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Foreword 

The amide function as considered in the present volume is based on 
0 

the trivalent group -C-N " / . O n  attaching various radicals to \ 
the three fi-ee valences of this group, one may obLain many classes of 
compounds. I n  order to keep the volume within a reasonable size, 
some restrictions were imposcd as to the type of radical that  might 
be attached a t  each site. On the carbonyl side of the group only 
bonds to H or C atoms were ;llowed, 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 AppZ. Chem. 11, Nos. 1-2 (1965)l 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 
profusicn of formulae that accompany the text. 

I t  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. 

Rehovoth, March 1970 
vii 

JACOB ZABICKY 



The Chemistry of the Functional Groups 
Preface to the series 

The  series ‘The Chemistry of the Fuiictional Groups’ is planned to 
cover in  each volume all aspects of the chemistry of one of the i r - e r -  
tant functional groups in organic clicrnistry. The emphasis is laid on 
the functional group treated and on the effects which it excrcs 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-0-C group is involved, 
as well as with thc effects of the C-0-C group on the reactions of 
alkyl or aryl groups connected to the ether oxygen. I t  is the purpose 
of the volume to give a complete coverage of all properties and 
reactions of ethers in as far as these depend on the presence of the 
ether group, but  the primary subject matter is not the whole molecule, 
but the C-0-C functional group. 

A further restriction in the treatment of the various functional 
groups in these volumes is that material included in easily and gcn- 
erally availablc secondary or tertiary sources, such as Chemical 
Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances ’ 
and ‘Progress’ series as well as textbooks (ix. in books which a rc  
usually found in  the chemical libraries of universities and research 
institutes) should not, as a rule, be rcpcatcd in detail, unless it is 
necessary for the balanced treatment of the subject. Thercfore 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 covercd 
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 a t  the same timc preserving the read- 
ability of the text. The  Editor set himself the goal of attaining 
reasonable coverage with moderale overlap, with a minimum of 

I *  is 



X Preface 10 the series 

cross-references between the chapters of cach volume. In this 
manner, sufficient frecdom is given to each author to produce read- 
able quasimonographic chapters. 

The gcneral plan of each volumc includes the following main 
sections : 

(a) An introductory chapter dealing with the general and theo- 
retical aspects oC the group. 

(b) One or more chaptcrs 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 dcscribing 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 thc 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 cach 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 o f  
the Carbonyl Group, and a chapter on ‘ Ketenes’ is included in the vol- 
ume The Chemistly 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 trcated in a separatc chapter as e.g. 
‘Polyethers’ in The Chemistry o f  the Eiher 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 a t  al!. I n  ordcr 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. I f  after the appearance of the origi- 
nally planned parts of a volume, i t  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 Chewistry o f  Alkenes (published in two volumes) 
The Chemistry o f  the Carbonyl Group (published in two volumes) 
The Chemistry o f  the Ether Linkage (published) 
The Chemistry o f  the Amino Group (published) 
The Chemistry o f  the Nitro and Nitroso Group (published in two parts) 
The Chemistry o f  Carboxylic Acids and Esters (published) 
The Chemistry o f  the Carbon-Nitrogen Double Bond (published) 
The Chemistry o f  the Cyano Group ( in  press) 
The Chemistry o f  the Amides (published) 
The Chemistry o f  the Carboil-Halogen Bond 
The Chemistry o f  the Hydroxyl Group (in press) 
The Chemistry of the Carbon-Carbon Triple Bond 
The Chemistry o f  the Azido Group (in preparation) 
The Chemistry o f  Imidoates and Amidines 
The Chemistry o f  the Thiol Group 
The Chemistry o f  the Hydrazo, Azo and Azoxy Groups 
The Chemistry o f  the Carbonyl Halides (in preparation) 
The Chemistry of the SO, SO,, -SO,H a72d -SO,H Groups 
The Chemistry o f  the -OCN, -NCO and -SCN Groups 
The Chemistry o f  the -PO,H, and Related G~oups 

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 scpport 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 Jcrusalem 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 he 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, I;. A. Bovey, and Harold Basch 

1. INTRODUCTION 

Our present knowledgc of the molecular structure of the amide group 
(1) is founded largely upon the results of x-ray and electron diffraction 

(1) 

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 ccrtain excited states as well. 

0 

FIGURE 1. Mean values or 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 macromolcculcs. Since the amide groups within the poly- 
peptide molecule appear to be only weakly interacting, they retain 



1. Molecular and electronic structure of the amide group 3 

their character to a large extent as isolated amide groups, and for this 
reason the study of isolated, i.e. monomeric amides, has bcen intense. 
However,%ecausc the polypeptidc aspects of the amide structure have 
been adequately reviewed recently 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 cn- 
courage new experiments. 

II. MOLECULAR STRUCTURE 

X-ray structurc analyses of a variety of crystalline amides show a fairly 
constant geometry for the amide group (Table l) ,  the mean values of 
which are given in Figure 1. T h e  heavier atoms of the primary amide 
group (C',C,O,N) are essentially coplanar, however, the evidence 
would seem to indicate that the protons of the NH, 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). 

O....H-N 

C- 
// \ 

// \ 
-C 

N-H ....O 

(2) 

The  results of structurc determinations on monomeric amides in the 
gas phase are distinctly different from those in the crystalline state, the 
gaseous amides having the C=O distance reduced to 1 - 19-1 -2 1 A and 
a concomitant opening ofthe C-N distance to 1.36-1 -37 A. The angles 

however appear to be sensibly the same, with C'eN being 113-1 17", 
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=O distances having 
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1. Molecular and clcctronic structure of the amide group 5 

thc longest C-N (Figurc 2). However, the axes in both directions 
only encompass 0-1 A, and the points for some crystalline amides 
(acetamide, dccanamide, tctradecanamidc) are so far of€ the line as 
to be off the graph. The significance of this reciprocal bond-length 
dependence will be discussed below. I t  is also to bc noticed that there 

1.26 

1.25 

1.24 

h 

'5 1.23 

t; 1.22 
n 

II 1.21 

1-20 

W 
0 
C 
rn 
.- 

0 

0 

1.30 1.31 1.32 1.33 1.34 1.35 1.36 1.37 1.38 1.39 

C-N Distance (A)  

FIGURE 2. C=O versus C-N distances in (1) formamide (crystal), (2) suber- 
amide, (3) aureomycin, (4) trans-oxalilide, ( 5 )  benzamide, (6) diketopiperazinc, 
(7) succinamidc, (8) N,N,N',N'-tetramethyl-a,a'-dibromosuccinamide (meso- 
form), (9) chloroacetamidc (a-form), (10) acetamide (gas), and ( 1  1) formamide 

(gas) - 
is a slight shortcning of the C'-C bond in amides of about 0.02- 
0-06 A below that of ethane, which can be ascribed to the smaller radius 
of t k  -C= atom in amideslS. 

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 TT elcctrons in the C=O 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 thc hydrogens of the NH2 group arc 0.15 K out of the NCO 
planc6. In  diketopiperazine, it is also claimed that thc 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 r-electron arguments would 
predict sp2 hybridization a t  the nitrogen atom and a planar, conju- 
gated structure, whereas the hybridization a t  the nitrogen, in fact, is 
found to lie between sp2 and 5p3, resulting in a non-planar structurc 20. 

Curiously, in crystalliiie benzamide lo, the molecule is grossly non- 
planar, with the amide portion turned 26" out of the plane of the 
phenyl ring. 

I t  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=O bond lengths could well be explained by variable contribu- 
tions from the two valence-bond structures 3 and 4, with increasing 

- 
0 0 

/ 

\ +  

I I 
(3) (4) 

-C 
/ 
\ 

-C 

N- N- 

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 Iioiid C-N distance 
of 1.47 A and the double bond C=hT distance of 1-24 A, as expected 
from such an explanation. However, it would seem that such an 
argument is superficial, for in thc same molecule, one finds the C=O 
bond distance (1-19 A) to be just that expected for apure C=O double 
bond, the intermediate length being approximately 1.3 1 A. Thus 
there appears to be something going on in the u-electron systems of 
amides which affects the bond lengths, and which does not allow a 
simple n-electron explanation of the reciprocal relationship shown in 
Figure 2, if indeed, such a relationship exists at all. 

A variable contribution of polar structurc 4 to the ground states of 
different amides as suggested by the C-N bond lengths might rcason- 
ably be expected to express itself as a variation in the dipole moments 
of these molecules. hleighan and infer 'the presence of 
considerable difficulties' in thc measurement of amidc dipole moments 
in solution, but they present gas-phase values which are remarkably 
constant from molecule to molecule. They report at 1 10"c : N-methyl- 
formamide, 3.82 D ; N,iV-dirnethylformamidc, 3.80 D ; acctamide, 3.75 
D; N-methylacetamidc, 3.7 1 D ; N,N-dimethylacetamide, 3.80 D ; and 
N-methylpropionamidc, 3-59 D. The microwa\Te determination of the 
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dipole moment of pseous formamide gave 3.7 D ~ ~ .  From these 
values, it seems that the amide group itself can be assiped 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 
ko-1  D. 

Another interesting feature of the molecular structure of amides is 
the possible geometric isomerization about the C-N and C-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. 

111. NUCLEAR MAGNETIC RESONANCE 

Amides have been intensively studied by n.m.r. Though most of these 
studies have dealt with rotational isomerization about the C-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 po!.ypeptides 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 

0 
\ /  

/ \  
bond system as planar for most amides, at least so Sar 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 C-N bond is slow, the barrier being of the 
order of 20 kcal/mole. This is to partial double-bond 
character derived from the structure 5. As a result, the environments 

C-N 

6-  
0. A 

C-N 
v.. . . . .s.+/ 
’ ‘B 

(5) 

of groups A and 13 are not avcragcd, and they can usually be observed 
scparately by n.m.r. even at temperatures well above room tcmpera- 
turc. Thcse features will be dcscrihd ftirthcr in section 1II.D. 
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A. J C o u p h g s  

The I4N nucleus has a spin of 1 and conscquently 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. The 14N-lH 
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 thc molccular 
electric-field gradicnts 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--lH coupling and if sufficicntly effective will collapse 
the triplet completely. An example is provided by N-acetyl-L-valine 
(6) 24, the NH spectrum of which is a sharp doublet (from coupling 
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For amides, J14N-iH is usually about 65 C.P.S. 

H3C CH, 

‘CL 

CH,CONHCHCO,H 

(6) 

to the a-proton) ; probably in this casc molecular asymmctry produccs 
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 formamidc; the spectrum ol’thc amide protons is broad and fcature- 
less. Upon irradiation at  the resonance of 14N, the ‘dccoupling’ of the 
nitrogen and directly bondcd protons can be made complcte and 
scparate resonances for each proton can be scen (Figurc 3b). The 
assignments and couplings are shown in the figure and caption. The 
relativc chcmical shifts indicated are bascd on the assumption that 
trans vicinal couplings across a C-N bond with doublc-bond character 
will be larger than cis, as in olcfins”. (The assignment could in 
principle bc proved by nuclear Overhauser effect measurements; 
see below.) 

* The cis-lrans 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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FIGURE 3. T h e  60 MHz n.1n.r. spectrum of neat formamide, previous to, (a), 
and upon decoupling of the l4N nuclcus by irradiation, (b). From the calculated 
spectrum, (c), the  following parameters are determined: T~ = 2.70 7 ;  T~ = 
3.35 7 ;  TC = 3.56 T ;  J A B  = 2.1 c.P.s.; J A C  = 13.3 c.P.s.; JBc = 2.1 C.P.S. 

Thc 'dccoupliiig' cflects of molecular motion in amides are, as one 
might cxpect, temperature dcpcndent. Thus, Roberts 25 found that 
the broad singlet resonance of the NH, group of formamide begins to 
assume a triplet character above about 5 0 " ~ ;  for acetamidc and N- 
mctliylacetamidc thc transition 'was in thc neighbourhood of ZOO"; for 
n'-methylformamide it remained a singlet up to 250", the highest 
tcmperaturc employed. Conversely, it was found 26 that on adding 
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glycerol to increase the viscosity of an aqueous formamide solution, the 
NH, peak became a doublet, although not so wcll resolved as in  
Figure 3b. Likewise, the amidc protons of polyacrylamidc appcar as a 
doubletz6. T h c  reason for this behaviour is that as molecular motion 
is increased, the component of the local magnetic noise spectrum a t  the 
resonant frequency of 14N is decreased, and consequently thc spin- 
lattice relaxation time is incieased. Under these conditions, the spin 
lifetime of the 14N nucleus becomes long enough for thc 14N-IH 
coupling to be observable. Conversely, when motion is rcstricted by 
increasing the solvcnt viscosity or attaching the amide group to a 
larger molecule, the 14N spin lifetime is shortened. I t  should be 
noted that these effects are entirely distinct from the markcd tcmpcra- 
ture dependence of N,N-dialkylaniide spectra, discussed in section 
1II.D. 

Since 14N couplings arc usually difficult to observe directly, usc has 
been made of 15N, which has a spin of 3 and therefore no quadrupole 
moment. 15N couplings will bear a constant proportion to 14N 
couplings, equal to the ratio of magnetogyric ratios, yl5/yl4 or ca. 
1-41. Because the magnetic moment of 15N is negative, 15N couplings 
are opposite in  sign to thc corresponding 14N couplings. 

In Table 2, IH-IH and 15N--IH couplings are givcn for a number of 
simple amides. As we have seen, the t r am vicinal IH-IH coupling 
(J13 in entry 1 and J12 in entry 7a) is comparable in magnitudc to 
that in an olefin; the GZS coupling (entries 1, 3b, and 7b) is considerably 
smallcr than that in an olefin. Both are positive, as are all known 
vicinal proton-proton couplings on carbon fi-ameworks. The geminal 
coupling of the NH protons in unsubstituted amides (JZ3 in entries 1 
and 2) is likewise comparable in magnitude to that in vinyl groups, 
but is positivc, whereas in vinyl compounds with electronegative sub- 
stitucnts such as oxygen on the @ carbon, this coupling is negative. 
The  four-bond couplings to methyl groups (.Il3 in entries 3b and 4) are 
likewise comparable in magnitude and sign (negative) to thc corre- 
sponding olefnic couplings except that the transoid coupling is slightly 
larger than the cisoid. This is thc reverse of obscrvations made in  
olefins. Thus, there is a fairly close similarity between amides and 
olefins, at  lcast as far as n.m.r. parameters are concerned. 

Nitrogen couplings to protons fd l  off rapidly with the number of 
intervening bonds, being always negative for 15N (and positive for 
14N) across onc bond. All 15N-proton couplings arc ncgative in the 
HCONH bond systcm. Two-bond 15N couplings to protons on tetra- 
hedral carbon are weaker and are positive (see J 1 ~ ~ - 1 ~ ~ ( ~ )  vs. JlsN-1Hc3) in 
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cntry 3b). Thcre arc indications that directly bonded N-H couplings 
increase with the fractional s-character of the nitrogen bonding orbital, 
in a manner reminiscent of the well-cstablishcd dependence of 13C-JH 
couplings. The magnitudes of thc I5N-H couplings in amides are 
consistent with an  approximately sp2 bond hybridization, as might be 
expected. Thcre are also a few scattcred l3C--IH coupling measure- 
ments for formamides; M ~ l l e r ~ ~  and Malinowski40 observed a value 
of 192 C.P.S. for the formyl coupling in dimethylformamide. From 
relationship (1) 39, where P~~ is the percentage of s character in the 
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bonding C orbital, we find a valuc of 38"/, for this bond, again con- 
sistent with sp2 hybridization a t  the carbon atom. 

The vicinal coupling JNa. between thc N H  proton and the cr-carbon 
proton in monoalkyl-substituted amidcs is of particular importance 
because of its relationship to the conformations of poly (a-amino 
acid) chains. There is evidcncc that i t  is dependent upon the 
H-N-C,,,-H dihedral angle. MTc shall discuss this question 
further in section 1II.C. 

B. Chemical Shifts 

As wc have seen, substituent groups on the amide nitrogen atom 
can be distinguished because amides arc planar or nearly so and 
rotation about the G - N  bond is slow (sections 1II.A and 1II.D). 
In  formamide, thc more shielded of thc two NH protons is takcn to be 
that which is cis to thc carbonyl. Thc  spcctrum ofacctamide (Figurc 
4) is fundamentally similar, cxccpt that here quadrupolar relaxation 
is evidently more cffective and thc NH protons appear as a doublet 
without irradiation ofthe nitrogen. (The coupling of thc NH protons 
to each other is weak and can hc resolved only upon irradiatiol? of I4N; 
cf. Table 2, entiy 2.) 

In N,N-dialkylamides such as dimethylformamide and dimcthyl- 
acetamide, the N-methyl groups are likewise in non-equivalent en- 
vironmcnts and give separatc rcsonanccs. I n  Figurc 5 is shown thc 
spectrum of dimethylformamidc in chloroform. Thc more shieldcd 
methyl protons are more strongly coupled to thc formyl proton. I n  
this instancc, the assignmcnt of thc mcthyl protons is not based on 
assumptions concerning thc relative magnitudes of thc couplings, for it 
has lieen clcmonstratcd by nuclcar Ovcl-hauser otperimcnts that the 
mcthyl group  is to the carbonyl is the more shielded. Before dis- 



1. Molecular and clcctronic structure of the amide group 15 

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. 

CH3 H 

2 3 4 5 6 7 8 9 
2- 

FIGURE 4. 
amide in DMSO-d, at  25"c. 
ca. 7.5 7. 

The 100 MHz n.m.r. spectrum of a 10% (wt /vol) solution of acet- 
A residual resonance due to DMSO-d, appears at 

The doublet near 3 T is the resonance of the NH2 group; the methyl 
group appears at 8.22 T. 

There is ample qualitative evidence for shielding and deshiclding 
effects by carbonyl groups. These effects are thought to arise pri- 
marily from the magnetic anisotropy of the C=O double bond, with 
a contribution from electric-field effects arising from the strong electric 
dipole moment of the C=O group, particularly in a m i d e ~ ~ l - ~ ~ .  

Jackman 45 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 
'-' volume, deshielding will be observed. Both effects decrease to- 
ward zero as the conical nodal surface is approached. Alternatively, 
Poplc 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 a t  0-1 T ,  is in 
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accord with this picture; it may bc significant that the formyl proton 
of formaldehyde is markedly morc deshielded than that $ forrnamide 
(Figure 3). Olefinic protons in  a$-unsaturated esters (7) lie in the 

0 

I 

plane of the carbonyl group unless stcrically prevented. Both Heal 
and H(bl will be deshiclded by the carbonyl group but one may expect 
Hca) to be more deshielded because it is closer. This assignment is 
confirmed for a large number of related compounds, and is quite 

Solvent 

0 

H 

6.95 7.00 7 05 7.10 715 

t I I I I I 

r 

FIGURE 5. The 100 MMz spectrum of a 10% (wt/vol) solution of N,N-di- 
methylforinamide i n  CDCI, at 25". Rcsidual CFICI3 is responsible for the peak 
at ca. 2.7 T. The formyl proton appears at 2 T ,  and the methyl resonances give a 
doublet ncar 7 7. As the 20-fold expanded methyl spectrum shows, each methyl 

peak is itself a doublet resulting lyom coupling to the formyl proton. 
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secure when R' = H because of the very well-established relative 
magnitudes of cis- and trans-olefinic couplings (section 1II.A). It is, 
however, the reversc of the assignment in formaldehyde. 

I n  N,N-dimethylformamide (8 ) ,  one would expect CH,(,, to be 

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 meas~remen t s '~  that CI130 is more shielded than CH3(b), 
confirming earlier assumptions. An observable positive nuclear 
Overhauser effect, i.e. an  increase in the resonance signal ofone proton 

FIGURE 6. The diamagnetic shielding, (+), and deshielding, (-), regions of 
thc 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 fi-om the proximity and motion of the 
proton(s) to be irradiated. These conditions may be expected to he 

21-C.O.A. 
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fulfilled for N,N-dimethylforniamidc when the formyl proton is ob- 
served as the methyl protons arc irradiated, since the scalar coupling 
is weak (Tablc 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 depcnds upon r - 6 ,  1' 
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 CH3(b), sincc (r(a)/y(b)) is - 6. 
Upon irradiation of the less shielded methyl protons, Anet and Bourn 47 
found an 18y0 increase in  the formyl pcak 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 N,N-dialkylamides, and it will be 
of interest to extend these measurements to other compounds. 

I t  has been found that the relative shicldings of alkyl groups in 
N,N-dialkylamides are highly dependent upon the solvent and 
in  fact may bc reversed in aromatic s o l ~ c n t s ~ ~ .  This is illustratcd in 
Table 3 for N,N-dimctliylformamide and N,N-dimethylacetamide. 

TABLE 3. T h e  dependencc on solvent of N-methyl chemical shifts in 

R = H  R = Me 

- - 
8 (a) 9 b )  #(a) c(b) Solvcnt 

Neat 7-18 7.00 7.15 6-97 
CDCl, 7.12 7.03 7.10 7.0 1 
DMSO 7.1 1 7.0 1 
Ni trobenzcnc 7.OG 7-04 7.0 I 7.0 i 
Anisole 7.48 7.75 7.3 1 7.62 
Qiiinolinc 7.27 7.7 1 7.1 I 7.62 
Bcnzcnc 7.58 8-08 7.35 7.83 
Thiophcne 7-50 7.86 7.30 7-68 

I n  tlic latter, the N-mcthyl couplings are not resolved, and the assign- 
ment was bascd on thc greater Iircadtli of the CH3(a) resonance. This 
behaviour is probsbly due to a geometrically specific association of the 
aromatic ring of the solvent with thc amide. Hatton and Richards33 
have suggested that thc prcfcrred arrangement (9) has the nitrogen, 
with its fractioiial positive charge, OVCI' the centrc of the benzene ring 
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and thc carbonyl as far away from the centre as possiblc, the amide and 
benzene planes rcmaining approximately parallel. This conformation 
places both methyls in the shiclding rcgion of the ring48-50y but CHSo, 
will bc more strongly shielded than CH3,,,. 

