 
ofhydrazides 522, 523, 587 
of imidic compounds 355-358 
of thiatriazoles 508 
of thioamides 395-400, 435 

assignment of bands 397, 400 
of thiohydrazides 490-493 

Inversion 34 
Ionization potential, correlation with 

Vj-band frequencies 60, 61 
of formamide 47, 60 

Ionizing radiation 310 
Isocyanates, alkylation of 151-154 

arylation of 154, 155 
reaction with carboxylic acids 155— 

157 
reduction of 155 
synthesis in situ 156 

Isoimide, intermediate in amide de¬ 
hydration 279 

Isomerization, cis-trans 37 
of thioamides 388, 389 
of thiohydrazides 492, 497 

(Z)-(E) 393, 397 
Isomer ratios, of thioamides 390, 391, 

399 
Isomers, separation of 390 
Isonitriles, conversion to amides 158, 

159 
from secondary formamides 811, 

812 
Isothiazoles, preparation of 454 
Isothiocyanates, conversion to thio¬ 

amides 424-426 

J coupling, in amides 7-14 

Kalb—Gross oxidation 567, 569 
Karplus function 23 

a-Keto amides, synthesis from a-keto 
nitriles 121 

/3-Kcto amides, synthesis from acylke- 
tenes 116 

synthesis from diketene 102 
synthesis from isocyanates 152 
synthesis from /S-keto nitriles 122 

Ketones, reaction with amides 754- 
759 

Kinetics, of hydrazinolysis 530 
Koopmans theorem 47, 67 

Lactams, absorption bands of 290 
alkylation of 741, 747 
e.s.r. spectra of irradiated 312 
oxidation by peroxydisulphate 792 
photolysis of 291-297 
reaction with aldehydes 758 
reaction with carbonyl fluoride 813 
synthesis by amide alkylation 750 
synthesis by intramolecular aminol- 

ysis 104 
synthesis from a-bromoamides 163, 

751 
synthesis from cyclic ketones 141 
synthesis from cyclic ketoximes 134 
synthesis of steroidal 103 

a-Lactams, from amides 163, 164, 751 
from vV-haloamides 271-273 

/3-Lactams, amino-substituted prepara¬ 

tion 152 
synthesis by irradiation of un¬ 

saturated amides 294 
synthesis from isonitriles 159 
synthesis from ketenes 116 
synthesis from unsaturated amides 

164 
synthesis using chlorosulphonyl 

isocyanate 153, 154 
Lactones, aminolysis of 101, 102 

from amides 304 
reaction with hydrazines 531 

Leuchs anhydrides 156 
Lewis acids, complex formation with 

amides 232-238 
Line-shape analysis 26 
Lithium aluminium hydride, amide 

complex 99 
for amide reduction 276, 797 

Magnetic anisotropy, of C=0 bond 

15 
Magnetogyric ratio 10 
Maleimide, photolysis of 293 

synthesis of 337, 341, 348 
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Malonamide, formation by acetamide 
radiolysis 318 

Mannich reaction 756 
Mass spectra, of imides 361, 362 

of thioamides 408, 409 
of thiohydrazides 496, 497 

McFadyen-Stevens reaction 557, 569, 
570 

iV-Methylacetamide, acid hydrolysis of 
829 

as hydrogen-bond donor 230, 231 
association of, with benzene 232 

with hydrogen-bond donors 231 
with phenols 228 

conformation of 21 
dipole-dipole association 227 
dipole moment 6 

homolytic alkylation of 754- 
hydrogen bonding in 39, 224, 225 
infrared spectra of 193, 233 

n.m.r. spectra of 9, 12, 189-191,239 
oxidation of 790 

photoamidation of olefins by 301 
structural parameters of 4 

N-Methylacetanilide, conversion to 
benzanilide 844 

iV-Methylbenzamide, alkaline hydrol¬ 
ysis of 819 

from Ar-chloroamide 778 
nitration of 784, 785 
n.m.r. spectrum of 190 

iV-Methylbenzanilide, synthesis of 844 
A-Methylformamide, conformation of 

21 
dipole moment of 6 

n.m.r. spectra of 9, 11, 20, 23, 190 
photoelectron spectrum of 66 

AAMethylformanilide, as formylating 
agent 806 

Af-Methylpropionamide, dipole mo¬ 
ment of 6 

A^-Methylsuccinimide, absorption band 
in 290 

Michael addition 749, 753 

Microwave spectra, for amide group 
structure determination 2 

of formamide 5 

Molecular-orbital calculations 400, 
402, 412, 493, 498 

Mulliken population analysis 45 
Myristamide, absorption spectrum of 

56, 61 

N-acyl bond fission, in acid amide 
hydrolysis 825-828 

N-alkyl bond fission, in acid amide 
hydrolysis 830, 831 

Naphthalimide, dipole moment of 
354 

infrared spectra of ^-substituted 
357 

N—C(a) bond, rotation about 22, 34- 
37 

14N coupling 10 
1SN coupling 10 
14N decoupling 8, 9 

Neighbouring group effect, of amido 
group 704-725 

in o-acetylsalicylamide 711 
in /j-nitrophenyl hippurate 713 
in phthalamide 711 
on acylamino acid racemization 