(9)  

There is cvidencc 34 that in thioamides the rclativc shieldings of' thc 
N-methyl protons arc rcvcrscd. The origin of this cffect is not clear. 
Whatcvcr i t  may be, one would expect aromatic solvcnts to enhancc 
the separation of peaks, and this in Fact is 

C. Conformations of N -Substituted Amides 

1. Cis-trans conformational preferences of N-alkyl groups 
I n  N-monosubstitutcd amides, the trans conformation (11) has been 

shown to be strongly prefcrred over thc cis (10) by a variety ofmethods, 
including dipolc-moment measurcmcnts and infrared, Raman, and 
ultraviolet spectroscopy (for a detailed bibliography see rcfcrence 3 1). 
By these means, however, it has not been possible, in general, to dcter- 
mine whether a minor proportion of the cis conformer exists in equili- 
brium with the traix. La Planche and Rogers3I have observed the 
n.m.r. spectra of a number of N-monosubstituted amides (1Q) and (11) 

(10) (11) 

in which R(l) was Me, Et, i-Pi- and t-Buy and R,,, was H, Mc, Et and 
i-Pr. The ncat compounds werc observed at 35"c except for N- 
ethylisobutyramide (Rc1) = Et; Ro, = i-Pr), N-isopropylisobutyramide 
(Ro, and R,2) = i-Pr), and AT-t-butylacetamide (Ro, = t-Bu; 
Rc2) = Mc) , which arc solids under thcsc conditions and wcre obscrved 
in carbon tetrachloride solution. Only when Ro, was H could an N- 
substituent resonaiicc corrcsponding to the cis isomer (10) bc dctcctcd; 
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its fraction iiicrcased from 0.08 for N-methylformamide (R,,, = iMe; 
cf. Table 2, entry 3) to 0.12 when R,,, = Et or i-Pr, and to 0.18 when 
R,,, = t-Bu. This is to be expected as a result of steric interference 
between the N-substituent and the carbonyl oxygen atom. It is 
noteworthy, howcver, that even the bulky t-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 hydrogcn-bonded dimer 
(12) would seem to require the cis conformation. 

\ /  
C-N 

(12) 

Bourn and coworkers 38 have found that the cis conformation is much 
more favoured in formanilide (R,,, = C,H,; Ro, = H) than in any of 
the N-alkylformamides just discussed. I n  1-5 mol yo deuterochloro- 
form solution at 35"c, its fraction is 0.45; it increases to 0-73 at 52.5 
mol yo, as would be expected if dimer formation promoted the cis 
conformation (cf. Table 2, entry 7). 

Observations of conformational preferences in unsymmetrically 
substituted N,N-dialkylamides can be more rationally explained in 
terms of steric competition. I t  is found that in f o r m a m i d e ~ ~ ~ . ~ ~  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 Rogers 52 find the following fractions of 
the preferred cis conformer (13) : R(,) = Et, 0.60; n-Bu, 0.61 ; cyclo- 

0 CH, 
\ /  
C-N 

(13) 

C6Hll, 0.66; i-Pr, 0.67; t-Bu, 0.89. For acetamides, the preference 
for 14 was as follows: Ro, = Et, 0.51 (or no preference within experi- 
mental error) ; n-Bu, 0.53 (probably the same comment applies) ; 
cyclo-C,H,,, 0.55; i-Pr, 0.58; I-Bu, indeterminate, only one t-butyl 
proton peak bcing obscrved. 
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that the rotamer in 
which R(l) = Mc, and R(2) = benzyl, is prescnt to the extent of 0.73 in 
quinoline and carbon tetrachloride at about 40"c. When RC2) = 
cyclohexyl, this rotamer fraction is 0.70 in carbon tetrachloride. T h e  

For amidcs of the structure 15 it is 

(15) 

conformer in which R,,) = i-Pr and R(2) = benzyl is present to the 
extent of 0.78 in quinoline. 

The infrared analysis by M i y a ~ a w a ~ ~  of the vapour- and condensed- 
phase spectra of N-methylformamide suggests the presence of a small 
amount of cis isomer along with the tram, while in N-methylacetamide 
only trczm 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 cis58. Crystallographic studies 
of acetanilide (16) 57, N-methyla~etamide~, and acetylglycine (17) 58 

0 COH, 
\ /  

CH, / \H 

C-N 

(16) 

0 CH,CO,H 

CH3 / \H 

\ /  
C-N 

(17) 

also showed these molecules to have the trans conformation. I n  
general, it appears that the trans conformation of a n  N-alkylamide is 
the more stable one, except when steric repulsion is overpoweringly 
unfavourable for the tram conformation, and in the case of the small- 
ring lactams where thc 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 a t  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 a t  this carbon atom depends primarily upon 
nieasurements of the vicinal proton-proton coupling in the fragment 
18, JNa, and a knowledge of the dependence of JNa on this dihedral 
anglc. 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,,,-H bond is in 

(18) 
the plane 11, defined by N--C,,,--H and groups A and B are found 
above and below this plane. We shall designate this angle cp' to 
distinguish it fi-om the somewhat different definition of this angle now 
adopted by peptidc chemists 60, and designated rp. 

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,,, bond. There is by no means universal 
agreement as to this function, but the most plausible assumption seems 
to bc that it is analogous to that of the conformers of propene61 and 

acetaldehyde 62 as deduced fi-om micro\vavc 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 groiip, as 
in 19. The analogous conformation of an N-substituted amide (20) 
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with A and €3 othcr than H, corrcsponds to cp' = 180". Whcn A = 13, 
wc may supposc that, assuming a threc-fold potential barrier, there 
will be in addition to this trans conformcr, two equally populated 
mirror-image gauche conformcrs, corresponding to cp' = 60". 
When A # B, as in a polypeptidc chain, these gauche conformers will 
in gcncral be unequally populated. It should be notcd that the minima 
usually assurncd in polypeptidc conformational energy calculations 
differ from these by k 60", and that furthermore, rp' for thc a-helix is 
ca. 120". This is comparatively unimportant, however, as the con- 
formational prcferences of polypeptide chains are detcrmincd pri- 
marily by other factors, c.hicfly side-chain stcric interactions. 

Examining in Table 2 the scries N-methylformamide (entry 3b), N- 
cthylformamide (entry 8) and N-isopropylformamide (entry 9), we 
observe a markcd increasc in J 2 3 ,  i.c. JNa, as thc liull<incss of the alkyl 
group increases. Closely analogous Ixhaviour has been observed by 
Bothncr-By and coworkcrs for a scrics of a lkyl~ t l iy lenes~~.  The most 
probable explanation scems to bc that J,va has a Karplus-like depen- 
dence on y', i.e. is a t  a maximum whcn y' - 180", and prcsurnably a 
minimum near 90" with rclativeiy small values near 60". However, 
more data are necded to establish this conclusion. 

Hammaker and Guglcr 64 have suggested that. for N,N-diethyl- 
acetam:de the conformation 21 is prcferred, wliilc for N, N-diisopropyl- 
arnides, the methyl groups are turiicd away from the N atom as in 22. 

9 4 3  
H3C H\ ' 

'C---H 0 C-CH, 
\ \ /  

\ 
O>C-N/ 'H C-N 

H3C H - - 2  'C-CH, H,C' H/%x3 

H 
(21 1 (22 1 

Conformation 21 appcars to be consistent with steric requircmcnts, but 
22 is decidcdly unlikcly. It has becn further suggested64 that they are 
supportcd by thc chcmical shifts of the CH, and CH protons compared 
to thosc of thc methyl groups, but in view of the unccrtain rationalc 
of chemical shifts of AT-alkyl protons, this cannot be considered 
strong support. Thcsc qucstions are coiisidercd in section III.D.2. 

D. Rotational Barriers 

Wc have alludcd a t  the bcginning of section 111 to thc high barrier 
to rotation about the C-N bond in amidcs, enabling one to observe 
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separate signals for otherwise equivalent N-substituents. Restricted 
rotation about this bond was first demonstrated by Phillips 65 ,  who 
observed two N-methyl peaks in the spectra of N,N-dimethyl form- 
amide and N,N-dimethylacctamide. Although the period of rotation 
at room temperature is relatively short on the ordinary time scale of 
chemical reactions, ca. 0.1 scc, i t  is long on the n.m.r. time scale. In  
Figure 7 is shown the spectrum of neat N,N-dimethylformamide at 
various temperatures. At 35"c, thc spectrum shows two relatively 
narrow peaks, similar to those in Figure 5. As the temperature is 
raised furthcr, 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 lifctime T of the mcthyl protons in 
each state becoming shorter as the temperaturc is increased and the 
molecules surmount the rotational barrier a t  an  increasing rate. 
Peak coalescence occurs when T < 2 / 2 / [ 2 n ( u A  - vB)], where vA and 
vB are the resonant frequencies of two like N-substituents. I t  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 temperaturc. A full explanation can only be given in terms of 
the modified Bloch equations expressing the behaviour of the macro- 
scopic nuclear magnctic 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 chcmical ratc 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 function 66*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 T,, nor is account taken of scalar 
coupling of the nuclei to each other or to other nuclei-the formyl 
proton in the present case. Neglcct 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 
undcrestimates abovc coalcscence, thus tipping the Arrhenius plot 
toward lower values of AH:. This no doubt accounts for the reports 

M. B. Robin, F. A. Bovey, and Harold Basch 
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FIGURE 7. The n.m.r. spectrum of neat N,N-dimcthylformamide a t  various 
temperatures. 
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by diffcrcnt authors of activation cncrgies horn lcss than 8 to ovcr 20 
kcal/molc for the sanic amide. To avoid such ci-rors, the best and 
most generally applicable procedurc appears to be that of the total 
line-shape analysis which takes into account exchange narrowing., T,, 
and ~ o u p l i n g ~ ~ - ~ ~ .  This requires thc use of a high-speed digital 
coniputer to generate thc theoretical spectra, which may then be com- 
pared visually with the experimental spectra. Altcrnatively, the 
computer may be programmed to accept the espcrimental points and 
itself make the comparison; this last is no doubt the least subjective 
procedure and is to be preferred when thc appropriate equipment is 
available, 

Beside the analysis of ‘slow-passage’ n.m.r. spectra, other methods 
of obtaining kinetic data by n.m.r. arc availablc and have been applied 
to amides. One procedure is to extend the rathcr limited temperature 
range available for such studies by employing ‘wiggle decay’ measure- 
ments of the narrow line widths well abovc and lxlow coalescence, 
where direct measurements are inaccurate. This is in effect a more 
precise mcasurcment of T,. A more sophisticated method for such 
measuremcnts is that of ‘spin eclios’78, which has been applied to 
kinctic  problem^^^*^^. Suffice it to say here that in a system in which 
chcmical exchangc betwecn non-equivalent sites is occurring, cach 
such exchange contributcs to the dephasing of the precessing nuclear 
moments lxcausc it carries a nuclcus from an cnvironment character- 
ized by one prccessional fi-cquency to another cnvironment with a 
diffcrent preccssional frequency. This rcsults in a shortening of T,. 
If the spin-echo decay is measured as a function of the pulse rate, it is 
possible to measure thc T ovcr a wide range of exchange rates by 
application of the appropriate equation for the contribution of ex- 
change to the echo decay ratc79*80. The  spin-echo method requires 
that all the observed nuclei lie equivalcnt in the fast cxchange limit, 
and thus would not lie applicable to the amides listed in Table 2, 
because the non-exchanging protons intcrferc with thc 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 chloridcs. It has the advantage that it is not 
seriously, if a t  all, affccted by the existence of scalar coupling of the 
nuclei of interest. 

A fk-thcr mcthod which has lxcn applied to amidcs, is to isolate one 
of the two conformers by crystallization 81*82 or complexation 83 at a 
tcmpcraturc at which equilibration is slow, and then to observe the 
approach to equilibrium by monitoring thc intcnsitics 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. 

1. The C-N bond 
Most of the simificant 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*303R(log A - log k T / h ) ,  A being the frequency factor. 

The disagreement 
in the reported magnitude of AH* 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 N,N-dimethylforniamide, 
values of AH* vary fi-om 7 to 26.3 kcal/mole and of AS* fi-om - 56 to 
14.3 e.u. Similar discrepancies can be seen for N,N-dimethylacet- 
amide and many of the other amides. The data for N,N-dimethyl- 
carbamoyl chloride are particularly instructive. As Neuman and 
coworkers77 point out, the reported values of AH* 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 dctermined 
fairly accurately, while at  other temperatures the errors of the measure- 
ments are such as to tip the Arrhenius plot towards lower values of AHt  
and consequently more negative values of AS*. It is notable that the 
most recent and most careful measurements yield the hishest values of 
4W and less negative or even positive values of A S .  Strongly 
negative entropies of activation for intcriial rotation in amides are 
dii?icult 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 r-clcctron 
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 prcfci*entidly stahilizc the ground 
state and thus increase the barrier height. Dipole-dipolc association 
might also be cxpcctccl to stabilize the ground state and thus increase 

? 

In some respects, these data are discouraging. 
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the barrier at higher concentrations in non-polar solvents. Woodbrcy 
and Rogersg0 have reported that the activation enerm for N,N- 
dimethylcarbamoyl chloride increased with concentration in carbon 
tetrachloride, while in the more polar solvent CH,Br, it passed through 
a maximum (Table 4, entry 18b). They rationalized this result in 
terms of dirner formation and solvation, but the claimed effects were 
probably well within experimental error. I t  is notable again that the 
activation free energy was 16.4 +_ 0.2 kcal/mole and independent of 
solvent and concentration. For N, AT-dimethylpropionamide, there 
was an indication of a lower activation free energy in carbon tctra- 
chloride than in CH,Br, (Table 4, entry 13b), but the effect was slight. 
Again, Whittaker and Siege1 85 have reported apparent effects of solvent 
on the activation energy for isomcrization in N, N-dimethylformamidc, 
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 bcnzyl 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 N-alkyl groups have no 
marked effect. A mesityl group on the carbonyl, however, does appear 
to increase the barrier measurably (Table 4, entries 16, 1'7). The 
substitution of sulphur for oxygen unmistakeably increases the barrier, 
the effect being morc 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). 

Ncuman and Younge6 have shown that in the series of N,hT- 
dimethylformamides in which the carbonyl oxygen is replaced by S, 
NH, and NHZ, the barrier height increases with l3C--IH coupling 

(23) 

at the formyl proton. The correlation is not impressive, however, as 
the change in Ji3C--'EI is small. 

The actual isolation of pure crystalline isomers of amides is 
reported by Siddall 93, who obtained two isomers of 23 and studied the 
ratcs of their interconversion in sym-tetrachlorocthane solution. The 
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isomerization procccds with an activation cnergy of 25 kcal/mole from 
either direction, but is thought $0 involve N-Ar rotation, rather 
than OC-N rotation. 

The non-equivalence of the two amino protons of acetamidc due to 
hindered rotation about the C-N bond has also been demonstrated 
using e.p.r. spectroscopy 04. In  these experiments, acetamide reacts 
with -OH radicals in a flowing systcm. Analysis of the e.p.r. spec- 
trum of the . CH,CONH , radical so produced, shows that thc hyper- 
fine coupling constants to the two amino protons are not equal 
(1.96 t- 1 G and 2-53 t- 1 G ) .  Simfiar treatment of formamide leads 

to the radical I I C O k H .  
Since the systematic errors in the determinations of the activation 

energy for C-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 ncarly 
correct. This can be compared to 65 kcal/mole measured for iso- 
inerization about the full double bond of didcuteroctliylcneg~. It is 
interesting to note that a barrier to C-N rotation of 20 kcal/niolc is 
very nearly equal to the thcrmochemically96 (2 1-22 kcal/niolc) and 
theoretically 23-07 (2 1, 23.6 kcal/molc) detcrmincd resonance cnergics 
of the amide group. As thc situation now stands, the errors in the 
activation energy are so large, and the measurement paramcters so 
non-uniform, that comparison of barricrs in different compounds must 
be looked upon with caution. 

2. The N-C,,, and C‘-C bonds 

Siddall and Prohaska O8 observcd that in amidrs of structure 24 
(the conformational prcfercnces of which have already been discusscd 

0 R 

C-N 
\ /  

/ \  

(24) 

in section 1II.C. l),  the bcnzyl protons werc non-cquivalcnt, and 
therefore appearcd as an AB quartet, when R was o-tolyl, but as a 
singlet when R was phcnyl or 2,6-dimethylphcnyl. They inter- 
preted this result as indicating ‘slow inversion’ at the nitrogen atom, 
but this explanation ~vas  justifiably condcmned by Shvo and co- 
workcrsg9 since, as wc have sccn in thc introduction to section I11 such 
inversion would be very rapid, if indced thc nitrogcn atom is apprcci- 
ably pyramidal, which is by no means certain. A much more 

CHzCGH5 H 3C 
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plausible cxplanation 99 is that in thc conformalion 25 rotation of the 
o-tolyl group is stcrically restricted. This would makc the benzyl 
protons lion-equivalent. If two ol-tho methyls are present, rotation is 
no doubt still slower, but thc conformer is syrnmctrical. If none are 
prcsent, 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 knownlOO. For the 
acetamide illustrated (25) they calculated from the AB quartet 
collapse, a AG* for rotation, near coalescence a t  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 bcen reported in a number of 
papers by Siddall's group lo1-lo8. The preferred conformations of 
rotating N-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 pcr 180" rotationg9 (see also the case 
of benzarnide in section 11). 

There is also evidence of substantial barriers to rotation about 
N-C,,, bonds in some N,N-dialkylamides. Whittaker and Siege1 log 

observed an unusual temperature dependence of the chemical shifts 
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of the alkyl protons in N,N-diisopropylacetamide and N,N-diiso- 
propylformamide. Siddall and Stewart rcexamined N,N-di- 
isopropylacetamide and extended their observations to N, N-diiso- 
propylisobutyramide, N,N-di-3-amylacetamide and NYN-di-3-amyliso- 
butyramide. I t  was observed that at temperatures of ca. - 10" to 
-4O"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, N-diisopropylacetamide, two multiplets could not be dis- 
tinctly seen). I n  other, more complex molecules, such as 27 both 

/ \  
H3C CH(CGH5)P 

(27) 

methine multiplets underwent these changes but in diffcrent tempcra- 
ture ranges. A rather complicated explanation is nceded for such 
results, and a complctcly satisfactory onc 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 thc rotation of 
the other. Barriers of thc order of 10 kcal/molc are thus developed. 
Below the coalescence temperature, one secs the spectra of at least two 
preferred conformers, perhaps (for isopropyl groups) something like 
28 and 29. 

There is also evidence for slow rotation about the aryl-carbonyl 
bond in aromatic amides when the substituents at both nitrogen and 

(28) (29) 

carbonyl are sufficicntly lmlky104*105. In the spcctrum of 30 doubling 
of the signals of most of the protons indicates the usual cis and trans 
conforiners about the OC-N bond. It is further observed that, evcn 
well above room temperature, the mcthoxyl groups give four signals, 
indicating slow rotation about t he  benzene-carbonyl bond, probably 
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Ph 

(30) 

with a barrier of about 20 kcal/mole, approximately that for rotation 
about the OC-N bond. Inspection of molecular models suggest 
that these rotations may be synchronizcd, as the benzene ring attachcd 
to the carbonyl group clearly cannot rotate in conformer 30, but should 
be able to in conformer 31. 

E. Arnide-lminol Tautomerisrn 

Yet another geometrical isomerization in amides has been proposed 
by Potapov and coworkers111, who presented optical rotatory dis- 
persion evidence that N-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.ni.r. and U.V. work on these materials112J13 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 

0 H 

\CAN' OH 

C=N 
\ 

CHCH, 
/ \  

Ph - 
/ \  

Ph CHCHJ 
I 
Ph 

I 

Ph 

(33) 

of these amides may be obtained in two crystal forms which may prove 
to be thc cis and trans isomers. In the isomcric systems 34-35 and 
36-37 the equilibria a t  130"c were also found to lie completely towards 
the right, with no traces of 34 or 36 detectable in the equilibrium 
1nixtures11~. 

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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bis-trimethylacetamide complcx of PtCl,, and found the ligand to 
have the iminol form with Pt-NH=C coordination. 

F. Self-association 

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

1. Hydrogen bonding 

Many n.m.r. studies of self-association of molecules capable of 
hydrogen bonding have becn 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 

elcctron donor Y ,  usually depicted as X-H ... Y .  Qualitatively, this 
may bc 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 elcctron density about 
H. Dilution of associated species in an incrt solvent such as carbon 
tetrachloride or cyclohexane results in an upficld shift of the bonding 
proton, and from the sliapc of the dilution curve, equilibrium con- 
stants can be dcrived provided the equilibria involved are not too 
complex, and provided the chemical shift of the unassociated proton 
can be established. For rclath-ely weakly associating moleculcs such 
as alcohols and amines, fairly satisfactory results can be obtaincd as 
dimer or trimer equilibria strongly predominate. But for strongly 
associated systems such as mono-N-alkylamides and carboxylic acids, 
the mononicr chemical shift is difficult to cstablish, since very high 

We append this section to point out briefly how association effccts 

L5+ 6 -  
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dilutions would IIC required; the broad sigiials of NH protons aggra- 
vate this problem. In addition, the cquilibria are complex with large 
polymcric species tending to predominate. 

There appear to be no studies of this kind on unsubstituted amidcs, 
such as formamide and  acctaniide, mainly for the good reason thzt 
they are not appreciably soluble in incrt solvents. La Planche and 
coworkers11G have attempted to deal with the association of N-methyl-, 
N-isopropyl-, and hT-t-butylacetamide in both inert (carbon teira- 
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- 
Ix-ium among higher aggregates, and also included association with 
hydrogen-bonding solvents. They observed that association in inert 
solvcnts was very strong, decreasing appreciably with increasing bulk 
of thc AT-alkyl 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 diethylketonc are about as effective as chloroform in this regard, 
but dimethylsulphoxide is much more successful, although some 
association pcrsists even in relatively dilute solutions. 

2. Dipole-dipole association 

In N,N-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 ordcr of 
0.1 p.p.m., of the NCH, protons of N,N-dimcthylacetamide, N,N- 
dimethylformamide, N,hr-dimcthylthioacetamide, and N,N-dimethyl- 
thioformamide upon dilution in carbon tetrachloridc. I t  was found 
that the cis-methyl peaks moved upfield and the trans-methyl peaks 
moved downfield by the same amount. This result was explaincd in 
terms of dipolc-dipole association to form dimers. The conformation 
of the dimer is not clear, since the most obvious head-to-tail, parallcl- 
plane model predicts chcmical-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. 

Rathcr different conclusions are indicated by Pines and Rabinovit~'~,  
who, 011 the basis of evidence not yet given in detail, report dipole- 
dipole interactions of the order of 6 kcal/molc for N,lV-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 1II.D). 

IV. ELECTRONIC STRUCTURE 

A. The Ground State 

Virtually all of the preliminary quantum chemistry requirzd 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, cr and T, rather than just T. 
Moreover, since our principal interest in amides has been electronic- 
spectroscopic, we shall place a heavy emphasis on that here. How- 
ever, first wc shall describe the results of ground-state calculations, and 
then go on to the excited states (section 1V.B) and the optical proper- 
ties of amides (section V). 

I .  Gaussian-Type Orbitals 

Since the earliest days of quantum chemistry thc 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 nccessary in actual calculations to 
introduce an arbitrary, althoagh usually very reasonable, partitioning 
of the electrons in a molecule into what might be termed chromophore 
or valence-shell elcctrons-those that are considered to be involved 
in ordinary 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 morc likely because of it, 
in order to get reasonably good agreement with expcriment it was 
found necessary to further tamper with the basic theory and make use 
of empirical parameters. Thus we have the Huckel, extended 
Hiickel, and Pariser-Parr-Pople thcorics in organic chemistry and 
the ~/~~olfsberg-Helmliolz lipid-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 has 
becn towards greater rigour, fewer paramcters, and a more complex 
and sophisticated calculation. 
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Omitting a lengthy discussion of these semi-empirical theorics, their 
importance and usefulness, i t  is sufficient to say that a t  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 y2 dependence in 
the exponential part. 

The  exponential factors q, al, etc., are detcrmined 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 s-type function on an  
atom can most likely be considered safely as Is, but tlie next higher 
s-type orbital may be a linear combination of Is, 2s, and 3s AO’S; one 
can only say that i t  is the next higher s-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 tlie total energies and dipole moments com- 
puted for carbon monoxide in various bases are compared. If each 
AO of the llasis is represented by one STO, tlicn the basis is referred 
to as Single Zeta, whereas a Double-Zeta h s i s  employs two sro’s 
per AO. I t  is seen from this table that the GTO basis used for our 
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calculations 122*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 s-type and two 
p-type fh-tctions and the corrcsponding Gaussian basis uses tcn s-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.f-type orbitals to the basis are needed to reach the 
Hartree-Fock limit 124. 

TABLE 5 .  Calculations on the ground state of carbon monoxidea. 

Basis 
Tota l  energy 

(a.u.) 
Dipole m o m e n t  

(1)) 

Best-Atom Single-ZctabVc 
Best-Molccule Single-ZetabPc 
Best-Atom Double-Zetab*u 
Gaussian-Type Orbitalsd 
Best-Molecule Double-Zetab*c 
FIartree-Fock Limitb." 
Experimentale 

- 112.3261 
- 112.3927 
- 112.6755 
- 112.6762 
- 112.7015 
- 112.7860 
- 113.377 

0-593 (C-O+) 
0.389 ( G - O + )  
0.603 (C+O-) 
0.416 ( C + O - )  
0.393 ( C + O - )  
0.274 ( C + O - )  
0.112 (C-O+)  

a Cornputcd at the equilibrium internuclcar distance of 2.132 a.u. 
Slat&-Type Orbitais basis. 
1-1. Basch, unpublishcd calculations. 
Exponents and fixcd cocficicnts taken from work of WhittenlZ0 and I-IuzinagalZ1. 
I\'. I-I. 13~0, .I. Clrem. Php . ,  43, 624 (1965). 

Of course, thc use of a large cTo-basis set (compared to STO'S) means 
that one has that-many-times-more to the fourth power number of 
intcgrals to compute. But, multicentre integrals over GTO'S are 
evaluated using simple analytic formulas which are casily coded in 
simple FORTRAN language without recourse to complex numerical 
integration techniques, numcrous difficultly convergent expansions, or 
sophisticated programming structure. Thus the spced with which 
GTO integrals can bc computed more than compensates for the handi- 
cap of the largcr basis and the resultant need to computc the grcatcr 
number of integrals. I've dwell upon the discussion of the usc of GTo 

functions in molecular calculations because their use is not widely 
appreciated, as is that O r  S d S ,  and Iiecausc tlic best and most reliable 
calculations on the electronic structure of the amide group have been 
carried out using such Glo-basis sets. 
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Thcrc are, or course, a great many earlier calculations in the 
literature on the electronic sgucture of the amidc group, all of them in 
a Single-Zeta STO basis, or  worse. While our Double-Zcta GTO 

calculations are still incomplete in that they do not include d- orJ-typc 
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 earlicr 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 DowlingG 
(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 

43 

\ N 

FIGURE 8. Numbering of the atoms and coordinate system used for formamide 
GTO calculations. The coordinate system shown on thc right is centred at the 
midpoint of the C-N bond, and defines the X, Y, and 2 directions for the 
atomic p orbitals on all ccntres. H(l) and HC2) have a negative Y coordinate; 

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

molecular-orbital wave functions haw 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 labclled a' are 'u' and 
those labelled a" are ' r ' .  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 higlicst filled orbital in formamidc is computed to be 2a", a r 
MO consisting of almost equal amounts of 2p T AO'S on oxygen and 
nitrogen, with a node through the intervening carbon atom. Because 
there is very little overlap between the T orbitals on oxygen and 
nitrogen, 2a" is appropriately described as non-bonding126, even 

13a' 

110' 
30'' 

- 2d' 
A- 106 

ic la" 
go' - 80' 

4L 70' 
ib- 6d 

A 56 - 40' - 3al 

+ 0.326 
+0.268 
+0.236 
+0*171 

- 0.420 
- 0.440 

-0.583 
-0.61 2 
-0.675 
-0.756 
-0.858 

- 1.220 
- 1.429 

-11.385 
- 15.588 
- 20538 

FIGURE 9. Orbital symmetries, energies (a.u.1 and occupancies computed for 
thc ground state of formamide in the non-planar geometry6. The level spacings 

a re  not drawn to scale. 

though of T type. The lower occupied 7r orbital la" is strongly 
bonding, having all AO'S in phase, with maximum density on the 
nitrogen atom. I t  is the pair of elcctrons in this r orbital which are 
rcsponsible for the rotational barrier about the C-N bond of amides. 

The highest filled (3 orbital 10a' is largely oxygen-centred and cor- 
responds to the conventional ' non-bonding oxygen lone pair' of 
ketonic substances. Thc fact that neither the 10a' or 2a" MO'S contain 
any appreciable clcctron dcnsity on adjacent atoms cxplains 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 Hc3), and somewhat smaller 
densities on the C and N atoms as well. Tllus 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' 1 Oa' 1 a'' 2a" 3ana 

CX 
N, 

0.0187 
0.2 11 1 
0-  1683 
0.09 16 
0.0007 
0.0876 
0.1068 
0.2942 
0.3296 

0 
0 
0 

0.4106 
0.2678 
0.0 145 

0.0791 
0.0573 
0.1331 
0.0 190 
o*oooo 
0.2390 
0.366 1 
0.1329 
0.4867 

0 
0 
0 

0.039 1 
0.0094 
0.4369 

0.0 I58 
0.0147 
0.2238 
0.0151 
0.0056 
0-0000 
0.0229 
0*0009 
0.4859 

0 
0 
0 

0.0277 
0*1101 
1.0773 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.6607 
0-762 1 
0.5772 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0.0344 
1-0439 
0.92 17 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

1.4.475 
0- 1340 
0.4185 

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 r-Electron density 

H1 

H2 
H3 
C 
N 
0 

+ 0.357 
+ 0.368 
+0*152 
+ 0.258 
- 0.758 
- 0.377 

0 
0 
0 

0.695 
1.806 
1499 

over the adjacent framework. As will be seen in section 1V.B this is 
not nccessarily true in the excited statcs of formamidc. 

Application of a Mullikcn population analysis to the occupied T 
orbitals of formamidc shows that the nitrogen atom has only 1.8 n 
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clcctrons, the other 0.2 being in the C=O group which itself is 
strongly imbalanced towards oxygen. The paucity of n-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 

N + -  
8. 

I I 
(3) (4) 

ftinction of amides at from 2 : 1 to 4: 1. I t  can also rcadily be seen 
from Table 7, that such .ir-electron-only considerations can be grossly 
mislcading, for although the nitrogen atom is n-electron poor (nct 
.ir charge of +0*19), i t  seems to be ow?-all electron rich (net charge of' 
-0.76). I n  fact, the populations show a back-donation crcct, with 
charge leaving nitrogen via the T system, and morc than compensating 
this, a flow of charge to nitrogen from the protons via the 0 system. 
A similar cffcct is reported for all-electron calculations on formalde- 
hydeI2'. Bccause thc carbon atom loses 0.3 electron to oxygen via the 
T system and has an overall charge of + 0.3, it is secn to be essentially 
electroneutral in its u system. The same conclusion applics to the 
oxygen of formamide. The  total net charge on the NH, and CHO 
fragments of formamide are calculated to be -0.033 and +0-033, 
respectively. 

The n-electron deficicncy a t  carbon suggcsts that thc ground state of 
formamide must include thc structurc 38 as an ingredient a t  least as 

+ /  

\ 

(38) 

important as structure 4 (even more important according to the 1\10 
calculations), and that valence-bond structures which wc darc not even 
pictorialize, but whicli transfer charge from thc protons to nitrogen, 
are also nccessary to givc correctly thc ocemll charge distribution. 

The dipolc momcnt offormamide can IIC calculated fi-om thc electron 
distri1)ution in the Costain-Doivling gcomctry to I x  4.39 D with an 
anglc 0 = 42.6" (Figurc 8). Kurland and \Yilson22 report a dipolc 
moment of 3.7 & 0.06 D at an angle of 39.6" for gascous forinamide in 

N- 
\ 

- 
0 

H-C 

NH2 
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its ground state. Surprisingly, a valuc of 4,.2 11 lias also I)ccn cal- 
culated for the dipole moment of thc amide group, considcring the T 
electrons only 120. We see, however, from the strong clectronic 
polarization of the (T system of formamide, that comparison of the 
measured moment with the moment calculated in the r-electron 
approximation is mcaninglcss. Thc apparent agreement arises from 
the fact that though the o system has suffercd a large reorganiza- 
tion of charge on forming the molecule from its atoms, the centres of 
gravity of the positive and ncgative charges in the u system are acci- 
dentally very nearly coincident? thus having very little effect on the 
dipole moment. 

Realizing that  the 10a’ and 2a” MO’S werc quite nearly degenerate in 
formamide, Hun t  and Simpson126 long ago raiscd the question as to 
which orbital was involvcd in the lowest ionization potential (10.2 ev) 
of this molecule. In  h m  calculations of thc SCF type, the ionization 
potentials are usually taken as the ncgatives of the calculated orbital 
enervies (Koopmans’ theorem). Using this approach, we calculate 
that ionizations from the non-bonding u (10a’) and T (2a”) orbitals of 
formaniide require 11.99 and 11.42 ev, respectively. This approxi- 
mation, however, presumes a certain threefold vertical naturc to the 
proccss: (i) the nuclear Seometry docs not change on ionization, (ii) 
the occupied molecular orbitals of thc system do not reorganize on 
ionization, and (iii) the correlation energy error does not change on 
ionization. The approximation (i) would appear to be a valid one, 
whereas (ii) and (iii) can be shown to bc poor approximations. 

The cffcct 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 wcomputed 
total energies of the positive ions of interest. When applied to fornia- 
midc, this techniquc gives the ionization potential from thc G orbital 
10a’ as 8.80 ev, and that from 2a“ T as 9.7 ev122, jus t  the reverse order 
predicted using Koopmans’ theorem. Even though this techniquc 
does account for 1.5-3.0 cv of reorganization energy, thc error in- 
curred in approximation (iii) still leaves the thcorctical question of thc 
ground-state symmctry of the formamide positive ion unanswered. 

Thc  correlation error (~3) 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 popL1lations. Then using Ncsbct’s tables of AO correlation 
energiesl29, lye call add atomic contributions to get the final rnolccular 
quantities. \l’hen performed in this way, the reorganization and 

? 
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correlation corrections givc an ionization potential of 1 1.06 cv fi-om 
the 10a’ (T orbital, and 12.9 ev from the 2a” n orbital. Other work, 
quoted in section V.A, also supports the n orbital ionization potential 
as lower than that from n, in amides. A discussion of the higher 
ionization potentials of formamide is deferred to section V.C. 

that the total energy of formamide as 
calculated in the Double-Zeta basis can also bc used to calculate thc 
heat of the reaction : CO + NH, --f HCONH,, for this is simply equal 
to the diffcrencc 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/molc. 

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, 
qaa = + 1-90, qbb = + 1-70, and qcc = - 3.60 Mc/sec, which compare 
favourably with the calculated of qaa = + 1-99, q b b  = 
+ 1.67, and qcc = - 3-66 Mc/sec. The quadrupole moment of forma- 
mide has not becn measured as yet, but in the principal axis system, it 
has computed components of Q,, = 4.41 9, Qos = - 2.232, and Q,,, = 

-2.186, all in units of e.s.u. cm2. 

It has recently been 

0. Excited States 

In order to interprct optical absorption spectra and various 
excited-state propertics, one needs a method of accuratcly calculating 
excited-state (open-shell) wave functions. However, the calculation 
of open-shell states in the Hartrec-Fock SCF approximation is a 
difficult problem which has not yet been solved in a general way. 
Ideally, electronic excited-state propertics should be calculated from 
thc appropriate SCF solution for the electronic state in question. For 
cxamplc, excitation cncrgies would be computed by subtracting the 
total SCF energies of thc cxcited and ground states. This procedurc, 
howcvcr, even if fully implemented, would not be totally satisfactory 
sincc it neglects the change in correlation cnergy due to the different 

* Calculated assuming a I4X’ nuclear quadrupole moment of 1470 x 
cm2, which is an csperimental lower limit to this quantity. 
upper limit of 1.601 x 
calculated and experimental quadrupole coupling constants. 

Presuming the 
em2, leads to equally good agreement between 
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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 

(1 la’, 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 
formulas 132. 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 therc 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 Me'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-sheli 
excitation, an electror? is excited from an  MO composzd of a certain set 
of AO’S (say, 2s and 2p,) 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 4-p). 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 differcnt 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 3f (BADZ + 3p) basis. In the ground state, 
the cr*( 1 la’) and r*(3aN) MO’S are both unoccupied. First it should be 
noted that the orbital populations in the n(l0a’) and n(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 D*( 1 la’) and n* (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 n--> n* and v+n* 
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 thc 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 3a” MO in both n -+ n* and T -+ n* 
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 -+ n*, 

and n -+ ST* states. Similar reorganization effects are observed for the 
n orbital, 1Oa’. In the ground state, this orbital is 78y0 on oxygen, 
with the remaining 22Y0 distributed among the CT orbitals of the other 
atoms. I-Iowever, in the n ---f r* excited state, the electron remaining 
in the n orbital is now 947, on oxygen. Apparently the positive hole 
formed on oxygen in the n-t-rr* 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 wcre used to dctcrmine the nature of the excited 
state in question (Rydberg or valence shcll) and the virtual-orbital 
excited state in the corresponding appropriate basis used to calculate 
properties. I t  should be noted that under tlie assumption t!iat the 
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space part of the wave functions is thc same for corresponding singlets 
and triplets, then the energy of the singlct (&) is related to that of the 
triplet (ET) by equation (3), where K is the familiar exchange integral 

E, = ET + 2K (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 conccrn to us is the oscillator strength connect- 
ing the ground state to each of the excited states. l’here are two 
alternative equations, (4) and (5), for computing the oscillator strength 
of a transition of‘ energy AE (atomic units). If the Y ’ s  were exact, 

. f ( r )  = + (yol+rl)2 AE (4) 

f(V) = $ (‘IyolV\Y‘l>2/AE (5) 

TABLE 9. Virtual-orbital exited states of forrnamide. 

n( IOa‘) -> x* (3a”) 6.36 6.89 0.01 1 0.006 
n(2a”) --t 77*(3a”) 6.06 10.50 0.233 0.760 
n‘(9a‘) --t n*(3a”) 10.65 11.19 < l o - “  6 x  

n( 10a‘) -+ o*( 1 la‘) 13-12 13.63 0.089 0.209 
n( la“) --t x* (3a”) 9-58 13.98 0.095 0.28 1 

n(2a”) -+ o*(l la’) 10.35 10.93 0.00 1 0.001 

TABLE 10. Singlet Rydberg excited states of formarnide. 

Virtual-orbital Indirect SCF 
encrgy (ev) f(+) f(V) energy (CV) f (V) 

n -+ 3s 9.76 
10-2 1 
10.2 1 

n - 3Pa 9.76 
10.08 
11-43 

x 3 3s 8.89 
9.2 7 
9.76 

x -> 3p, 9-12 
9-23 

10.42 

0.009 
0.014 
0.024 
0.055 
0.030 
0.008 
0.002 
0.009 
0.009 
0.002 
0.032 
0.004 

~ ~~~ ~~ ~ 

0.003 5.83 
0.004 
0.024 
0.036 6.39 
0.026 
0.0 10 
0.002 6-53 
0.01 1 
0.00 1 
0.002 7.26 
0.022 
0.004 

0.033 

0.063 

0.033 

0.0003 



1. Molecular and electronic structure of the  amide group 

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 Y s  are inexact, we report both 
f ( r )  andf(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 --f T* and 7~ -+ T* 

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. 

53 

V. OPTICAL PROPERTIES 

A. Absorption Spectra 

I t  has been shown122J23 that the electronic spectra of amide- 
containing molecules is very characteristic in the region 40,000- 
80,000 cm-I (2500-1250 A, 5-10 ev), the spectrum of formamide 
showing an  obvious resemblance to those of, say, 39 and 40 as in 

H 

/ 
H,C F H 

0 0  N 
I 

(39) (40) 

Figure 10. In the region beyond 70,000 cm-l, 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, R,, V1, R,, 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 --z T* 

(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 -+ 7r* frequency in simple amides and lactams is near 45,000 cm-l, 
and as is appropriate for such excitations, their molar extinction co- 

16 

12 - 

8 -  

4 - x50 

0 

10 

- 8  

6 

4 

2 

0 

X 

TO 
I 

40 5 0  60 70 80 
103x Frequency (cm’) 

FIGURE 10. The electronic spectra of various amides in the gas phase. [Re- 
produced, by permission, from ref. 123.1 

efficients when corrected for overlapping absorption are less than 100 
(the extinction coefficient for the n -> T* band of formamide is 64). 
It is our experience that the n -+ 7r* 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-l intervals in the 
n --f T* band of N,N'-dimethyloxamide (41). 

Two interesting exceptions to these simple generalizations should be 
recognized. First, in the oxamides, the ;* 
both amide groups, thus shifting the n --f T* 

orbital is delocalized over 
excitation to 36,000 cm- l. 

I 

Similar shifts to lower frequencies may be expected whenever a T- 
electron system is placed a to the amide group. Second, as can be 
seen from Figure 10, the n -> n* excitation is not evident in the absorp- 
tion spectra of tertiary amidcs 134. 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+r* excitation, for the predicted excitation 
energy of 6.42 ev is in agreement with the 5.65 ev observed, and the 
n + T* 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 -+ n* transition has associated with it a magnetic 
transition moment, unmeasured as yet, but calculated to be 0.7736 
Bohr magnetons. 

I n  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 Simpson 135 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 dircctions of the 
crystal. While they did not see a specific n + T* maximum in their 
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experiments (Figure 1 l), they found a ratio of absorption intensity for 
the two principal directions at about 45,000 cm-l which suggested 
to them that the polarization direction was largely in-plane for the 
n -+ m* band of this amide. Since simple group theoretical analysis 
shows that the n+r* 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. 

1 I 1 I 

62.5 58.8 55.5 526 500 47.6 45.5 43.5 

163 x Frequency (cm') 

Frcum 11. Absorption spectrum of the myristamide crystal with light 
polarized along thc crystallographic a and b directions. [Reproduced, by 

permission, from ref. 135.1 

The R, band is a relative newcomer to the overall picture of amide 
spectra, having first Seen reported in 1966-1967122J36*137. I t  is 
very unlike almost all other transitions studied by spcctroscopists, 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 thosc rcniaining in the core. Such Rydbcrg 
orbitals can bc visualized as lincar combinations of AO'S having 
principal quantum numbers 3 and higher, as well as azimuthal 
quantum numbers, O(s), 1 ( p ) ,  2(d) ,  ctc. Thus, for cxaniplc, the first 
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0 I I I 

I &  Frequency (cni') 

53 5 4  55 56 57 58 

FIGURE 12. The electronic spectrum of ethylene as a gas a t  low pressure (-), 
with 150 atm of NZ gas added (---), and as a polycrystalline film at 2 4 " ~  

(-. -). [Reproduced, by permission, from ref. 138.1 

Rydberg excitation in ethylenc13* involves the excitation of an elec- 
tron from thc 2p n--bonding orbital into an MO composed of 3s AO'S on 
the carbon atoms. This cxcitation is readily observed in the gas- 
phase spectrum of ethylcne, Figure 12, as the prominent feature 
marked R(3s) poised on the edge of the valence-shell (non-Rydberg) 
r-+--f* excitation. Howevcr, on adding 150 atm of N, gas or by 
forming a polycrystalline film at 24"q R(3s) is scen to disappear 

3* 



58 M. B. Robin, 17. A. Bovey, and Harold Basch 

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 + ?T* 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-l in the condensed phase 
is the n -+ T* band. The next condensed-phase band in formamide 

40 50 60 70 00 
-3 

10 x Frequency (crr-'1 

FIGURE 13. 
in  the gas phase (-) and in condensed phases (---). 