724 

on glycosides hydrolysis 719 
of benzoylamido group 722 

14N—1H coupling 8 
in amides 10 

14N—2H coupling, removal of 8 
15N—4H coupling, in amides 10, 14 
N—H hyperconjugation 690 
Nicotinamide, radiolysis of 324 

recoil study of 331 

Nicotinamide-adenine dinucleotide 
634, 635 

Nitrating agents 784, 786 
Nitration, of amides 784-786 
Nitriles, acylation of 130, 131 

alkylative hydration of 125-130 
aminolysis of 131 

conversion to thioamides 415-417 
hydration of 119-125 
hydrolysis of 525 

synthesis from amides 759, 766, 
767, 774, 797, 798,801, 803,809, 
8H, 814 

Nitrilium salts, conversion to amides 
130 

AANitroamides 784 

rearrangement of 262, 263 
reduction of 538 

Nitrosating agents 780-782 
Nitrosation, of amides 780-784 

A^-Nitrosoamides, photolysis of 295, 
296 

rearrangement of 255-262 
synthesis from amides 255, 781 

N—N bond, cleavage of 565 
in hydrazides 559 
in hydrazines 534 

length in hydrazides 518, 519 
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N=N bond, reduction in azo com¬ 
pounds 538 

14N nucleus 8 

Nomenclature, of hydrazides 517,518 
of thioamides 385, 386, 389 

14N spin lifetime 10 

Nuclear magnetic resonance spectra, 
for amide group structure deter¬ 
mination 2 

for thioamide characterization 433 
of amide complexes 232, 234 
of amides 7-40 

of bis-benzoylhydrazones 546 
of hydrazides 519-521 
of imides 360, 361 
of thioamides 388-395 
of thiohydrazides 490, 494, 495 

Nuclear quadrupole 8 
Nucleophilic attack, on hydrazides 

549 

‘ Nucleophilic-electrophilic catalysis ’ 
835 

lsO exchange, in amide acid hydrolysis 
826 

in amide alkaline hydrolysis 818 
Optical rotatory dispersion, of the 

CSNR2 group 405 
Orbital populations 43-45, 50, 60 
Organoaluminium compounds, used in 

aminolysis reaction 105 
Organolithium compounds, for amide 

dehydration 276 
Orton rearrangement 263-269, 776, 

777 
Overhauser effect 8, 14, 17 
Oxadiazoles, conversion to hydrazides 

542 
formation of 502, 574-580 

Oxamide, C=0 vs. C—N distance in 
5 

recoil study 331 
structural parameters of 4 

Oxaziridines, conversion to hydrazides 
541 

Oxazoles, from thioamides 453 
Oxazolines, from aziridines 246-248 

from /3-hydroxy amides 717 
Oxazolinone intermediate 711,714 
Oxidation—see also—-Autoxidation 

of amides 786-794 
by hydrogen peroxide and diacyl 

peroxides 789-791 
by lead terraacetate 793, 794 
by peroxydisulphates 791-793 

Oxidation—cont. 
of hydrazides 566-569 
of thioamides 433, 449-451 
of thiohydrazides 504, 505 

Oxidative dealkylation, of amides 
787 

Paper chromatography, of hydrazides 
588 

Partial rate factors, for acetanilide 
chlorination 689, 690 

Passerini reaction 157, 158 
iV-Pentylhexanamide, photooxidation 

of 298 
Peptides, e.s.r. spectra of irradiated 

314-316 
radiolysis of 327-329 
reaction rate with hydrated electrons 

324-326 
reaction rate with hydroxyl radicals 

326 
synthesis of 91, 92, 114, 559, 567 

iV-Phenylacetamide, dehydration of 
847 

oxidation of 790 
reaction with aldehydes 758, 759 

iV-Phenylformamide, alkylation of 
740, 752 

Phosgene, reaction with primary amides 
814 

reaction with secondary amides 810 
811 

reaction with tertiary amides 803 
5-Phosphoribosylamine, biosynthesis 

of 643-645 
5' - Phosphoribosyl - formylglycineami- 

dine, biosynthesis of 627-631 
S'-Phosphoribosyl-glycineamide, bio¬ 

synthesis of 625, 626 
1 - (5' - Phosphoribosyl) - 4 - (A-succino- 

carboxamide) - 5 - aminoimidazole 
626, 627 

Phosphorus oxychloride, reaction with 
primary amides 814 

reaction with secondary amides 
811-813 

reaction with tertiary amides 805- 
807 

Phosphorus pentachloride, reaction 
with primary amides 814 

reaction with secondary amides 
809, 810 

reaction with tertiary amides 803 
Phosphorus pentoxide, for amide de¬ 

hydration 276 
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Photoalkylation, of 2-pyrrolidone 
302 

Photoamidation 299-303 
Photoelectron spectra, of amides 65-68 
Photolysis, of acyl azides 165 

of amides and lactams 291-297 
of nitrile oxides 165 

Photolytic rearrangement, of iV-halo- 
amides 271 

Photometric analysis, of thioamides 
433 

Photooxidation, of amides 298, 299 
Phthalamic acid, hydrolysis of 834 
Phthalanil 340 