The electronic spectra of formamide and N,N-dirncthylacetamide 
[Reproduced, by 

permission, from ref. 123.1 

comes jclst where R, is observed to be in the vapour. Thus V, 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 region has an extinction coefficient compatible 
only with its being V,. In this way it was concluded that both R1 
and R2 are absent in condensed-phase amide spectra, with V, being 
more or less red shifted into the R, region. Room-temperature 
experiments with a large number of other amides as solutes in tri- 
methyl phosphate or hexafluoroacctone hemihydrate also showed only 
one band in the 50,000-60,000 cm-l region, where three are clearly 
indicated in the gas phase. Thus is it concluded that R, and R2 are 
Rydberg bands. 
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Peterson and Simpson135 found that the R, band of formamide 
could be fitted as the first term of a Rydberg series, all terms of which 
are given by equation (6), where E, is the excitation energy measured 

109,720 
ER = I.P. - ( n -  6)2 

downward from the ionization potential I.P. (82,566 cm-l), n is an 
integer running upwards from 3, and 6 is the quantum defect, cqual to 
0.639 for this series of formamide. Application of equation (6) to R, 
of formamide suggests that if it also has n = 3 and the same ionization 
potential, then it must have 6 = 1.03. Now it has been found ex- 
perimentally139 that the value of 8 in such Rydberg series is oftcn 
characteristic of the symmetry type of the Rydberg orbital. Thus 
excitations to s, p ,  or d Rydberg orbitals have quantum defects of 
approximately 1.0, 0.6, or 0.1, respectively. Thus is it clear that R, 
is the first member of an s Rydberg series and R, the first member of a 
p series. Using these argumcn ts in reverse, the ionization potential of 
any amide can be estimated by adding 109,720/(3-1)2 or 109,720/ 
(3-0-6)2 to its observed R, or R, gas-phase absorption frequencies. 

Kaya and N a g a k ~ r a l ~ ~  have also observed the R, 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 R, bands in tertiary 
amides such as dimethylacetamide and 1 -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 R, Rydberg band in the dozen or so amides in which it 
has been observcd is always completcly 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 R, bands of amides, then one could expect irradiation of 
amides in tlie R, band to lead to extensive photochemistry. More- 
over, the photochemistry would be very different in condensed phases 
where there is no R, absorption. A second possibility, however, 
is that the R, state is relaxed so quickly to the manifold of states 
below it that the component levels are broadened due to their very 
short life time. 

The assignment of the R, and R, bands as Rydbergs is supported as 
well by tlie indirect SCF calculations. Consideration of GTO bases 
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containing both 3s and 3p Rydberg AO’S on the C, N, and 0 atoms, 
leads to the prediction that the lowest energy Rydberg excitation 
(5.83 ev) is n 4 3s, and that of the Rydberg excitations terminating 
at 3p,, the lowest one (6-39 ev) is again n ---f 3p (Table 10). These 
results predict automatically that the lowest ionization potential of 
formamidc involves the n orbital 10a’ and not the 2a“ n orbital. 

The V, band (53,000 - 59,000 cm-l) is the most prominent of 
those in the amides 140, and corresponds to ihe singlet-singlet excitation 
7r + n* (2a” --z 3a”) in the MO scheme. A second roughly equiva- 
lent and very useful%pproach to the assignment of the V, band con- 
siders the amide molecule as composed of an amino part -NR, and a 

keto part \C=O in the ground state, while the upper state has the 

charge-transfer configuration -NR,+ ; \C= 0- 97*141*142. Because 

the energy of such a charge transfer will depend directly on thc ioniza- 
tion potential of the -NRP group, thc fi-cquencies of the V, bands of 
a nuinber 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 simplc ideas about charge distribution 
ir, the V, excited state. Thus the population analyses show that the 
3a” T* orbital in the n, 7r* configuration is almost 90% within the 
carbonyl group, as presumed in the charge-transfer model, but that in  

.. 

/ 

/ 

TABLE 11. a-Electron densities computed from the ground and ir -+ T* 

excited states of formamide. 

(2 a”) (3a”) O (2a”) (3a”) 

C 
N 
0 

0.034 
1.04.4 
0.922 

0.76 1 
0.3 13 
0.926 

the ground state, the originating 2a” T 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 V, excited state, so that the n-electron density changes 
on excitation as shown in Table 1 1. 

Thus it is calculated that the net effect of the n -+ T* transition on 
2a” and 3a“ only, is the transfer of 0-7 electron from N to C, the net T- 
electron density on O remaining fixed. 
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A peculiar intensity effect has been found for the V, band of amides. 
The molar extinction coefficient of the V, band of formamide is 
15,000, which is almost twice that of the other alkylated amides 
(approximately 8,000) I4O. When translated into oscillator strength, 
the V1 band of formamide amounts to 0.37, which is still appreciably 
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FIGURE 14. Correlation of the ionization potential of NHR(,,Ro) and the N -+ V1 
excitation energy in CH3CONR(l,R(2), where (1)  R(1) = R(2) = H; (2) R(1) = H, 
RC2) = Me; (3) Ro) = H, Ro, = Et; (4) RCl) = H, Rc2) = n-Bu; (5) R(1) = 
R(2) = Mc; (6) R(l) = Ro, = Et; (7) RCl, = R(2) = n-Pr. [Reproduced, by 

permission, from ref. 142.1 

larger than those of the alkylated amidcs (0-23-0-27). A similar 
effect is also found for the V, bands of formic acid relative to other 
carhoxylic acids. 

The polarization of the amide V, band has been deduced by Peter- 
son and Simpson 135 from the spectrum of myristamide single crystals 
in polarized light. Using the 
absorption ratios evident in this figure and the known orientation of 
the amide groups in the crystal, it was concluded that the V, excitation 
is in-plane polarized with 0 = 17.9". This is very nearly the direction 

Thcir data are shown in Figure 11. 
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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=O group. 

Even with our limited expericnce, it has become quite clear that the 
a6 initio calculation of the n-tn* excitation energy in whatever 
planar system, is going to be too high by about 2 ev, even after indirect 
SCF 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 
n -+ n* polarization direction of 0 = 17.9 & 10" is reproduced about 
as well as one could expect (0 = 30.8") considering that the n -+ n* 
properties are not too well calculated, arid that the experimental 
number is for myristamide crystal, not formamide gas. 

I t  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 Q band. The condensed-phase spectra show a band at  
the Qposition, but it is many times more intense than the gas-phase 
Qband, and whatever its origin, its presence obscures the result of the 
condensed-phase Rydberglvalence-shell test. The Q band of forma- 
mide had earlier been assigned as a second valence-shell n+n* 

e x ~ i t a t i o n ~ ~ J ~ ~ J ~ ~ ,  but this is only one of a large number of possi- 
bilities for this excitation, which include n -+ u* and n -+ u* 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+n* and n+n* triplet states at 3-87 and 4-40 ev, 
respectively. 

/ 

6. Circulur 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-l (220 mp region) to reach the first 
band of amides, but this has been feasible with commercial instruments 
for many years. 

Litman and S ~ h e l l m a n ~ ~ ~  studied the optical rotatory dispersion 
(ORD) spectrum of the optically active lactam 42 and observed a 

($1 I 

k 0 

(42) (43) 

Cotton effect in dioxane solution at 43,000 cm-l. This was the first 
observation of the Cotton effect at the n+r* 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 
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FIGURE 15. 
and the CD spectrum in cyclohexane, (---). 

from ref. 14.5.1 

The absorption and CD spectra in water ofy-valerolactam (-), 
[Reproduced, by permission, 

* Actually the NH2 group itself has an absorption at  about 43,000 cm-l, 
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 -+ T* band a t  47,700 cm-l and a positive T -+ T* 
band at 52,700 cm-l. In cyclohexane solution, the 47,700 cm-l  
band is split into two, at  45,800 cm-l and 49,500-cm1, which is most 
probably due to an association phenomenon. As can be seen from this 

figure, the n + T* band is completely obscured in absorption, but is 
quite evident in the CD spectrum. 

D-Lupanine perchlorate (44) is another amide in which the 12 -> x* 
band is completely covered by the stronger T -+ T* band in absorp- 
tion, but is most conspicuous in the CD spectrum (Figure 16). 

x Frequency (ern-') 
FIGURE 16. The absorption (-) and CD (---) spectra of D-lupariine ~ c I . -  

chloratc in  water. 

The absorption and CD spectra of the lactam of aminolauronic acid 
(45) in acetonitrile solution (Figure 17) show n --t T* and T -+ 'ir* 

bands clearly at  4.5,200 cm The  
vapour-phase absorption and CD of this lactam have also been re- 
corded, and intercstingly, they 110th show thc prescncc of Rydbcrg 

and 5 1,500 cm- l, respectively123. 
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absorption between the 12 -+ n-* and rr --f n-* 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*n* rotation of amides 
follows a quadrant or an octant rule. However, one can say first, that 
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FIGURE 17. The absorption (-) and CD (---) spectra of amide (45) in 
acetonitrilc solution. [Reproduced, by permission, from ref. 123.1 

since the rotatory strengths of the n -+ n* and T --f 7r* bands of amides 
are not in tlic same ratio as their oscillator strengths, n --f rr* 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 clectronic structures of small molecules is photo- 
electron spectroscopy. I n  this type of experiment, a monochromatic 
photon beam of energy 21-23 ev impinges on the gaseous molecule of 
interest, resulting in photoionization. The clectroiis so produced 
then travel with kinetic energies equal to 21.23 ev diminished by the 
ionization potentials of tlic molecular orbitals from which they came. 
Kinetic-energy analysis of the pliotoejccted electron spray then yields 
all the ionization potentials of the molecule u p  to 21 ev. 
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Ionization potential (ev) 

FIGURE 18. Photoelectron spectra of the various methylated formamides in 
the gas phase. 
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By Koopmans' theorem, the quantized energy 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 8y0, 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 forrnarnide~~~l  are shown in Figure 18, 
along with the theoretical energy levels for formamide. 

I 

i0.13ev 

1 cm-1 

I 

Ionization potential (ev) 

spectrum of formamide (cf. Figure 18). 
FIGURE 19. Detail of the first two overlapping bands in the photoelectron 

According to the predictions, the first two photoelectron peaks cor- 
respond to ionization processes originating in the n (10a') and T (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-l (C=O stretch in the 2A' positive ion), 
and one with a spacing of 640 cm-l in the 2A" positive ion. The 
identical, interleaved vibrational pattern is fQund as wcll 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 7r 
orbitals of simple amides and in general supports the orbital energies 
calculated for the ground state. Additionally, the photoelectron 
spectra of N-methylformamide and N,N-dimethylformamide 
strongly suggest that in these compounds the n and r levels are 
reversed, with 7r slightly above n. 
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1. INTRODUCTION 

In  this chaptcr 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 carbarnates 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 possiblc 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 ,f3-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 problcms in amide synthesis, I have 
endeavoured to select from the vast range available a numbcr of 
spccific recent cxamples of preparations of amides which proceed in 
high yield and which illustrate well the best esperimental procedures. 
Further information on practical methods is available in texts; those 
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by Hickinb~t tom~,  Wagner and Zo0k4, and Fieser and Fieser5 arc 
especially useful. Exceilent discussions of the general chemistry of 
amides, including synthesis, are to be found in the new edition of 
Sidgwick and in Smith's recent monograph 7. 

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 

( 1 )  R'COX + R2R3NH - > R1CONR2R3 + HX 

nucleophilic substitution at  the carbonyl carbon atom. For such 
processes three distinct mechanisms (2-4) may be formulated (where 
Y - represents the nucleophile) . 

(2) 
Y- 

RCOX a RCO+ + X -  --+ RCOY 

RCOX + Y -  +. [ R-C....Y ; 1- + RCOY + X -  (4) 

Mechanism (2) is most likely to be observed in solvents of high 
polarity when X forms a very stable anion (k 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) * acylium-ion intermediatcs are involved. 

The addition-elimination mechanism (3) is generally considered to 
apply to most acylation reactions of amines and amides 9-12 although 
substantial evidence for its existence has been amassed only in the 
case of aminolysis of esters (section 1I.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). 

0- 0 -  

R’COX + R2R3NH R-C-X R’-C-X R1CONR2R3 + X-  
I - H +  I 

I 
N 

I 
+ N-H 

R2 ’ ‘R3 R f ‘R3 
(5) 

Although this formulation providcs a uscful 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 thc 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. I t  covers a wide range of mechanistic bchaviour 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 thc other of bond 
formation and bond fission becomes solely rate determining. Mechan- 
ism (4) has becn 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  prescnt. 

Returning to mcchanisrn (3) wc see that the overall rate of the for- 
ward reaction will depend on the structures of the r e a c t a n t ~ ~ ~ , ~ ~ .  
Thus, increase in the electron-attracting power of R in R C O X  will 
stabilize thc intermediate complex hence increasing I;, which is the 
most significant factor in the rate exprcssion, and enhancing thc overall 
rate of acylation. Converscly, electron-donating groups R, particu- 
larly those which stabilize RCOX by resonance interaction with thc 
carbonyl groups, will decrcasc the rate of the forward rcaction. 

Similar generalizations can bc made concerning the nature of X. 
I n  broad tcrms increase in thc clectroii-withdrawing character of X 
will increase h-, and k,  and dccrcase h-, thus enhancing the rate of 
acylation, whilst electron release by X, particularly through conjuga- 
tion with the carbonyl group lvill diminish the rate. Such considcra- 
tions are in accord with thc 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 < RCONR, < RCOPR < ( R C 0 ) 2 0  < RCOHal  c 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 eflectiveness of reagents of the general type 
RCO-A-B=D such as nitrophenyl esters, adducts of acBs with 
carbodiimide, and acyl azides. 

For reactions proceeding by rncchaiiism (3) (or mechanism 4) the 
rate of the forward reaction should depend on tlic nucleophilicity 
of Y - . With amines and amides a reasonable parallelism is obscrved 
between nucleophilic power, as approximately represented by base 
strength, and ease of acylation (eg. alkylamines > arylamines > 
amides) . An important practical consequence of this relationship, 
nicely illustrated for example by the I-Ialler-Bauer reaction (section 
1I.F) or by alkoxide-catalysed aminolysis of esters (section 1I.D) , is 
that the conjugate bases, RNH- or RCONH-, of amines and amides, 
being more powerful nucleophiles undergo acylation by rcagents 
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 cn- 
tropy term in the ratc 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. 

6. Acyl Halides 

acylated by treatment with acyl halides (equation 6). 
Ammonia, and most primary and sccondary amines arc readily 

The rcaction 

R l C O H a l  + R2R3NH - > R1C3NR2R3 + HHal (6) 

often proceeds with vigour; presumably this is why it has so infre- 
qucntly bcen chosen for mechanistic invcstigation. Nevcrtheless, the 
rather scanty information available1"18 accords with prcdiction 
(section 1I.A) in that acetyl chloride is more reactive than its higher 
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homologues (ascribed both to the increased +I  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 > CH3CHzCOCl > CH3CHZCHzCOCI > (CH3)2CHCOCI 
CICHZCOCI > PhCHzCOCl > CH3COCl 

The order of ease of displacement of the various halogens is I > Br > 
C1 > 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 
conditions 19, of prior participation of oxygen-containing solvents in 
the mechanism through formation of 0x0-oxonium salts (equation 7). 

R'COHal + R2-0-R3 .-- A R1CO-OR2R3Hal - (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 acetoacetamides 2 2 )  acyl fluorides offer 
advantages. Acyl tetrafluoroborates, hexafluoroantimonates, and 
similar oxocarbonium salts are highly efficient N-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 thcse reagents in amide synthesis. 

Acyl halides react with ammonia and with amines under a widc 
range of experimental conditions26 and thc choice of the best proce- 
dure depends on the nature and availability of the starting materials. 
Acylation of ammonia and the lower alkyiamines is often conducted 
by adding the halide to a cold, stirred, aqueous solution of the 
b a ~ e ~ ~ - ~ ~ ,  a method which has thc 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 intimatc contact between the hydrophobic acyl 
halide and the water-soluble amine, and also because the insoluble 
product tends to form a protectivc film around unreacted halide. 
These difficulties can lie 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 layer30n31. Tetrahydrofuran has been used in the 
preparation of adamantane- 1-carboxamide 32. 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 a m i d e ~ ~ ~  (e.g. 1) and steroid a r n i d ~ s ~ ~ . ~ ~  
(e.g. 2). 

@ 00 NH, dCoNH2 
OMe AcO ti 

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. P h i l b r ~ o k ~ ~  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. 

y-JCH3 a C O N H 2  NHCOCOCH3 

CH3 
I 

s CONEt, 
CH30CH = CCON H, 

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 acetone 37. The reaction, 

* Considerable experimental difficulties can arise by blocking of the inlet 
tube with ammonium chloride when ammonia is passed info  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 fi-ce ammonia formed by dissociation of 
the ammonium salt, procceds in  good yield and has bcen applied to a 
wide range of representative compounds. Ammonium carbonate in 
water has similarly been used for mild ammonolysis of highly reactive 
halides3*. 

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 employcd ; the 
precise choicc for any particular reaction obviously depends on the 
physical properties of the reactants. Rcprescntative examples of the 
use of various solvents include the preparation of cyclohexane-N,N- 
dimethylcarboxamide in benzene3’, N-butyloleamide in petroleum 28, 

N,N-diethyl-4-methyIthiazol-5-carboxamide (4) 40 and 1 -adamantme- 
carboxanilide in ether 41, N-chloroacetylamino acids in ethyl acetatc 42, 

2-pyruvylaminobenzamide (5 )  in chloroform 43, and N-octyltrichloro- 
acetamide in ethylene dichloride 44. 

I n  this procedure the use of an ~ X C C S S  of amine is necessary sincc 
part ofit is consumed in rcaction with hydrogen halide liberated during 
the acylation. The  resultant amine salts usually precipitate and are 
removed by filtration or dissolution in water. The maximum possiblc 
yield of amide from aminc is thus 50y0. M’hen a higher convcrsion 
is desirable inorganic or tertiary amine bascs arc added to  the reaction 
mixture. I n  thc widely used Schotten-Baumann method the bases 
most frequently employed are aqueous sodium hydroxide and potas- 
sium hydroxidc. The  proccdure is technically simplc ; typically the 
acid halide is slowly added to a vigorously stirrcd suspension or solu- 
tion of the amine in aqueous caustic. Thc mcthod has been vcry 
widely used for thc preparation of aromatic amides and anilides, and 
is particularly suitable for acylation of amino acids and peptidcs 45-46. 
Amine salts may be used directly in the Schotten-Baumann mcthod, a 
device which offers advantages when the free bases are highly volatile 47 ; 
15N-labclled amides may thus be convcniently prepared with minimal 
loss of ammonia from acyl halides and ammonium nitrate or other 
ammonium salts 48. Aqueous sodium carbonate and sodium bi- 
carbonate are also suitable inorganic bases for the Schotten-Baumann 
method 49, as is magnesium oxide in dioxan-water 50. 

Whcn aqueous bascs arc employed hydrolysis of the acyl halide to 
the acid compctcs, albeit inefficiently, with amide formation, and for 
this rcason an exccss of the acylating agent is gcnerally used. This dis- 
advantage may be overcome by using an inorganic base in  an organic 
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solvent, c.g. calcium oxide51 or sodium carbonate52 in benzene, or  
sodium carbonate in acetone 53. 

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 solution 54, and acylation of aziridine 
in e t her-trie thylamine 5. 

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. I n  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 sxbstrates, 
i t  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. 

RlCOHal + RSN T RlCONRgHal- (8) 

Known examples include acetyl-, p-nitrobenzoyl-, and furoylpyridin- 
iuni chlorides56, benzoyltrimethyl- and benzoyltriethylammonium 
hexachloroantimonates 57, acyl trialkylammonium chlorides 5 8 ,  and 
dimethylacryloyltrimethylammonium chloride (6) 59. They are 
readily hydrolysed by moisture, and on heating ketenes are usually 
produced (equation 9). 

+ 

Me Me 
\ 

/ 
C=CHCOdMe3 CI- c_f C=C=C=O + Me3NH+CI- (9) 

\ 

/ 
Me 

However, in certain cases, notably aryl-substituted tertiary amines, 
reaction with acyl halides leads to amides via fragmentation 
(equation 10) 60. 

Me 

(6) (7) 

ArNCHzNRz + PhCOCl + ArNCOPh + CICH2NR2 
I (10) 

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). 

Me 
I 

Me 

4-kC.0 .A.  



i - P t - O a N H 2 +  CICHzCOCI Acetone, Na,C03 

i-Pro 

5 H,O H CHzOH 

@:H+ CH3(CHZ)14C@C1 NaOH, -10" H,O ' @:H 
(14) 

HO HO 
NH,-HCI NHCO(CH,),,CH, 

CONHZ 

NH'OAc, ace tone  

COCl 
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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 norrfially, and the 
unstable polyacetylenic amides found in nature can be prepared 
without difficulty 66. The acylation of aziridines proceeds 
readily55*64*67 and is of considerable interest because the products 
may be transformed into aldehydes 55 or N-acyl-/3-haloalkylamines 
(equation 201 67. 

y RCHO 

Thc 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 halide 68, and ester 30,62*69. Similarly the high nucleophilic 
power of the amino function allows selective N-acylation of amino 
alcohols 63 and amino phenols 70. 

Polyfunctional amines and acyl halides usually react in the expected 
manner. Examples include thc preparation of adipamidc 71, methyl- 
s ~ c c i n a r n i d e ~ ~ ,  biphcnyl-3,3’,5,5’-tetracarboxamide 73, and the diaryl- 
terephthalamide 8 74 from the appropriate acyl halides (equation 2 1). 

\ 
OH 

0 N H C o e C 0 N H - Q  (21) 

OH HO 

(8 )  

(2- 
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 undcrgo side-reactions when treated with 
amines. Thus amnionolysis 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. 

PhCHCOCl PhCHCN 
- I  

CHzCOzH 
I 
CH,COCI 

In  accord with prediction (section 1I.A) the relative reactivity of 
amines towards acylation is approximately dependent on their basic 
strengths. Thus, kinetic  investigation^^^*^^ 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, RC,H,I\cTH,, is 

R = p-CH, > rn-CH, > H > p-CI > rn-CI > m-NO, > p-NOz 

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 am.ine 78; presumably 
the reactive intermediate is the amide ion 10. 

BuLi 

(9) 

(‘23) TMe EtMe,CCOCI 3Me NHCOCMe,Et 

NH- 

(10) 

Reactions of imines with acyl halides (equation 24) have not been 
I t  appears that the products are generally acyl- extensively studied. 

a-haloalkylamincs 79-81. 



2. Synthesis of amides 85 

The reaction probably involves addition of halide to an acyl- 
iminium ion (equation 25). 

I I  I I  I I  

I f i  I 

RCOHal + N=C --+ RCO-N=C Hal- d RCON-CHal (25) 

The well-known formation of Reissert's compounds 82 by acylation 
of pyridine and relatcd molcculcs may be similarly rationalized. 
However, 0-alkyllactinis (c.g. 11) when treated with acylating agents 
undergo dealkylation aflording N-acyllactams (equation 26) 83. 

I 

(11) 

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 halides85. 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 methodo6 for the preparation of tri- 
acylamines involves consecutive addition of pyridinc and mono- 
acylamine to a solution of acyl chloride in  chloroform below 0". 
N-Acylpyrr~l idones~~ and azetidinones 88 are  readily formed by con- 
ventional methods. Another useful procedure 87.89 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,N-dialkylform- 

COR 
RCOCI I 

PhNHCOCH3 + EtMgar + PhNCOCH3 --+ PhNCOCH3 (28) 
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amides with acyl halides affords dialkylamides in good yield (equation 
(29) 

29) 'O, but treatment of higher dialkylamides with trichloroacetyl 
chloride effects C-acylation (equation 30) 91. 

(30) 

MezNCHO + PhCOCl + PhCONMe2 + CO + HCI 

CC13COCI + PhCHzCONEt2 + PhCHCONEt2 
I cocci3 

C. Anhydrides 

Carboxylic acid anhydrides, although generally less reactive than 
acyl halides, are useful reagents for acylation of amines and amides 
(equation 3 1). 

R'COzCOR' + R3R4NH R1CONR3R4 f R2COzH (3 1) 

The mechanism of the reaction is usually discussed in terms of 
nucleophilic addition to a carbonyl group affording a tetrahedral 
intermediate 12 although Satchellg2 has obtained evidence for a 
synchronous displacement process proceeding through the transition 
state 13. Both hypotheses lead to the same generalizations concerning 

e 

-0 0 
I I  

R'-C....OCOR' 
I 

I 

(12) (13) 

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) 2O will increase the reaction rate by enhancing the electro- 
philic character of the carbonyl carbon atom and by stabilizing the 
leaving group, RCO, . 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 
p-methoxyaniline reacts some fifty times more rapidly than m- 
chloroaniline with benzoic anhydride in dioxan-water 92. 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. 

R'-C-OCO R2 

NHR3R4 +NHR3R4 
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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 

RTONR; + R2C0,H 

€ R2CONR; + RICO,H 

0 0 

(32) 

the steric and electronic effects ofRl  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 (i) that the initial rate of addition of R3,NH will be 
greater at the carbonyl group adjacent to R2, and (ii) that R 2 C 0 ~  
will be a niore effective leaving group than RICO;. 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- 
pliilicity or on leaving-group stability. I n  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 = kl/(kZ/k3 + 1). Ifk, 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 

II I I  
R'C-O-CR~ + RZNH 

0 0  
I 1  I 1  

R' C-0-CO R2 

0 0 
I 1  I t  

R'C-0-CNRq 

(14) (15) 

groups, RWO-, because the electrophilicity of the alternative posi- 
tions is lowered by mesomeric release from the adjacent 0 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 N-acylation. 

0 0 0 
I I  I I  

R'C-OPO(OR2)2 R'C-OS02R2 

(16) (17) (18) 

R L! -0SO3- 

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 methods 94 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 benzylamineg5 or imidazoleg6 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 acctic anhydride. 
Pyridine and tertiary amine bases catalyse acylation by anhydrides 
and often provide convenient solvents. I t  seems clear that in many 
cases, as for example in the acylation of weakly nucleophilic amincs, 
the effective acylating agent is the acylammonium ion (equation 33) 97. 

+ 
R1C02COR2 + R:N T R'CONR; R2CO; (33) 

A useful method dcveloped by Chattawayg8 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-AT-methylaniline 99, 

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 mcthods employed are given in 
equations (34-37). 

Acetylenic amincs react normally with acetic anhydride yielding 
the expected acetylcnic acetylamines. The products, however, are 
sensitive to acid and are rapidly convcrted to the keto amides unless 
care is taken to keep the reaction mixture alkaline (equation 38) lo3. 
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NHCOPh 

MeOH, reflux 

(35) 

+ (PhCO),O 

OH OH 

(50-70%)101 

$H,OH YH,OH 

@:H + (PrCO),O MeO-, MeOH ' @:H (36) 

HO 
NHCOPr 

HO 
NH,.HCI 

(85YJ'02 

Me MP 0 Me 
Ac20  I H +, H 2 0  I I  I 

> CHEC-C-NMe ___f CH3-C-C-NMe 
I 

I 
CH=C-C-NH Me 

I I  
Me COCH3 

I I  
Me COCH3 Me 

(38) 

As expected on mechanistic grounds trifluoroacetic anhydride is 
a vigorous acylating agent, and readily forms trifluoroacetyl deriva- 
tives of aromatic and aliphatic amines lo4. I t  can be used in a variety 
of organic solvents including ether, chloroform, carbon tetrachloride 
and trifluoroacetic acid. I t  reacts readily with a-amino acidslo5 and 
is employed for protecting amino groups in the synthesis of pep- 
tides 106.107 and other complex moleculcs lo8. 

Acetylation of c-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 acetylglycine log), but when the 
same reactants are heated in the presence of pyridine the Dakin-West 
reaction occurs leading to the formation of a-acylamino ketones (e.g. 
preparation of acetamidoacetone (equation 39) T h e  Dakin- 
West reaction procceds through cyclization and further acetylation of 

I 

N HAc 
(89-92%) 

r.t. 

CH2COzH 
I + Ac20 
N H2 (39) 

I reflux in pyridine 7HzC0CH3 

NHAc 

(70-7873 

the initially formed acetamido 
variety of a-acylamino compounds (equation 40). 

and i t  can be applied to a 

CH3 CH3 CH3 CH3 
I I Ac20. pyridine I I 

(19) (20) 

> CH2=CCONHCHCOCH, (40) CH2=CCONHCHC02H 

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 hydrogenation l12. 
Similarly, reductive acetylation with zinc and acetic anhydride 
in acetic acid, of the oxiniino compound 21, affords a convenient 
synthesis of acetamidomalonic ester (22) Acetylamines are 

C02Et C02Et 
/ 

> AcNHCH 
/ Zn/AcaO 

‘C0,Et ‘C02Et 

AcOH 
HON=C 

(21) (22) 

obtained in excellent yield by catalytic hydrogenation of nitriles in 
acetic anhydride (equation 42) ‘I4. 

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. Anilinc 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 mcthanol affords only the N-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 forrnamid~s~'~.  Amino acids are smoothly formylated 
with acetic formic anhydride118, and the reagent has found consider- 
able use for protecting amino groups in synthesis of peptides106J07 
and other natural products, e.g. the prostoglandins l19. Mixed an- 
hydrides of lower fatty acids with a-amino acids react with amines 
preferentially in the amino acid moiety'". 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 p e p t i d e ~ l ~ ' * ~ ~ ~ .  

Mixed anhydrides of carboxylic acids with carbonic acids and car- 
bamic acids (14, 15) undergo aminolysis selectively a t  the acyl car- 
bony1 group. Reactions of the latter are discussed in section V.B.2. 
The former find extensive use in peptide synthesis107.121J22 and have 
also been used for the preparation of other amides. Thus bicyclo- 
[2,2,2]octane- 1 -carboxylic acid (23) reacts with ethyl chloroformate 
in chloroform containing triethylamine affording in sitzi the mixed 
anhydride, which when treated with ammonia gives the amide 24 in 
82y0 yield (equation 43) lz3. Other examples include the preparation 
of amides of penicillin 69, amino sugar nucleosides 12*, ricinoleic acid 125, 
and other hydroxy acids and fatty acids126. 
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CO,H + CIC0,Et - 
~ C O N H ,  + CO, + EtOH (43) 

e- 
(23) ~ C O O C O ~ E t  NH3 

(24 1 

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 g o u p  (equation 44) 127. 

R'CO; + SO3 - > RICO,SO; 2 R'CONRZ + HSO; (4.4) 

Carboxylic sulphonic anhydrides may be prepared by reaction of' 
sulphonic anhydrides with carboxylic acids 128, by treatment of silver 
carboxylates with arenesulphonyl chlorides 129, or, most conveniently, 
by mixing an arenesulphonyl chloride with a carboxylic acid in 
pyridine130. They react readily with amines giving high yields of 
amides129*130. Thus addition of aniline to a solution of benzoic acid 
and benzenesulphonyl chloride in pyridine aflords benzanilide in 
94y0 yield (equation 45) 13'. Cyclic sulphonic carboxylic anhydrides 

> PhCONHPh + P h S 0 3 H  (45) 

react similarly (equation 46), and o-sulphobenzoic anhydride (25) has 
been recommended as a reagent for the estimation of amino groups 131. 

R ~ N H  

PhNH2 PhCOzH + PhSOzCl ___ > PhCOzSOzPh ___ 

+ RNH, - acoNHR 
S03H 

(25 1 
Acyl phosphates and their esters react rcadiiy with amines yielding 

amides (equations 47 and 48) 132. The reaction has found synthetic 
application mainly in the preparation of p e p t i d e ~ ~ O ~ J ~ ~ .  It is prob- 
able that the convenient formation of amides by interaction of carboxy- 
lic acids and amines in polyphosphoric acid 133 proceeds through a 
similar type of intermediate. 

R'COZPOZ- + R2NH2 - > R1CONHR2 + HOPOZ- (47) 

R'COzPO(OR3)o + R'NHz - > R'CONHR" + HOPO(OR3), (48) 

Cyclic carboxylic anhydrides react readily with ammonia or amines 
Thus phthalic anhydride, on shaking affording half acid amides. 
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with aqueous methylamine, affords N-methylphthalamic acid in 80”J, 
yield (equation 49) 134. Other examples, illustrative of the methods 

+ MeNHz - a:::Me (49) 

used and the scope of the reaction include the preparation of phthalani- 
lic acid by treatment of phthalic anhydride with aniline in chloro- 
form135, N-2-pyridylsuccinamic acid from succinic anhydride and 
2-aminopyridine in benzene136, and the monoanilide of a,a,a’,d- 
tetramethyladipic acid from the anhydride and aniline in benzene137. 
Phthaiamic 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 tetrahydrofuran 13*. The 
formation of phthalamic acids by treatment with phthalic an- 
hydride in benzene has been recommended for the characterization 
of amines 139. rn-Aminophenol when heated with succinic anhydride 
is acylated preferentially at the amino group 140. I n  all such reactions 
careful control of conditions is necessary to avoid cyclization of the 
amic acid to the h i d e  (equation 50). acozH - (50)  

CONHR co 
Unsaturated cyclic anhydrides react normally. Thus maleic 

anhydride is readily converted in high yield to maleanilic acid by 
treatment with aniline in ether 141, whilst maleamic acid is prepared 
by passing ammonia over a solution of the anhydride in xylene or 
dioxan 

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 
5 1) 143. The reaction is useful for the identification of amines and for 
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their separation since only the products from primary amines undergo 
cyclization on heating to yield neutral 8-substituted 3-nitrophthali- 
midcs. Similarly, quinolinic anhydride when treated with ammonia 
in methyl ethyl ketone affords 2-carbamylnicotinic acid (equation 
52) 144. 

0 + PhNHMe + \ 

CO,H 

(541 

3-A4 ethoxyphthalic 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. 

O M e  OMe & + PhNHz __* 

40 
(53)  
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expected on theoretical grounds, at 
the nitrogen atom 150. However, 

. the carboiiyl group remote from 
it has become apparent from a 

(28) 

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  isocyanatel51. 

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 undermo fragmentation with the forma- 
tion of benzyl esters and acyl derivatives of secondary aminesl52. 
Similarly, treatment of hexahydroindolopyrrocolinc (29) with cold 
acetic anhydride affords the cleavage product 30 in high yield 153. 

? 

NH 

(29 1 (30) 

The reaction has proved useful in alkaloid syiithcsis 154. 

58). 
Imines rcact with anhydrides yielding a-acyloxyamides (equation 

The reaction is thought to involve initial N-acylation followed 
PhCH=NPh + AcZO - z PhCH-NPh 

I I  
OAc Ac 

(31) (32) 

successively, or accompanied simultaneously, by an in ternal C- 
acyloxylation 155. 

Acylation of amides with carboxylic anhydrides is frequently used 
as a route to diacylamines (equation 59) 156. The reaction, liowcvcr, 

(59) 
I 

R 1 C O N H R 2  4- ( R 3 C 0 ) 2 0  --+ R 1 C O N C O R 3  f R3COzH 

R2 
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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 p r o d u ~ t s ~ ~ ~ J ~ ~ .  I t  has been suggested that 
nitrile formation involves the intermediacy of isoimidinium salts 
(equation 60)157. Diacylamincs may also be prepared by direct 

R'C-OCOR' - > RICGN + R2C02H + H+ (60) 

+ L H ,  

acylation of amines under vigorous conditions. Thus, aromatic 
aniines when boiled with an  excess of acetic anhydride for 4 to 1 hr 
afford diacetyl derivatives in good yield (equation 61) 159. Treatment 

ArNHz + 2Acz0 d ArNAcz + 2HOAc (61) 

of dimethylformamide with carboxylic anhydrides gives dimethyl- 
amides (equation 62) 

MezNCHO + (RCO),O + RCONMe, + RC02H + CO (62) 

D. 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 solution 160-lG2 and in dioxane 163, the methoxyaminolysis of 
phenyl acetates IG4, and the aminolysis of benzoylcholine and related 
compounds 165. 

Qualitatively the reaction appears to bc a iiucleophilic substitution 
at a carbonyl carbon atom proceeding through a tetrahedral inter- 
mediate (equation 63), but there are many subtleties of mechanism 

9 0- 
75 I -H+ ~1-c-0~2 RI-C-OR~ .- R ~ - - C ~ O R ~  

+ I  I 3 NHRZ N Rz 
RZNH 

OH 0 
I I  I 

I 
N R3, 

- Rl-C-NR3, + R20H Rl-c-OR2 -% 
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concerned with the effects of catalysts, media, and reactant structure 
on proton-transfer steps which lie hcyond 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, 
illcipient 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 incipicnt amide ion forma- 
tion (transition state 34). 

0 8 -  
I: 

R-c-OR r;l R2 

~+NHR, fi....B 8 +  

(33 1 (34 1 

O..........H.......... A8 - R-$-OR 
I i  

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 elcctron density at 
the carbonyl carbon atom, (ii) elcctron-attracting substituents R" 
in the alkoxy group will cnhance the stability and hence the easc of 
displacement of R20-, and (iii) the ratc of reaction will depend on the 
nucleDphilicity 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 hindrancc is minimized by 
constraint of the CfiC bond angle show uncxpcctedly high reactivity160. 

Reaction conditions employed for the acylation of ammonia and of 
amines with esters vary widely according to the nature of thc 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 cyanoacetamidc from ethyl cyano- 
acetate166, fumaramidc from dicthyl fumarate 167, nicotiiiamide from 
ethyl nicotinate168, malondiamide from diethyl malonate 169, and the 
monoamide of malonic acid from the potassium salt of the mono- 
methyl ester 170. Successful preparations of mono- and dichloro- 
acetamidc 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 function 17'. 



98 A. L. J.  Bcckwith 

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 
l-oxide173 the reaction proceeds efficiently at the boiling point of the 
reagent, but in others, such as preparation of mandelamide174 or 
l a ~ t a r n i d e l ~ ~  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 
nitrogen 

CI 

NH3.HC02H 

PhCH20 OMe O H  0 

(35 1 
CI 

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, N-methyl- 
heptamide is obtained by allowing heptanoic ester to stand with 
aqueous methylamine for several days 20.  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 cthylene diamine 
and piperidylacetic acid from the amine and ethyl ester in refluxing 
ethanol 178, and of a series of ethanolamides by heating ethanolamine 
with ethyl esters of the homologous fatty acids at 160°179. Salicyl-o- 
toluididelsO is preparcd by heating phenyl salicylate with o-toluidine 
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at 183-202" in 1,2,4~-trichlorobenzcne solvent or in cr-mctliylnaphtha- 
lene at 230". 

Strongly basic, highly nuclcophilic, amines readily undertake 
aminolysis of esters Cyclohcxylamine reacts exothermically with 
ethyl formate at 0" yielding N-cyclohexylformamide 18', and benzyl- 
amine in tetrahydrofuran has been recommended for the cleavage of 
active esters For example treatment of carbobenzoxyglycine 4- 
phenylazophenyl ester with benzylamine in tetrahydrofuran affords 
the benzylamide of carbobenzoxyglycine 182. Alkoxides have been 
rbed to promote aminolysis of csters. Thus addition of small amounts 
of sodium methoxide to the reaction mixture greatly enhances the rate 
of ammonolysis of methyl phenylacetate with methanolic ammonia Ia3, 

and makes possible the easy preparation of the diethanolamide of 
lauric acid 18*. Some aminolyses which arc inconveniently slow even 
in the presence of catalytic amounts of alkoxidc 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 re flu^^^^. The mechanism is believed to involve 
generation of the highly nucleophilic amide ion, RlNH - (equation 
64), attack of RINH- on the ester proceeding through the usual 

RlNH, + MeO- + R'NH- + MeOH (64) 

tetrahedral intermediate (equation 65), and stabilization of the pro- 

R2C0,Me + R'NH- R2- k-OMe R2-C-NHR1 + MeO- (65) 

0- 0 
I1 

I 
NHR' 

duct amide by formation of an acylamide ion RCONR' (equation 66) 

(66) 

which survives until working-up of the reaction mixture. 
Othcr 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 
amidc complex (prepared by passing dry ammonia into ethereal 
lithium aluminium hydride) lo6, and the preparation of anilides from 
hindered esters and sodium anilide in toluenc ' 8 7 .  

The Bodroux reaction188, in which amides are formed by reaction 
of an ester with thc magnesium amide obtained by interaction of an 

0 0 
II 

R2CNYR1 + MeO- R k R '  + MeOH 
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amine with a Grignard reagent is mechanistically related. The yields 
of amides from simple esters arc 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 magnesium lgo. 

Esters having the general formula RCOOAZB 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 esterslgl 

t HCONH(CH,),CHCO,H 
Tetrahydrofuran 

r.t. I 
P-N02C,HIOCHO + NHZ(CH,)&HCO,H 

I 
N H, NH2 (67) 

vinyl esterslgg (52%) 

LJ wN-cKH3 (68) 
n CH, n I 

O NH + CH,=COCOCHs - 0 

(90706) 

I 
acid-carbodiimide oddu~ts'~~ NHR 

phCH,CO,H + RN=C=NR - PhCH,CO-O-C=NR 

(R = cyclohexyl) 

(88%) 
ocid-alkynyhine odducts1"$ NEt, 

PhCONHPh 
I PhNH, 

PhC0,I-l f CH GCNEt, - PhCO-0-C =CH, 

( 70) 

(71) 

pyridyl esters195 

Tet ra  hyd rofu ran 

250 P-NO,C,H,NHAC 

OAc (82%) 

P-N02CGH4NH, + 

a-cyanovinyl esterslg8 CN 
I 

HOCH,CH,NH, + CH,COOC =CH, - HOCH,CH,NHCOCH, (72) 
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Other compounds of similar type whosc use has been restricted 
mainly to peptide synthesis lo7 .lZ1 include azlactones Ig7, acetylenic 
esters Ig8, and adducts of carboxylic acids with keten- 
irnines 2oo, ethoxyacetylene 201 and isoxazolium salts 202. 

Finally in this group of highly active acylating agents we should 
includc the hydroxylamine esters. 1-Bcnzoyloxypiperidine, for exam- 
ple, readily undergoes aminolysis under mild conditions (equation 
73) '03. The high reactivity of this reagcilt is thought to be due to the 

(73) 9 -> n-BuNHCOPh n-BuNHz + PhC0,N 
\ r.t. 

(9 I 70) u 

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 typc, but in which the inductive 
effect of the nitrogen is reinforced by adjacent carbonyl groups are 
esters of N-hydroxyphthalimide (37) and N-hydroxysuccinirnide 
(38) 204. Both have proved exceedingly useful in pcptide 
synthesis 107J31. 

(37 1 (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-oxygcn 
fission is sometimes observed 205.206. Thus, reaction of propiolactone 
with ammonia in water affords thc expected ,5-hydroxypropionamide, 
but aniline gives N-phenyl-p-aminopropionic acid (equation 74) 206. 

NH3'H20 HOCH2CHzCONHz 

(54) 
H2C-C=0 (90%) 
HZC-0 

Ph N HC H2C H2CO2H 
PhNHz 

( 9 3 7 3  

" c_ 
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 ,f3-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 p-keto acids207. 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. 

CH,-C=O 0 0  
I 1  II 

CH,=C- 0 + PhNH, + CH3 CHzCNHPh (75) 

Amiiics usually react with y- and 8-lactones under mild conditions 
by acyl-oxygen fission affording y- and 8-hydroxy amides. Thus, 
y-phenylbutyrolactone reacts cleanly with primary and secondary 
amines to form the appropriate N-substituted derivatives of y- 
hydroxy-y-phenylbutyramide (equation 76) 2oo. Phenylvalerolactone 

I I 
0 CH, + RIRzNH - PhCHCH,CH,CONR1R2 (76) 

I 

behaves similarly 210. The reaction proceeds most readily with 
strongly basic amines, e.g. benzylamine and cyclohexylamine, and 
has been used to characterize y- and 8-lact0nes~~. Under more 
vigorous conditions, treatment of lactones with amines produces amino 
acids and amino amides, possibly via intermediate lactams. 

Like ketene dimer, y- and &lactones containing unsaturation a to 
the oxygen atom readily undergo aminolysis with thc 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. 

PhCH-CH 2 

‘Cd OH 

The 17-acetoxy group is unaffected. 

(39 j 
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Lactones derived from a$-unsaturated acids show more complex 
behaviour on aminolysis (equation 78). Three reaction pathways 
are conceivable : (i) alkyl-oxygen fission, (ii) acyl-oxygen fission, 
(iii) Michael addition. In practice either or both of the routes (ii) 

RNHCH2CH=CHC02H 

( 78) HOCH,CH=CHCONHR 

and (i$ are followed, and the nature of tiic products isolated depends 
on experimental conditions and reactant s t r ~ c t u t - e ~ ~ ~ . ~ ~ ~ .  