Phthalimide, conversion to anthranilic 
acid 372 

dipole moment of 354 
hydrolysis of 362, 363 
infrared spectra of ^-substituted 

357 

reaction with formaldehyde 373 
reduction of 366-368 
synthesis of 337, 340, 344, 348 

Pinner reaction 124, 746 
Piperidones, by amino acid cyclization 

107 

Polarographic measurements, on 
hydrazides 523, 524 

on thioamides 409-411 
Polyacrylamide, n.m.r. study of 10 
Polyhydrazides 528 

from dihydrazides 556 

Polyoxadiazoles, from polyhydrazides 
576, 577 

Polypeptides 2, 63 

Propionamide, acid hydrolysis of 829 
C-alkylation of 753 

basicity in aqueous solution 218 
deviation from the HA scale 212 
e.s.r. spectrum of irradiated 311, 

314 
radiolysis of 314 
recoil study 331 

vV-i-Propylacetamide, hydrogen bond¬ 
ing in 39 

jV-i-Propyl-i-butyramide, n.m.r. spec¬ 
trum of 19 

iV-i-Propylformamidc, J couplings in 
13, 23 

iV-n-Propylpropionamide, e.s.r. spectra 
of irradiated 312 

Protecting groups, in hydroxy thio- 
amide preparation 460 

Proteins, hydrazinolysis of 527 
Protonation, site of 188-197 

Proton exchange, in amides 7 
Pyrazoles, from hydrazides 574, 582- 

584 
from thiohydrazides 511 

Pyridazine, from hydrazides 587 
Pyridones, acidity function 212 

preparation of 456 
Pyrolysis, of amides 279-283 
Pyrrole, hydrogen bonding with car¬ 

bonyl compounds 224 
Pyrrolidones, synthesis by amino acid 

cyclization 107 
synthesis by intramolecular alkyla¬ 

tion of amides 163 

Quadrupole moment, absence in 15N 
10 

Quantum mechanical calculations, for 
thioamides 412—414 

Racemization, of a-acetamido-a- 
methylnitriles 697 

of acylamino acids 724 
of nitrophenyl esters of peptides 714 

Radical ions, in thioamides 411,442 
Rearrangement, of a-amino thiolesters 

149 

of nitrones and oxaziridines 148, 
149 

Reducing agents 798 

Reduction, of amides 795-801 
of hydrazides 550-552 
of thioamides 441, 442 

Reductive alkylation, of tertiary amides 
847 

Reductive dealkylation, of amides 798 
Resonance energy, of thioamide group 

412, 413 

Resonance stabilization, in a N- 
hydroxyhydrazone 539 

Ritter reaction 125-130 

Rotation, restricted around benzene- 
nitrogen bonds 35 

restricted in amides 23-37 
restricted in thioamides 388, 393, 

395, 397 

Rotational isomerism, in thiohydrazides 
494 

Rydberg absorptions 64 
Rydberg orbital 49, 51, 52, 56 
Rydberg series 49, 59, 60 

Salicylamides, hydrolysis of 840, 841 
Scalar coupling, of 14N to protons 
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Schestakov’s reaction 537 
Schmidt reaction 137-145 

mechanism of 138, 139 
Schotten-Baumann method 80 
Selenoamide group, comparison with 

amide and thioamide 414, 415 
Semicarbazides, from hydrazides 561, 

562 
Sensitizer 294 
Sequence analysis, of peptides 463 
Shielding effect, of the carbonyl group 

15, 17 
Slater-type orbital 40, 42 
Solvolysis, of amides 841-847 
‘Spin echos’ 26 
Steric effect, in hydrazine acylation 

534 
in thioamides 392 
on basicity 223 
on resonance in 2-methylacetanilide 

690 
Stevens rearrangement 572 
Stretching frequencies, NH of primary 

thioamides 396 
NH of secondary thioamides and S- 

oxides 398 
Suberamide, C=0 vs. C—N distances 

in 5 
structural parameters of 4 

Substituent constants 686-689 
dependence on solvent, for acetyl- 

amino group 686 
for amido groups 688, 689 

Substituent effect, of amido groups in 
aromatic compounds 685-694 
on chlorination and bromination 

689-692 
on hydroxylation 693 
on nitration 692, 693 

on acid amide hydrolysis 828-830 
on basicity of amides 219-223 
on sulphonamide and carboxamide 

cyclization 707 
Succinamide, C=0 vs. C—N distance 

in 5 
e.s.r. spectra of irradiated 312 
obtained by acetamide radiolysis 

318 
structural parameters of 4 

Succinimide, dipole moment of 353, 

354 
hydrolysis of 362 
n.m.r. spectra of 361 
photolysis of 374 
reduction of 366, 367 

Succinimide—cont. 
synthesis of 337, 341, 343, 346, 348, 

349 
u.v. spectra of 358, 359 

Sudan III 218,219 
Sulphonamides, protonation of 191 
Sulphuration—see—Thionation 
Synchronous process, in hydrazide 

fragmentation 571 

Taft’s equation 557 
Tautomeric effects 690 
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