Intramolecular aminolysis of ester groups in suitably constituted 
amino esters affords a convenicnt 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-amin0-2~2-diethylpentanoate gives 3,3-dieth);’lpiperidone (equation 
79) 213. Intercstingly, this amino ester was prepared by treatment of 

H2NCH2CH,CH2CEt2C02Et - (79) 

H 
the appropriate bromo cstcr 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’s 214 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 
lactams 217. 

Seven-membered lactam rings are readily formed by intramolecular 
aminolysis 215.218, but interference from intermolecular amide forma- 
tion becomes increasingly serious as the homologous series is ascended, 
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Mg 
C0,Et 

HJRaney Ni s:"" +g 
and the higher lactams arc best preparcd by t!ie Beckmann or Schmidt 
reactions (section IV). 

Intramolecular aminolysis leading to /?-lactams from /?-amino 
esters docs not proceed eficicntly under normal conditions, but can be 
accomplished by use of the Bodroux reaction. Thus the parent com- 
pound, azetidinone, was first preparcd, albeit in low yield, by treat- 
mcnt of ethyl P-aminopropionate with ethereal ethylmagnesium 
bromide, which reagent has also been used for preparation of sub- 
stituted compounds 219. Apparently direct attack of thc Grignard 
reagent on the ester function competes with magncsium amide forma- 
tion, since use of the sterically hindcred reagent prepared from bromo- 
mcsitylenc dramatically improvcs the yield 220. Structural and 
synthetic studies on penicillin and related compounds provide many 
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examples of azetidinone formation by cyclization of @-amino acid 
derivatives. A recent elegant example from Woodward’s synthesis of 
cephalosporin C is the formation of 46 from the amino ester 45 by 
treatment with triisobu tylaluminium 22 l. 

Me Me 

X N C 0 2 R  

NH2 C0,Me - H - - b - H  H N  
(83) 

0 
(45) (46 1 

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 diacylamines 222. 

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 
N-methylformamide give good yields of the appropriate acylamines 
(equation 84) 223. The reaction is believed to involve intermediate 

(84) 

formation of the strongly nucleophilic formamide ion, HCONCH,. 
In  a similar reaction alkyl acrylatcs are converted to acrylamides by 
heating with fatty acid amides and lithium Intra- 
molecular acylation of amides occurs more readily and has been used 
for example for the preparation of diphenylsuccinimide 225 and of 
4,6-dihydroxyimidazo-4,5,c-pyridines (equation 85) 226. 

RC0,Me + M e N H C H O  + RCONHMe + M e O C H O  

H o ~ ‘ ! H z c o N H z  Na,COJH,O> “ O f W  N H  (85) 

C02Me 
0 

However, most investigations of intramolecular acylation of amides 
have been concerned with details of mechanism rather than synthetic 
application 227. 

E. 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 

R I N H z +  R 2 C 0 2 H  - > R I N H C O R a  + H 2 0  (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 assumc that it follows the normal route (87), 

0 0- 0 
II I I 1  

I 
R'NHZ + R'COH + R2-C-OH 5 R'CNHR' + O H -  + 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 anhydrides 230. 

A good general procedure involvcs heating a mixture of acid and 
amine at about 200°231. Examples of its use include the preparation 
of benzanilide 232, substituted AT-/?-(phenylethy1)phenylacctamidcs 231, 

and N-phenyloleiamide 233. An interesting adaption of the method 
involves formation of piperazinediones by heating of a-amino acids 
(equation 88) 234.235. Variations of the procedure include the use of 

(88) 

silica gel, which apparently acts as a catalyst236, and of high-boiling 
hydrocarbon solvents which allow azeotropic removal of water from 
the reaction mixture 237. Examples of the lattcr technique include 
the preparation of N-methylformanilide 237 and of N-o-tolylforma- 
mide238 from the appropriate amines and formic acid in toluene, and 
of N,N-dibutyllactamide from lactic acid and dibutylamine in 
x y l e n ~ ~ ~ ~ .  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-N02C,H4CH2CH2C02H ----+ 

(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- 

(CHz)n-]o (n = 2,3) (90) 
(CHdn-COzH 

NH 
- I  1 HZ-NHZ CHZ- 

quently, the amino acid required for cyclization is prepared in situ. 
Suitable methods include the reduction of imino acids and nitro 
a ~ i d ~ ~ ~ ~ * ~ ~ ~ ,  reductive amination of keto acids 243, and aminolysis of 
lac tone^^'^. Amines, when treated with y- and 6-keto acids give un- 
saturated lactams, presumably via cyclization of an intermediate 
imino acid. The reaction has found considerable amlication in the 

I I  

preparation of aza steroids 245, e.g. 4-aza-5-cholesten-3-one (equation 
9 1) 246. 

Amides react with carboxylic acids but usually diacylamines are 
formed only when the reaction takes place intramolecularly so that 
the products arc cyclic imides. The mechanism of thc reaction has 
been recently discussed 247. Glutarimide is conveniently made by 
heating the monoamide of glutaric acid 240 but for preparative pur- 
poses the required amido acids are usually prepared i12 situ by reaction 
of amines with 1,2- or 1,3-dicarboxylic acids or their anhydrides. 
Thus succinirnide 249 is prepared by heating ammonium succinatc, 
and plitlialimide 250 by heating phthalic anhydride with ammonium 
carbonate. a-Amino acids react with phthalic anhydride in toluene 
yielding phthaloyl derivatives2j1. Alternatively, thc phthalamic 
acids obtained from the same reactants in dioxan can be cyclized by 
addition of triethylamine and further heating of the reaction mix- 

The reaction provides a useful method of protecting the 
amino group for pcptidc synthesis. 

Treatment of simple amides with acids usually results in a trans- 
acylation reaction (92). When one acid is much lower boiling than 

R1NHCOR2 + R3C02H R1NHCOR3 + P2C02H (92) 
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the other it is possible to use the reaction for preparative 
purposes 252-254. For example N-methylbenzanilide is produced in 
good yield by heating a mixture of benzoic acid and N-methylacet- 
anilide and removing the acetic acid as it is formed by distillation 253. 
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 compounds 255-257. 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 anhydrides 257, and is thus 
closely related to methods of amide formation involving acylation of 
isocyanates and of carbamyl halides (section V). Thiourea and 

(931 

sym-diphenylthiourea behave similarly 258, as does sulphamide 259 
and monoester amides of sulphurous acid 260. 

Phosphoramide, ancl its N-alkyl and N-aryl derivatives are excellent 
reagents for the direct conversion of acids into their amides 261*262. 

For example, N,N-dimethylamides may be prepared from a wide 
range of acids by heating them with hexamethylphosphoramide 262. 

Other phosphoramides for use in this type of reaction are readily 
prepared in situ from amines and suitable phosphoryl halides 261. 
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 acids 264. Finally, in 
this group of 'activated amine ' derivatives incorporating phosphorus 
mention must be made of phosphazo compounds which are readily 
prepared in situ fi-om an amine and phosphorus trichloride, and which 
yield the appropriate amidc when treated with a carboxylic acid 
(equation 94)265. The method has bcen mainly used for peptide 

(91) 

synthesis 2G6, 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 convertcd directly to amides in good yield by 
treatment with tris-dialkylaminoboranes 268. The reaction, which is 
exothcrmic and rapid, is conducted by mixing the two reagents in 

RCOOH + NHZ-CONHZ RCO-0-CONH, RCONHZ + COZ 

RzC02  H 
R'NH2 + PCI, - > R'N=P-NHR' ___ > R2CONHR1 + (PHO,), 
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The mechanism is thought to involve intermediate forma- 
Possibly the 

benzene. 
tion of an acyloxyborane derivative (equation 95). 

N R2, 

n I J +  R'COz + B NR2,H - 
I 

HNRE 

rcductive acylation of Schiff bases with a carboxylic acid and tri- 
methylamine borane 269 is mechanistically rclated. 

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 arc discussed in sections ILC, 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, 
tctrahedral 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 C-R bond 
scission, and the intcrrnediate is stabilized by proton transfer yielding 
the carbinolamine, and eventually (in the case of primary amines) 
the Schiff base (equation 96). 

0- OH 
I I 

I 
NHR3 

(96) 
75 RI-C-RZ RI-C-R~ Rl-C-RZ - R1-C-R2 

I I  
N R3 + I  

f- NH,R3 

NH,R:' (48 ) 

Formation of amides by acylation of amiries with aldehydes or 
ketones becomes practicable when one of the alkyl groups attached 
to the carbonyl carbon contains substitucnts which, by stabilizing the 
related carbanion, allow it to fk-don 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). 

0 q& II 
Rl-C-CX, m R 1 - C  CX3 - R'-C-NHR2 + X3C- +- H +  (97) 

+ I  - 
NH2R2 $ 

X3CH 
3 

R2N H2 

This reaction, which is mcchanistically 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 amincs and the yields are usually e x c c l l ~ n t ~ ~ ~ .  It has 
recently been employed for the preparation of N-methyl-N- (p- 
chloroethy1)formamide and related compounds (equation 98)271. 

I I 
Me Me 

CICHzCH2NH -t- CCI,CHO + CICHzCHzNCHO + CHCI3 (98) 

Ketones containing the trichloromethyl group also function as 
acylating agcnts. For examplc, amincs when treated with hexa- 
chloroacctone in hexane are smoothly and efficicntly convcrted into 
their trichloroacetyl derivatives (cquation 99) 272. Thc reaction has 

R'R'NH + CC13COCC13 - > R'R'NCOCCI3 + CHC13 (99) 

been applied to a wide range of aromatic and aliphatic amines and 
usually gives yields in the range 80-90%. 

Unsyrnmctrical trihalometliyl ketones are lcss frequently uscd as 
acylating agents but are sometimcs valuable in spccial circumstances. 
Thus in the synthcsis of chloroamphcnicol the amino group in thc 
amino alcohol 49 was selcctively acylated by trcatment with penta- 
chloroacetone in dioxan (cquation 100) 273. 

OH NH, OH NHCOCHCIZ 
I I  CC13COCHCIz I 1  

(49) (100) 

Another mctliod of sonmvliat more general application for the 
formation of amidcs fiom ketones is the Hallcr-Bauer reaction 274, 

which involves heating a non-enolizablc ketone with sodium amide in 

P-NO2C6H4CH-CHCH20H P I)-NOzCGH,CH-CHCH,OH 
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benzene, toluene or  similar aprotic solvent. The mechanism of the 
reaction probably involves addition of amidc ion, NH;, to the car- 
bony1 centre, followcd by elimination of a carbanion (equation 101). 

0 0- 0 
I 1  

NH, + R-C-R R-C-R R- -NHz + R- 
I 
I ! 

(52 )  (50)  NH2 

(51) 0 

-Z R- e -NH- + R H  (101) 

(53) 

Undoubtedly the success of the method is duc to (i) the high nucleo- 
philicity of NH; 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 
(Z) 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 arc rarely casily 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 
PhH N a N H z  I 

I 
Me,CHCOCI ~ ~ 1 3  > Me,CHCOPh G ~ H c ~ ~ B ~ -  Me,CHCH,CCOPh 

Me 
(102) 

Me Me 
I 
I 

Me 

MezCHCH,CCONHz + PhH (103) 
I N a N H z  

Me2CHCH2CCOPh > 
I 

Me 

Usually as in this example, clcavage of the ketone proceeds in that 
direction which affords the alkanecarboxamide rather than that lcad- 
ing to the aromatic amide. However, alkyl phenyl ketones containing 
large, highly branched alkyl groups give low yields of alkanamidc 
and benzamide is also obtained. 

The reaction is applicable to a wide range of alkyl aryl ketones. An 
interesting example is that of 1- 1 -benzoyl- 1 -methyl-2,2-diphenyl- 
cyclopropane, which undergocs clcavagc by expulsion of the cyclo- 



112 

propyl group and 
(equation 104) 276. 

0 
I 1  

A. L. J. Bcckwith 

which proceeds with retention of optical activity 

('04) 
NaNHz PhCONH, + 

Ph Ph 

[aID = + 127.6" 

Ph-C 

[.ID = - 32.5" 

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 wasrconsiderably 

0 0- M e  

(105) Meq H Ph 

P h - f 4  - Ph-C-NH- I I  + 
Ph N 

H'OH Ph Ph 

weakened by the subsequent demonstration that cyclopropyl car- 
banions can maintain configurational stability 277. 

Fission of diary1 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, P-methoxybenzophenone yields mainly the amide of anisic 
acid (equation 106) 278. 

( 106) 
N a N H z  

p-MeOCGH,COPh ___ > p-MeOC,H.ICONt-12 + PhCONHs 
(72%) (28%) 

o-Chlorobenzophenone reacts with sodium amide with exceptional 
facility yielding benzamide and aniline (cquation 107) 279. The 
formation of the latter product is considered to arise through the inter- 
mediacy of benzyiie and thus provides additional evidence for the in- 
volvement of aryl anions in the reaction mechanism. 

The Haller-Bauer procedure can also bc used for the preparation of 
amides from non-enolizablc aliphatic and alicyclic ketones, but the 
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synthetic potential of the reaction appears to Ix rather limited. A full 
account of the mechanism, scope and limitations of the Haller-Bauer 
reaction and related synthetic processes is available 264. 

G. Acyl Azides 

(equation 108). 
mechanism previously adumbrated (section 1I.A). 

0 0-  0 
I 1  I +  I I  

Acyl azides undergo nucleophilic attack by amines yielding amides 
The reaction almost certainly follows the general 

Since the azide 

(108) R’-C-N3 + RZNH + R1-C-NHR2, RI-C-NRZ + HN3 
I 
N3 

group offers little steric hindrance towards attack at  the adjacent 
carbonyl carbon, and since thc 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 comparabie with 
that of related carboxylic anhydrides. 

Two routes are commonly cmployed for the preparation of acyl 
azides. The first, involving reaction of sodium azide with acyl halide 
in aqueous acetone 280, or in water with pyridine catalyst281 (equation 
log), 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 + N; - RCON3 + C1- (109) 

hydrazide with nitrous acid generated from sodium nitrite or nitrite 
ester in a suitable solvenL282, or preferably, since undesirable side- 
reactions are thereby diminished, from nitrosyl chloride or t-butyl 
nitrite with hydrogen chloride in ether or tetrahydrofuran 283. 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; ether 284 or ethyl acetate are suitable. 

Hydrazine, being a highly active nucleophile reacts more readily 
than amines with esters and amides202-285, and the route represented 
in equation (110), although circuitous at first sight, often offers a 

R1C0,R2 
HN02 R3,NH 

RICONHNH, - R1CON3- R’CONR; (110) 

R1CONHR2 7 
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 lysergamidc from ergotarnine and o+&er ergot 
alkaloids providcs a good example of the usc of the azide route to 
amides. The hydrazide obtained by treating the alkaloid with 
hydrazine 286, 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 prepared 286-287.  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 synthesis lo7 where it offers the special 
advantage of proceeding without racemization Its uses have in- 
cluded the preparation of penicillamine dipeptides 201, and of N-acyl 
dipeptides from melphalan 292. 

Benzoyl azide reacts with imines yielding, after hydrolysis of the 
initial product, N-acylbcnzaniidcs (equation 1 1 1). The reaction, 
however, is not a simple acylation. I t  proceeds with evolution of 
nitrogen and affords initially an imino-amide 293. Undoubtedly, a 
preliminary dipolar addition is involved. 

0 NR 
II II 

PhCON3 + Me,CHCH=N-R -” PhC-NH-CCHMe, 

0 0 
II I1 

PhC-N H-CCHMe, 

The most serious disability to tlic azide method of amidc prcpara- 
tion is the concurrent occurrence of the Curtius rearrangement (1 12) 
leading, under the usual reaction conditions, to the formation of 
ureas 282. On mechanistic grounds we should expect this side-reac- 

(1 12) 

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 conditions 29*. 

Curtius rearrangcmcnt occurs so readily in azidcs of aromatic acids 

RCONS + RN=C=O - > RNHCONHR 
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that their reaction with most amines to give urcas has becn recom- 
mended for purposes of characterization 295. However, bcnzyl- 
amine, presumably bccause of its high nucleophilicity, smoothly 
undertakes aminolysis of aroyl azides ; the rclative reactivities of a 
series of azides is compatible with the effects of substituents on the 
electron density at the carbonyl function2". 

Another important side-reaction-formation of primary amides- 
occurs when azides are prcpared by trcatmcnt of hydrazides with 
nitrous acid. It is believed to involve elimination of nitrous oxide 
from a nitroso hydrazide (equation 113) 383.297. 

HNOz 
RCONHNHZ - > (RCONHNH-N=O RCONH-N=N-OH) - > 

RCONHZ + N z 0  (113) 

H. Ketenes 

their N-acyl derivatives (equation 114) 298. 

Amines react readily with ketene and substituted kctcnes yielding 
Although formally a n  

R'R2C=C=0 + R3NHz + R'R2CHCONHR3 ( 1  1 9  
addition process thc reaction is believed to be mechanistically related 
to other N-acylation reactions in that i t  involves initial nucleophilic 
attack of the amine on the carbonyl group (equation 115). The  

observation that the rate of acylation is qualitatively relatcd to the 
basicity of the amine accords with this mechanism, which has recently 
found further support in detailed kinetic s t u d i e ~ ~ ~ - ~ ~ ~ .  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 considercd to behavc as a gencral base. 

The ketene most widely uscd in preparative work is ketcne itself 
which acetylates amines rapidly and in high yicld. In a typical 
experiment acetanilide was obtaincd 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 
N-acylated products from amino phenols or amino alcohols 301. 
Cysteinc, however, affords the N,S-diacetyl derivative 302. Acyl- 
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ketenes have been employed for the preparation of amides of 8- 
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 N-acetylbenzamide by passing ketcne into a suspension of benzamide 
in benzene containing a catalytic amount of sulphuric acid304, and 
the preparation of N-acetylsuccinimide from succinimide in carbon 
tetrachloride 305. 

Ketenes react with imines by an addition process affording 8- 
lactams. For example, addition olaketcne to the iminc 55, obtained 
by treating aldehydes with sulphuryl isocyanate halide, affords 56 
which is readily hydrolysed to an azetidinone (cquation 116) 306. 

RCHO RCH C H 2 = C = 0  RCH---CHz HzO RCH-CH2 
+ - I I - I  1 - 1  I 
I sozx 
N CO N N-C=O NH-C=O 

I sozx I sozx 

(55)  (56)  

(1  16) 

Other examples of the formation of /3-lactams are summarized in 
Lacey's review 298. 

An important method for the preparation of amides which probably 
involves the intermediacy of ketencs 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 1 17). 

RzNHz > R'CH=C=O ~ > R1CH2CONHR2 Ag + > R1COCHN2 
CHzNz 

R'COCI ~ 

(1 17) 

The scope and limitations of thc reaction and thc experimental 
methods employed have been reviewed 307. Possibly the only more 
recent development of note is the use of the reaction for the prepara- 
tion of polypeptides308. 

1. Miscellaneous Acylating Agents 

1. Amides and imides 

(1 18) occurs. 
When an amine or its salt is heatcd with a primary amide, exchange 

(1 18) R'NH, + R'CONHZ + R'CONHR' + NH, 
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The reaction is of wide a p p l i ~ a b i l i t y 3 ~ ~  and is particularly useful 
for the preparation of N-formyl compouilds 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,N-dimethylformamide and sodium 
rnethoxide3l0. The reaction has recently been employed for the 
preparation of formamido tetrazoles 31 l. 

Aminolysis of cyclic imides occurs particularly readily and the 
reaction has been extensively employed for the preparation of mixed 
diamides of 1,2-dicarboxylic acids. Succinimide, for example, when 
shaken with aqueous methylamine gives N-methylsuccinamide 
(equation 119) 312. The reaction is reversible: heating of such di- 
amides neat or in acid or base affords imides313. Dichloromaleimide 

and related compounds show particularly high reactivity towards 
amines because of the electronic eRects of the halo substituents 314. 

N-Carboethoxyphthalimide is also highly reactive and is useful for the 
phthaloylation of amino acids 315. 

As expected on mechanistic grounds, N-acylimidazoles (57) 316 and 
N-acylpyrazoles (58) 317 are particularly effective acylating agents and 
both have found extensive application in peptide synthesis107 

1 RCO-N \ 3 RCO-N 

\=N 
(57) (58) 

The acylimidazoles are conveniently made by a transamidation reac- 
tion of carbonyl- 1, 1'-diimidazole with carboxylic acids (equation 
120) 316*318. Acetylation of pyrrole with N-acetylimidazole affords 

- [=;\N-COR + COz + H N q  (120) 
N-/ \=N 

N-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 12 1-123). I n  

R'COSH + R2NHz __f R'CONHR' + H2S (121) 

R1COSR3 + R2NHz d R1CONHR2 + R3SH ( 122) 

R'COSCOR' + R2NH2 - > R1CONHR2 + R'COSH (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 synthesis 121. 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- 
vestigation 92.320. 

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 alkylarnines when similarly treated 

(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 

(125) 

R'R'NH + CO - > R1R2NCH0 

Bu3N + CO d Bu,NCHO 

PhNEt2 + CO - t PhNCOEt 
I 

E t  

react with carbon monoxide a t  both the amino and olefinic functions to 
yield lactams (equation 127) 323, whilst acrylamides undergo a similar 
reaction giving cyclic imides (equation 128) 324. 

co (CO) CH,=CHCONHR + CO A 

NH 
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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 N-bromo- 
succinimide. The reaction, which is useful in peptide synthesis, 
probably involves intermediate formation of an  acyldiazonium salt 
(equation 129) 325. 

> R'CONHR' + Nz + H +  (129) 
1 RzNHz 

R'CONHNHP A R'CON: ~ 

111. PREPARATION OF AMIDES FROM NlTRlLES 

A. Hydration 

formation of amides (equation 130). 
Hydrolysis of nitriles to carboxylic acids involves intermediate 

The relative rates of the two 

(1  30) 

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). 

H2 0 HzO 
RCN __f R C O N H 2  + RCOzH + NH3 

N -  0 

(131) 
I1 

R C r N  + O H -  - r R C  => RC-NH2 + OH- 

'OH 

+ + HzO 
RCGN + H 3 0 +  - > [RC=NH ** RCfNH] ---+ 

N H  0 
H 2 0  I1 

RC + R-C-NH2 + H,O+ (132) 
\ +  

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 hindercd aliphatic acids. 
Examples of its use include the preparation of tributylacetamide 326 in 

OH2 
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80y0 sulphuric acid at  IOO", and of diisopropylacetamide 327 in 96y0 
acid a t  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 97y0 
sulphuric acid proceeds without disruption of thc ester groups 
(equation 133) 238, whilst the imide and lactone functions in 60 survive 
similar treatment (equation 134). 

C0,Et 

Eto2c&N Et0,C N CH, - 
(59 1 

Hydration of 61 in 96y0 sulphuric 
C0,Et 

(133) 

P h  

a L $ - C H z f l c N  co 0-co -.- a I - - C H , f l C o N H 2  0-co ( 134) 

(a0 1 
acid proceeds without simultaneous hydrolysis of the ester, but in 757, 
acid, hydrolysis of both amide and ester functions occurs followed by 
decarboxylation to yield 62 (equation 135) 330. 

(61 1 
P h C H 2 a C 0 , H  (135) 

(62) 
Other examples illustrative of the scope of this method for the 

hydration of nitriles include the preparation of the appropriate 
amides fi-om 3-cyano-4-ctliylcoumarin331, 3,3-dinitropropionitrile 332, 

(~-dimetliylamin~plicnylacctonitri le~~~, N-bcnzyl-N-phcnylglycinoni- 
trile334 and N,N-dimethylamin~acetonitrile~~~. 
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a-Keto nitrilcs can be hydrated in strong acid to yield a-keto amides 
Cyanohydrins often undergo simultaneous loss of the 

RCOCN --+ RCOCONH, (136) 

alcoholic hydroxyl giving a$-unsaturated amidcs. Thus, treatment 
of acetone cyanohydrin with strong sulphuric acid affords a convenient 
preparation of methylacrylamide (equation 137) 336. 

CH 3 CH3 
I Has04 I 
I 

(equation 136). 

('37) CH3-C-CN - CHZ=C-CONHZ 

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 arylacetonitriles 337. 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 p-chlorobenzyl cyanide (65) when mixed 
with concentrated nitric and sulphuric acids undergoes concomitant 
hydration and nitration (equation 139) 339. 

OH OH 
I I 

(63 1 (64) 

( 1  38) PhCH=CHCHCN - PhCH=CHCHCONH, 

(65) 

Polyphosphoric acid has been recommended for the preparation of 
amides from nitriles. Benzonitrile when heated at  1 10" for 1 hour with 
polyphosphoric acid affords benzamide in 96% yield, and other aryl 
and benzyl cyanides are hydrated under similar conditions 340. 

However the reaction is not succcssful 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 cyanoacetate 340, and P-keto amides from P-keto nitriles 341. 

Another useful reagent for accomplishing hydration of nitriles is 
boron trifluoridc. Excellent yields of amide are obtained by passing 

5* 
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boron trifluoride into a solution of the nitrilc in acetic acid containing 
a small amount of water 342. When a n  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 p-keto amides can be accomplished with boron trifluoride in 
aqueous acetic acid 341. 

The method of choice for the preparation of N-acetyl-a-phenylace- 
toacetamide consists of treating benzyl cyanide with boron trifluoride 
in acetic anhydride (equation 140) 343. Phenylacetamide is probably 

COCH3 
I 

PhCHzCN - > PhCHZCONH, - > PhCHCONHCOCHS (140) 

an  intermediate in the reaction. Boron trifluoride in acetic anhydride 
converts p-keto nitriles into N-acetyl-/3-ketoamides 344. 

Base-catalysed hydration of nitrilcs has becn lcss 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[k]fluoran- 
thcnc, which is inert to acids, into the appropriate diamide by heating 
with potassium hydroxide in cthoxyethanol 345, and formation of 
2,3,6,7-tetramcthylnaphtlialc1ie-l,4-dicarboxamide by similar treat- 
ment of the dinitrile346. 

A convenient and rcliable method for the preparation of amides 
involves treatment of nitrilcs with alkaline hydrogen peroxide. For 
example, o-toluamide is formed in 90% yield when o-tolunitrile is 
warmed in ethanol with sodium hydroxide and 30y0 aqueous hydro- 
gen peroxide347, and vcratramide may be similarly prepared from 
veratronitrile 348. Other cxamples illustrative of the method include 
the preparation of benzocyclobutane-1-carboxamide 349 and 3- 
nitrobiphcnyl-4-carboxamide 350.  Unlike acid- and base-catalysed 
hydration rcactions this procedure is applicable to the preparation of 
simple aliphatic amidcs 351. 

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, H202 and OH-, that benzonitrilc oxide is not an intermediate, 
and that thc oxygen evolved is derivcd from hydrogen peroxide 352. 

A mechanism consistent with thesc observations involves initial 
nucleophilic addition of hydroperoxide ion to the C=N group 
followed by hydride transfcr from a second molecule of peroxide 
(equation 141). Whcn a n  olefin is added to the reaction mixture it 



2. Synthesis of ainides 123 

P H+ R-C=N R-C=N- 
I 

(C-OOH OOH 
0 
I1 

H - R-C-NHZ + 0 2  + HzO (141) 

interacts with the intermediate peroxyimine yielding an epoxide in 
good yield (equation 142) 353. 

When a,p-unsaturated nitriles are treated with hydrogen peroxide, 
intramolecular epoxidation of the olcfinic linkagc occurs affording 
epoxy amides, e.g. acrylonitrile gives glycidamide (equation 143) 354. 

CHz=CH-CN - ‘EAGC&H - CH,-CH-CNH, (143) 
II + HZO, ‘0’ 0 

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. 

W) (67 1 

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 smide 69 in high yield by treatment with 
alkaline hydrogen peroxidc (cquation 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 a u t o c l a ~ c ~ ~ ~ .  However, the use of ion exchange resins 
somctimes allows formation of amides under re la t idy mild conditions 
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(68 1 (69 1 

(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 
rcsin IRA-400(0H)358. Similar methods have been used for the 
preparation of alkyl and alkenyl derivatives of nicotinamide 359 and 
for the partial hydrolysis of dinitriles to cyano amides 360. 

An indirect procedure for thc hydration of nitrilcs (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 

hH,Cl - 0 
I I  I1 

RIC=N + R20H + HCI + RIC-OR2 _ic R*-C-NH2 + R2CI 
(146) 

recommended as a convenient synthesis for a-hydroxy 362 and a- 
amino amides 363. 

Efficient methods for thc hydration of nitrilcs to amides under 
essentially neutral conditions have rccently been developed. In  onc 
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 nitrilcs procceds less cfficiently. A very mild 
procedure involves shaking of a solution of the nitrile in dichloro- 
methane with manganese dioxidc at room temperature 365. The 
method is applicablc to alkyl and aryl cyanides, to acetone cyano- 
hydrin, and to a,S-unsaturatccl nitriles (equation 147). Thc mechan- 
isms of these reactions have not yet been elucidated. Perhaps it is 

Br  

P l e 0 - @ - C I H  \C-CN - M e 0  +&=IH \)C-CONH, ( 1  47) 

H’ ti 

(9070) 
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rclevant that hydration of 2-cyano- 1,lO-plienanthroline to the amide 
is powerfully catalysed by Cu2+, Ni2+ and other metal 

B. Alkylative H ydration-The Ritter Reaction 

Although the interaction of olefins with hydrogen cyanide in the 
presence of a strong acid (HC1-AlCI,) to yield formamides was first 
described in 1930367 the synthetic potential of this general type of 
transformation was not realized until 1948 when Ritter368 showed that 
treatment of alkenes with nitriles and concentrated sulphuric acid 
affords N-substituted amides in good yield. In  a typical example of 
the method N-t-butylacctamide 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 

also showed in his early work that tertiary alcohols could be used in 
place of ole fin^^^^, that the method was applicable to din it rile^^^^, 
and that the reaction with hydrogen cyanide, which yields initially 
readily hydrolysed formyl compounds, provides a convenient route to 
tertiary alkylamines 9. 

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 

H+ + R'OH - R1 + f iEC-RZ - [Rl-&sC-R2 c-----f 

or  alkene 
R1-N=t-R2] Hzo R1NHCOR2 + 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 nitrilium salts prepared in other 

The Ritter reaction is applicablc to a very wide range of substrates". 

* See sections 1V.A and 1V.B for a discussion of the intervention of the Ritter 

ways372.373. 

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 nitriles 375, to halohydrins and halo 
a l k e n e ~ ~ ~ ~ ,  to long-chain nit rile^^^^, to nitrilo esters368, to cyclo- 
alkanols 377 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 

(150) PhCH20H + CH,=CHCN H2S04 r.t, > PhCH,NHCOCH=CH2 

(59-62z)374 

Me Me 

PhCH,COH + HCN PhCH,CNHCHO 
I H SO,/HOAC I 

35-45" I 
Me 

I 
Me 

(65-7070)378~ 37Q 

OH OH 
I H2S0,/HOAc 1 

MeCHCN -I- t-BuOH 40" MeCHCONHBu-t (153) 
(40~)37"  

NHCOCH =CHCONH 0- HzSO4 
OH + NCCH=CHCN 7 

(87"/,Y0 (154) 

Me Me 
I 

I 
Me 

(155) 
I H,SO, CICHzCOH + NCCH,CO,Et - CICH2CNHCOCH,C0,Et 
1 

Me 
(65%b)370 

CF3 
I 

(8873',)381 

CF3 
I H SO 

60-70" 
PhzCOH + MeCN A Ph,CNHCOMe 



2. Synthcsis of amidcs 127 

to prepare polyamides by condensation of dinitriles with a diester in 
sulphuric acid (equation 157) 383. However, a-amino nitriles when 

Me Me 
W 

AcOCH+@ CH,OAc 1- NC(CH,),CN - 
Me Me 

{CH2&CH2NHCO(CH2)xCONH Me Me f (157) 

treated with t-butanol in sulphuric acid undergo replacement of the 
amino group; the products obtained in fair yield are a-hydroxy 
amides (equation 158) 384. Thc products obtained from the Ritter 

(158) 
H2SO.l RKHCN + t-BuOH - RTHCONHBu-t 

I 
OH 

I 
N R2, 

reaction with halohydrins and with ally1 halides are useful compounds 
for the preparation of oxazoline derivatives 37G.385. This and other 
applications of the Ritter reaction to heterocyclic synthesis have 
recently been reviewed 386. 

Alcohols and olefins which afford secondary carbonium ions on 
treatment with acid, undertake the Rittcr reaction less rcadily than 
tcrtiary compounds. For examplc 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 

Q NHCOCH=CH, (159) 

+CH,=CHCN - 
reactions of propylene with various nitriles have becn studied. The 
yield of amide from different nitriles increases in the order MeCN < 
PhCN < CH,=CHCN thus reflecting the eKect of mesomeric re- 
lease from the substituent on the basicity of the nitrogen atom. For- 
mation of the acrylamide by treatment of cis-6-octadecenoic acid with 
acrylonitrile in sulphuric acid is another example of the application 
of the Ritter reaction to 1 ,Z-disubstituted olefins 387. Improved 
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methods for the reaction with I-alkencs have recently been de- 
scribed 388. 

The Ritter reaction can be applicd to primary alcohols only under 
very severe conditions 389. Thus, N-methylacetamide is formed by 
heating hydrogen chloride, methanol and acetonitrile in an autoclave 
at 280-3 15". Monoalkylamides arc preferably made by hydration 
of nitrilium salts (see below). 

Although alcohols and olefins arc the most frequently used starting 
materials for alkylative hydration of nitrilcs other compounds capable 
of generating carbonium ions have also been employed. For example, 
branched paraffins, which are able to form carbonium ions by hydridc 
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 t-butanol and hydrogen cyanide are 
added to an emulsion of adamantane, hexane and sulphuric acid 
(equation 160) 390. 

NHCHO 

Tertiary carboxylic acids uadergo the Ritter reaction when treated 
with a nitrile and concentrated sulphuric acid (equation 161). The 
reaction involves decarboxylation gcneratiiig a carbonium ion, which 
then interacts with the nitrilc in the usual way. Yields are usually 

RSCNHCOR" (161) 
- H30. - CO ( I )  RzCN 

(2) HzO ' R4CCOzH + H+ - R;C+ - 

Alkyl halides have been used for the preparation of amides by 
the Ritter reaction. I-Bromoadamantane gives acyl derivatives of 
I-aminoadamantane when treated with nitriles in concentrated sul- 
phuric acid392, and in a reaction which is mechanistically related, 
diphenylmethyl bromidc in benzene reacts with nitriles in the pres- 
ence of silvcr sulphate (equations 162) 393. 

+ 
PhzCHBr + Ag+ > PhzCH + AgBr (1 G2a) 

Phz?H PhzCHNHCOR 
(I)  RCN 
(2) H z 0  (1G2b) 

Reactions of halides with nitriles in thc prcsencc of Lcwis acids were 
earlier investigatcd 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 reaction3g4. Other methods for 
generating the required intermediate carbonium ions include de- 
composition of arenediazonium salts 395 and anodic oxidation of 
hydrocarbons 396. 

Sometimes the carbonium ion initially generated under Rittcr 
conditions undergoes rearrangement either by alkyl or hydride shifts, 
before it interacts with the nitrile397. The phenomenon assumes 
practical importance in th& preparation of derivatives of 9-amino- 
decalin from the readily available decahydro-/3-naphthol (equation 
163) 398. 

- 
NHCOR 

03 H (163) 

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 acid 399. However, preferential 
formation of the kinetically favoured trans- or the thermodynamically 
favoured cis-carboxylic product, which can be achicved 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 synthcsis of N- (2-chloroalkyl) amides by passing 
chlorine into a mixture of olefin and nitrile and pouring the resultant 
solution into water 400. Bromoalkylamides are similarly madc. The 
reaction proceeds via the halonium ion (equation 164). 

R1CHCH2X 
(I) RzCN 1 

NHCOR" (161) XZ 
R'CH=CHZ 

This method has recently been improved by Hassner and his co- 
workers who reasoned that competition of halide ion with iiitrile for 
reaction with the intcrmediate halonium ion decrcases the yield of 
product 401. 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 ,8-haloalkylamides (equation 165). As expected 
on the basis of a reaction mechanism involving an intermediate 
cyclic bromonium ion the reaction affords tram products. Iodine 

monofluoride has been recommended for the preparation of N-(2- 
iodoalky1)amides by a similar route, but even iodine alone is effec- 
tive 402. 

I n  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 salts 373, with diazonium salts 373, 
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 acid 403 and the forma- 
tion of the lactam 73 from cis-cis-5-cyano-3-methylsorbic acid (72) 404. 

C. Other Reactions 

1. Acylation 

hydrides, yield amides and imides. 
volve a complex system of equilibria (168) 157.405. 

Nitriles, when strongly heated with carboxylic acids or thcir an- 
Thc reaction is believed to in- 
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RICOzH + RzCN === R1CONHCOR2 

131 

R T O N H Z  + (R'C0)zO 

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 prcparation of nicotinamide 

NH 

( 1 69) 

from nicotinonitrile 406 and of a series of N,N'-disubstituted amides 
from succinonitrile and similar dinitriles 407. 

H z 0  ---+ R1CONR2R3 
/ 

\ 
R l C N  + R2R3NH + RIC 

NR2R3 

IV. REARRANGEMENT REACTIONS 

A. The Beckrnann Reaction 

In 1887 Beckmann described the first examples of the reaction which 
now bears his name; the rearrangement of oximes to amides when 
treated successivcly with an acid, or acylating agent, and water 
(equation 170). After many years of considerable speculation and 

RzC=NOH (2) ~~0 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-0 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 (cquation 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 

R z C E 6 R '  R2CONHR1 (171) 
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leaving group as measured by the stability of its product ion, OA-, 
or the strcngth of its conjugate acid, HOA. 

T h e  c1as:kal 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 acid 410-412, p-acctamidobenzenesulphonyl 
chloride 413, p-toluenesulphonyl chloride 414 and similar arene- 
Bulphonyl halides, phosphorus oxychloride 415, boron trifluoride 416, 
iodine pentafluoride 417, thionyl chloride418, trifluoroacctic anhy- 
dride419 and formic acid420. 

The migratory aptitude of R1 should be enhanced by electron- 
donating substitucnts. Kinetic rneasurcments on P-substituted aceto- 
pheiione oxime picrates reveal a linear Hammctt relationship with a 
negative regression constant 421. An earlier claim422 that the migra- 
tion step shows a reverse 14C isotope cffect has been discounted 423. 

The Beckmann rearrangement normally proceeds with retention of 
configuration at tlie point of attachment of the migrating group424, 
and thcre is usually a tram relationship between the leaving group and 
R1. Nevcrthcless thcre are numerous rcports of tlie formation of mix- 
tures of amidcs from stercocliemically pure oximes. Undoubtedly, in 
many instances such mixtures arise because syn-anti isomerization of 
the oxime occurs more rapidly than its rcarrangernent. Purely ali- 
phatic ketoximcs undcrgo isomerization particularly rcadily, especi- 
ally in the presence of protic acids. Phosphorous pentachloride in 
ether is a much bettcr rcagcnt for thc rcarrangcment of such com- 
pounds. Passage of oxime p-toluencsulphonatcs ovcr alumina has 
been claimed to give high yields of amides with negligible prior iso- 
merization of thc starting material425. 

The iminium ion (RC=NR) produced by migration may be inter- 
cepted by nucleophiles other than water. Variations on the normal 
Beckmann proccdurc include tlie formation of imidate csters by reac- 
tions with alcohols, of imidoyl azidcs (which cyclize to tetrazoles) 
with azidc ion, and of' u-amino nitrilcs with cyanide ion. 

The Bcckmann rcaction finds its most important applications in the 
rearrangement of alkyl aryl ketoncs, obtainable by Fricdel-Crafts 
synthesis, and in the formation of lactams from cyclic ketones409. 
I t  is gcnerally assunicd that aryl migration takcs precedence over 
alkyl migration. This is certainly true for acetoplienone and other 
rclativcly simple compounds in wliicli the more stable isomer of the 
oximc 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 N-t-butylbenzamide (75) in good yield thus indi- 
cating the anti arrangement of the OH and t-butyl 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 (74a + 74b) is 
rapidly generated and the overall course of the reaction then reflects 
the greater migratory aptitude of the phenyl group. 

Ph Bu-t 

t-BuNHCOPh 
\ / PClS 

/ 

T G s  PhCOBu-t C 

N (75 )  
I I  

H O  

Ph Bu-t 

-> PhNHCOBu-t 
H +  

I 1  H 2 0  N 
\ (76) 
O H  

(74b) 

Alkyl aryl ketones containing a wide range of other functional 
groups may be safely subjected to the Beckmann procedure409. A 
recent example 427 consists of the rearrangement of oximes derived 
from aryl-substituted h4annich bases (77) and vinyl ketones (78). 

ArCOCH2CH,NMe2 ArCOCH-CH, 

(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 acid 428. The reaction is thought to involve inter- 
mediate formation of a ketoximc which then undergoes rearrangement 
in the usual way (equation 173). Suitably constituted aryl-sub- 

ArH + RCONHOH - > ArCR - ArNHCOR (173) 
II 

stituted hydroxamic acids undergo intramolecular reaction yielding 
lactams4z8. 

NOH 
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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 weight 419, whilst phosphorus oxychloride-pyridine gives 
exceptionally good yields in side-chain degradation of steroids 415. 
c+Unsaturated ketoximes give the expected products under mild 
conditions but vigorous treatment causes cyclization to 2-isooxazoline 
derivatives (equation 174) 429. 

Me 

23NHcoMe - 0 

PClJether, 

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 d RCONHz ( 175) 

phosphorus pentachloride, sulphuric acid, trifluoroacetic acid, and 
boron trifluoride. Polyphosphoric acid has been claimed to be 
particularly useful410. I t  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  steroid^^^^.^^^. 

The scope and limitations of the Beckmann method for lactam prep- 
aration are well covered in Donaruma and Heldt’s review409. In- 
teresting recent examples of its application are given in equations 
(1 76-1 78) 432*433. 

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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NOH a-b Polyphosphoric acid , Q-fi 
102-1 10" 

NH NH 

ArS0,CI I 
aTfiozAr AI,O,+ aTDo 

135 

Ph H&;h I PhS0,CIINaOH 

Ph H A T H  Ph 

Me 

(177) 

curious transannular rearrangement occurs giving rise to valero- 
lactam (equation 179b) 434. 

(1 79a) 

( 179b) 

An interesting variation in the preparation of lactams froin cyclic 
ketoximes involvcs treatment of the oxime with triphcnylphosphine 
and halogen in benzene435. The reaction mechanism is believed to 
involve intermediate formation of halonitroso alkanes and phos- 
phonium salts (equation 180). 

(79) NH 

N-aPPhs 
N=O Ph,P , 3 -+ - Ph3PO ~ 

ox Hzot 0; (180) 
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I n  yet another method relatcd to the Beckmann reaction for the 
preparation of lactams, cycloalkanecarboxylic acids are treated with 
nitrosylsulphuric acid and oleum in chloroform (equation 18 1) 436. 

Good yields are obtained even with large-ring compounds. 

(18') 
n ONSO H P C O  

L J  
(CHz)l, CHCQH A ( C u , ,  

Finally, there is tlic so-called 'photochemical Beckmann reaction ' 
in which the oxime of cyclohcxanone 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). 

(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 -CHAr, or 
-CR2X, where X is alkoxy, alkylamino or alkylthio. An example 
of the application of the fhgmentation in a synthetically useful way 
is provided by the preparation of the dimethyl acetal of 5-cyanopen- 
tanal from 2-mcthoxycyclohexanone oxime (equation 183) 438. The 

RzC=NOA - > R +  + RCEN + OA- 

mechanism and scope of the reaction have recently come under close 
scrutiny 439 and there is now somc evidcnce that rearrangement often 
proceeds in the normal way and that the imiiiium ion produced then 
undergoes heterolysis (equation 184). 

R\-, + 

R Q A  
(1 84) 

When Beckmann fiagmentation occurs in a medium containing 
no suitable nucleophile to intercept the carbonium ion formed, the two 
fragments may recombine in a Rittcr-type r c a c t i ~ n ~ ~ ~ * ~ ' ~ .  For 

,C=N.,, - R--C?&R - R-CEN + R+ 
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example the oxime of 9-acetyl-cis-decalin (81) when treated with 
p-toluenesulphonyl chloride in pyridine undergoes the normal Beck- 
mann rearrangement with retention of configuration, but in sulphuric 
or polyphosphoric acid it affords 9-acetylamino-trans-decalin (82) 
whose formation is formulated as proceeding through the more stable 
trans-iminium ion (equation 185). 

NOH 

Polyphosphoric 

acid 93 + MeCN 

H H 

1 (81 1 

NHCOMe +N=CMe 

H 

(82) 
As expected, when a mixture of two oximes is subiected to treatment 

with poiyphosphoric acid a mixture of all four possible amides is ob- 
tained thus indicating the intermediacy of 'free' carbonium ions 398. 

Other interesting departures from the normal course of the Beckmann 
reaction include intramolecular aromatic substitution by the inter- 
mediate iminium ion44o or insertion into an adjacent C-H bond 
(equation 186) 441. 

CH3 
I 

CH, 

C H 3-C-C @ I H3 OH Polyphosphoric CHa-C-CH, @ ' +  *@ 

(186) 
acid 

B r  Br  Br 

As expected, compounds which give fi-ee iminium ions before re- 
arrangement often yield Beckmann products derived by migration of 
the syn substituent 441. 

B. The Schmidt Reaction 

The formation of amides by treatment of ketoncs, 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 + HNB + R'CONHR' + Nz (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. I: 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. 

I t  is now generally conceded4o0" that the reaction mechanism 
(equation 188) involves two closcly 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. 

OH +OH 
I 1  

(*I t R'-C-NHR' + N, 
I 
I 

(83) 

GH+ 
RI-CLR2 RI-C-R2 

N H-N,+ 
? >  

HN3 

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 stcric 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 bc 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). 

0 R3 
+ I 

(189) RIC=NR1 + R 2 0 H  - R’C=NR1 + H+ 

+ R - C a - R  R-C-N-R 
R C G N R  4- HN3 - - II  I +H+ (190) 

N, +N H N 

Both pathways (A) and (73) 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 conditions 442. 

I n  view of Wolff’s review443 of the scope and limitations of the 
method and Smith’s more recent discussion 408 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:  

> PhNHCOMe (191) 

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. 

Polyphosphoric acid 
PhCOMe + NaN3 

(98707,) 
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& 0 0 COMe CCICOH & NHCOMe H+ 

(8870) 

1 1-Acetylaminofluoroanthene may be similarly obtained from the 
appropriate acetyl compound 446. 

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 N-isopropylbenzamide 447. 

Diary1 ketones are converted into the appropriate amides by treat- 
ment with hydrazoic acid in sulphuric acid or polyphosphoric acid. 
Substituents a t  meta and para positions appear to have little effect on 
the coursc 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 thc substi- 
tuent in iminium-ion stabilization through ring formation, and of the 
effect of substituent enhancerncnt of conjugation on the configuration 
of the intermediate iminodiazonium ion (84) 448. 

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 arc excellent and the 
reaction provides a convenient route to a-amino acids (equation 
193) 449. 

Dialkyl ketones undergo the Schmidt reaction with facility. 

NHZCR'R'C02H > CH3CONHCR'R2C02Et HzO z CH3COCR'R2C02Et - 
H2s04 HN3 

(193) 

Similar reactions have been applied to y- and 6-keto esters450. 
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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,#?-unsaturated ketones arc anomalous in that they do not 
yield amides when treated with hydrazoic acid, even under very mild 
conditions. T h e  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 

CH,=CHCOCH3 -@% CH,CH2COCH3 - CH3CHCOCH3 __f 

It 
NH 

I 
N3 

CH3COCOCH3 (195) 

yielding N-methyl~innanarnide~~~. 
The Schmidt reaction has been widely employed for thc preparation 

of lactams from cyclic ketones. Yields of products are frequently vcry 
good and the reaction is applicable both to small, c.g. cyclobutan- 
one 453, and to large ring compounds, e.g. cyclohexadecanone 454. 

The reaction with fluorenone affords a convenient preparation of 
phenanthridone 444 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 acid 456. Selective reaction of cyclic ketones containing other 
reactive functions can be achieved (equations 196-1 98) 444.457*458. 

The Schmidt reaction of cis-8-methylhydrindan- 1 -one, like that of 
many other cyclic ketones, yields a mixture of both possible isomeric 
amides together with tetrazolcs and fission products (cquation 199) 450. 

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 



1 42 A. L. J. Beckwith 

T z E t  HND, C0,Et 
HCI 

0 bN Polyphosphoric HN, ~ 

acid 

for the anomolous rearrangement of the phcnothiazone derivative 88 
(equation 200) 461. 

(88) 

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 t r i terpene~~~~'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 whcreas 89 (R = OMe) gives mainly 91 (equation 201). 

Reactions of hydrazoic acid with quinoncs are complex and can 
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(89) (90) (91) 

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- 

naphthaquinone affords the ring-contracted compound (equation 
203). The mechanism of the reaction has been discussed 465. 

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 

(80%) 

incorrectly a~signed"~, but on reexamination467 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 obtained 449. 

T h c  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- 

RC0,H 5 RCONHN; + RNCO % RNHz + COP (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 + CFaCOZH + RNHC02COCF3 ----+ RNHCOCF3 + CO, 
(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 

R,C=N-N,+ + RCN + N C  + 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) 470. 

I 

CONH, 

(92) 

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 

R,C=N-N; - > R,C-N+ + N2 (209) 
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support of such intermediatcs has been briefly outlined in the discus- 
sion of the Bcckmann 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 Willgersdt Reaction 

T h e  Willgerodt reaction 471 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- 
phenolic (equation 2 10) 472. A number of experimental variations 

> PhCH2CH2CHZCONH2 (2 10) PhCOCHzCH2CH3 

have been devised for the reaction which finds its most important ap- 
plication in the preparation of o-aryl-alkylcarboxamides from alkyl 
aryl ketones readily obtained by the Friedel-Crafts reaction. 

Despite considerable investigation473 the mechanism of the reaction 
has not yet been completely elucidated. It is known that skeletal 
rearrangement docs not occur 174, 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 
chains 476. Possible intermediates in the reaction include imines and 
a-mercapto ketones and other sulphur-containing compounds 473. 

The suggestion that migration proceeds via acetylcnic 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- 
t i ~ n ~ ~ ~ .  However, the question has recently been reopened by the 
demonstration that the structures of some of the products from the 
earlier work were incorrectly assigned 480. 

The scope and limitations of the Willgerodt reaction have been dis- 
cussed 471. Several variations of the original experimental procedure 
are now available. For example it is often advantageous to add an 
organic solvent such as d i o ~ a n ~ ~ l  or p ~ r i d i n e ~ * ~  to the aqueous re- 
agent which is usually made by adding 10% by weight of sulphur to a 
solution of hydrogcn sulphide in concentrated ammonia. Thus, 

(NH4)zSx 

6 -+- C.O.A. 
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6-phenylvalcramide is obtained in 297" yield 482 by heating butyl 
phenyl ketone with ammonium polysulphide, sulphur, aqucous am- 
monia and pyridinc a t  165", and 3-acctylpyrcnc is converted into 
3-pyrenylacetamide in 92y0 yicld by heating a t  160" with ammonium 
polysulphide in d i ~ x a n ~ * ~ .  

The Willgerodt reaction is applicable to a widc range of substituted 
alkyl aryl ketones. Illustrative examplcs include preparations of 
m-methoxyphcnylacctamide (equation 2 1 1) 4Q2, p-hydroxyphenylace- 
tamide (equation 2 12) 4Q4, and 2-dibenzofurylacctamide (equation 
213) 485. 

m-MeOC,H,COCH, '2Ls+ m-MeOC,H,CH,CON l i 2  (21 1) 

(53'7") 

(7070) 

The Kindler modification of the Willgerodt procedure in which a 
ketone is heated with sulphur and an  aminc, usually morpholine 486, is 
widely employed for the preparation of arylacctic acids. Tlic inter- 
mediate, however, is not an  amide but  the thioamide (cquation 214). 

5 

(214) 

Dialkyl ketones have bccn uscd as starting materials in the Will- 
gerodt reaction. 2-Heptanonc for example yields heptamidc whcn 
heatcd with ammonium polysulphidc in pyridine 487, and othcr 
straight-chain ketones behavc similarly. With branched-chain 
ketoncs there appears to be a prefei-ence for migration of thc carbonyl 
function along the less branched substituent. Thus pinacolone givcs 
t-butylacetamide (equation 2 15) and isobutyl methyl kctone gives iso- 
cap roam id^^^^. 

(2 15) 

Transformations closely relatcd to the \Villgerodt rcaction and con- 

I I  
ArCOCH, + S + NHRz - > ArCH2CNR2 

(N H .I ) Z  S A. 
Me,CCOCH3 Me,CCH,CONH, 

(58%) 
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ducted under similar experimental conditions include the formation of 
primary amides from olefins (equation 2 16) 480, acetylenes (equation 
217) 480, alcohols (equation 218) 489, thiols (equation 219) 478, alde- 
hydes (equation 220) 407, and a-halo acids (equation 221) 490. 

Me2C=CH2 + Me2CHCONHz (216) 
(70%) 

CH,(CH,),C=CH + CH3(CHZ)sCONH2 
(35YO) 

PhCMe20H + PhCHMeCONH, 
(38%) 

(95%) 
PhCHZCHzSH + PhCHZCONHz 

CH,(CH,),CHO CHs(CH2)SCONHz (220) 
(50%) 

CH,(CH2)3CHCOZH CH,(CHz),CONH, 
I (77x1 
B r  

D. Miscellaneous Rearrangement Reactions 

1. Biazotization of hydrazones and senricarbazones 

Diazotization of hydrazones and of semicarbazoncs with sodium 
nitrite in sulphuric acid 491 or polyphosphoric acid4*l gives amidcs, 
which are formed by rearrangement reactions closely related in 
mechanism to the Beckmann and Schmidt reactions (equation 222). 

RZ' 

These transformations give good results with diary1 and alkyl aryl 
ketones containing a varicty of substituents 491, with indanones, and 
with tetralones 441. Caprolactam is formed by treating cyclohexanone 
semicarbazone with sodium nitrite in aqueous acid4gz, or by adding 
acid to an aqueous solution of nitrocyclohexane, hydrazine and sodium 
nitrite493. 

2. The Chapman rearrangement 

When strongly heated, aryl N-arylbenzimidates undergo rcarrange- 
ment via a 1,3-migration of an aryl group from oxygen to nitrogen 
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leading to the formation of N,N-diarylamides (equation 223). 

A. L. J, Beckwith 

The 
OAr2 0 Ar" 

I1 / 

\ 
(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 review 494. 

Oxazolines, being cyclic imidates, might be expected to undergo 
Chapman rearrangement on heating to yield acylaziridines. I n  fact, 
the products of vigorous pyrolysis are N-allylamides, but it is possible 
that these are derived from intermediate aziridines by further re- 
arrangement (equation 224) 495. 

I A 
Ar1C=N-Ar3 __f APC-N 

Ar3 

CHZ 
I I  

OH CH2 
I I I  

RC=NCH,CCH, - RCONHCH,CCH, (224) 

3. Rearrangements of n i t r o n e ~ ~ ~ ~  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 yield 497. An addition-elimination 
mechanism (225) for the reaction has been suggested 408. 

AcO OAc OAc 

R1-C N R2 - R1C=NR2 H20 * R1CONHR2 (225) 
Ac,O I 4  I 

P -  R~cH=I;-R~ 
H 

I 
0- 

Under basic conditions C-benzoyl-N-arylnitrones undergo re- 
arrangement with migration of the benzoyl group (equation 226). 

H20 ~ 

-4. 
PhCOCH =N-Ar 

I 
0- 
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The reaction is thought to proceed via an oxaziridine intermediate; 
similar rearrangements of oxaziridine derivatives have been de- 
scribed 499,500. Photolysis of nitrones also affords oxaziridines which 
are readily converted to amides by heating (equation 227). 

+ 
t R1CONHR2 (227) 

hu A 
R'CH=N-R2 + R'-CH-N-R2 - 

0- I '0' 

4. Rearrangement of a-amino thiolesters 

amides in good yield, and polythioformaldehyde (equation 228) 501. 

R1R2NCH2SCOR3 + R1R2NHCOR3 + (CH,S), 

Heating of dialkylaminomethyl thiolcsters affords N,N-dialkyl- 

(228) 

5. Reaction of chloramine with 2,6-dialkylphenols 

Treatment of the sodium salts of 2,6-dialkylphenols with ethereal 
chloramine affords derivatives of azepinone 502. The mechanism of 
the reaction involves rearrangement of an intermediate aziridine 
(equation 229). 

V. REACTIONS OF CARBAMYL HALIDES, 
ISOCYANATES A N D  ISOCYANIDES 

A. Curbamy/.Hulides 

1. Reactions with arenes 

Carbamyl chloride, NH,COCl, 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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f 0 1 
I I  

R1R2NCOCI + A I C I ~  --.+ { or 1; - 1 -> ArCONR1R2 + HCI 

R'R2N-C-CI (230) 

The reaction, which has recently been reviewed by Olah and Olah503, 
closely rescmblcs normal Friedcl-Crafts acylation of arcnes in that i t  
involves generation of an electrophilic species by intcraction of the 
.halide with Lewis acid. 

The scope of the rcaction was originally investigated by Gattcrmann 
who worked mainly with carbamyl chloride (the Gattermann amide 
synthesis) but also used the N-methyl and N-cthyl derivatives. Later 
development was due to Hopff who showed that carbamyl chloride 
when treated with Lewis acid halides forms stable complexcs which 
can be stored for long periods and which react with aromatic com- 
pounds to give excellent yields of amides. Reactions of N-mcthyl-N- 
phenylcarbamyl chloride with aromatic compounds were investigated 
by W ~ y g a n d ~ ~ ~ ,  and recently \Vilshire"O" has shown that N,X- 
diphenylcarbamyl chloride, which is commercially available, can be 
used with advantage for the preparation of diphenylamides. Reac- 
tions of diphcnylcarbamy! chloride are convcnicntly conducted in 
ethylene dichloridc solution arid give high yiclds of products with a 
wide varicty of activated aromatic substrates (compounds containing 
deactivating substituents are inert). The resultant diphcnylamidcs 
are readily converted to the parent acids by alkaline hydrolysis. 

2. Reactions with carboxylic acids 

to yield the appropriate dialkylamides (equation 23 1) 5 0 7 e 5 0 8 .  

R1R2NCOCI + R3CO;M+ __f R1R2NCOR3 + COz + MCI 

R'R2N-C....CIAIC13 ArH 

+ 0-AIC13 

N,N-Dialkylcarbamyl chlorides rcact with salts of carboxylic acids 

(231) 

Thc reaction, which has lieen applicd to the preparation of a wide 
range of dimcthyl- and dicthylncylamines, including those derived 
from dicarboxylic acids, undoubtcdly proceeds via an intermediate 
carbamic carboxylic anhydride (cquation 232) (see section V.B.2). 

0 0 0 
II 11 I1 

R1R2N-C-CI + -OCOR3 - R1R2N-C-0-C-R3 __z 

0 
II 

R'R'N-C-R3 + COZ (232) 
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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. lsocyanates 

1. Alkylation and arylation 

Isocyanates, like ketenes, with which they are isoelcctronic, are 
highly susceptible to nucleophilic attack at  the electron-deficient 
carbonyl carbon atom. Thc addition process is usually completed 
by subsequent protonation of the initial adduct (equation 233). 

Such reactions are of importance for the preparation of amides when 
Y - is a carbon nucleophile as, for cxamplc, when isocyanates are 
treated with Grignard reagents (equation 234). The  yields of pro- 

I (234) 
MgX 

ducts from this type of reaction are often excellent; addition of phenyl- 
magnesium bromide to 2-fury1 isocyanate affords N-furylbenzamide 
in 80Oj, yield (equation 235) 509. However, the utility of the reaction 

R'NCO + R'MgX d R'N-COR2 - H20 > R I N H C O R a  

(235) 
N H C O P h  

+ PhMgBr - 
for synthesis is restrictcd by the liinitcd availability of isocyanates. 

Other types of carbanionic reagent will undertake similar reactions. 
hk ta l  dcrivativcs of malonic ester and other active methylene com- 
pounds have occasionally bcen employed. Thus phenyl isocyanate 
whcn treated with ethyl nitroacctate and potassium carbonate affords 
tlic amido ester 935101 whilst the amido acid 94 is produced by the 

(236) 

N C O  

K 2 C 0 3  
P h N C O  i- 0 2 N C H 2 C 0 2 E t  P h N H C O C H C 0 2 E t  

I 
NO' 

(93) 
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reaction of phenyl isocyanate with the di(ch1oromagnesium) deriva- 
tive of phenylacetic acid (equation 237) 511. 

i" Ph 
I H z 0  

PhNCO + PhCHCOzMgCl PhNCOCHCOzMgCl A PhNHCO HCOzH 
I I 
I 

MgCI AgCl (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 rcadily hydrolysed 
to the p-keto amide 97 by dilute acid5I2. The reaction has been 

used for the elaboration of heterocyclic systems 513. Wlieii treated 
with cxcess of simple isocyanates enamines undergo diaddition 
(equation 239) 514, whilst &/3-disubstituted enamines derived frorn 

aldehydes give /?-amino-/?-lactams 515, hydrolysis of which affords 
/3-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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0 

C C 
II 

CH, 

I 
CHO 

--EN N\ 2 CH,-C-CONHPh I vr H O  

Me, ,Me I I  

Ph Ph EN-". + N\ 

(240) 
synthesis of the alkaloid atisine 516 consists of treating the isocyanate 
98, generated in situ from the appropriate azide, with p-toluene- 
sulphonic acid in benzene when the lactam 99 is formed in  good 
yield (equation 241). 

Me0 

%Lo- - 
H I  

(98) (9s) 

I n  stcreochemically favourable situations intramolecular reaction 
between an isocyanate function and a non-activated olefinic bond 
can occur 517. Thus cis-2-vinylcyclopropyl isocyanate spontaneously 
undergoes conversion into an azepinone derivative in a reaction which 
is formally analogous to the Cope rearrangement (equation 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 suficiently rcactive to undertake intermolecular addi- 
tion to non-activated double bonds 510*520. Thus with isobutene it 
affords a readily separable mixture of a sulphamyl chloride and a p- 
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 
/3-lactams from a variety of substrates including a l l e n e ~ ~ ~ ~  and poly- 
cyclic olefins G23. 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 
I .+ CH,=CCH2CONHS0,CI 

Me 
I 

Me-C=CH, - 
N=C=O 
I 

Meno HN 

The reaction of chlorosulphonyl isocyanate with conjugated 
dienes 525 has recently been reinvestigated by Moriconi and Meyer 526 

who have shown that F-lactams are formed undcr mild conditions but 
readily undergo rearrangement on warming (equation 244). 

Arylation of isocyanates takes place under Friedel-Crafts conditions 
The  reaction can be conducted in the presence of 

(245) 

Lewis acids, hydrogen chloride or polyphosphoric acid. Illustrative 
examples include the preparation of N-4-bromophcnylferrocene- 
carboxamide by the reaction of ferrocene with 4-bromophenyl 
isocyanate and aluminium chloride in methylcne chloride 527, and the 
cyclization of 2-biphcnylyl isocyanatc to phenanthridone in poly- 
phosphoric acid 528. The reaction proceeds particularly readily with 
chlorosulphonyl isocyanate affording N-arylsulphamyl chlorides 
which are converted to primary amides by mild hydrolysis (equation 
246) 519. 

(equation 245). 

ArH + RNCO - > ArCONHR 

ArH + CIS0,NCO - > ArCONHS0,Cl > ArCONH, (246) 

Finally, mention should be made of a reaction which although 
formally similar to isocyanate alkylation is mechanistically un- 
related since it probably involves frec-radical intermediates. I t  con- 
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sists of the direct reduction of isocyanates to formamides by treating 
them with triphenyltin hydride (equation 247) 520.  

(247) ArNCO 4 2Ph3SnH - > ArNHCHO + Ph3SnSnPh3 

2. Reactions with carboxylic acids 

Isocyanates, when warmed with carboxylic acids react with the 
evolution of carbon dioxide and the formation of acylamincs (equa- 
tion 248) 530. The mechanism undoubtedly involves the intermediacy 
of carbamic carboxylic anhydrides (101) generated by nuc!eophilic 
addition 8f carboxylate ion to the electropositive carbon centre in the 
isocyanate function 531. 

H+ 0 0 

(248) 
7 I1 II 

RIN=C=O - R1NHC-O-C-R2 - R'NHCOR' + CO, 

It has been shown that the carbon dioxide liberated during the 
reaction is derived from the isocyanate532, and it has been suggested 
that its formation involves intramolecular acylation within 101. 
However, in view of recent studies on similar cyclic compounds533 
it now seems more probable that decomposition of the intermediate 
101 proceeds by a chain mechanism involving free amine (equations 
249a and 249b). Selective attack of the amine at the carhonyl group 

0 0  

(101) 

II '? I1 
R'NHC-O-C-R2 - R'NHCOR' + R'NHCO,H (249a) 

R'NHS 

RINHCO,H - RlNH, + C02 (249b) 

remote from the nitrogen atom is in accord with mechanistic principles 
outlined previously (sechn I1 .C) . Nevertheless, the formation of 
dialkylurcas as by-products 53 indicates that reaction at  the carbamyl 
group is not completely precluded. 

Isocyanates, as such, are infrequcntly used for the preparation of' 
amides by this method. One illustrative example is the preparation 
of the diamide 103 in 7607, yield from the diisocyanate 102 by heating 
it with acctic acid in chlorobenzene (equation 250) 534. 

Mere fiequently, isoeyanates are prepared in sifu. Thus the forma- 
tion of acylamines by decomposition of acyl azides in carboxylic acid 



156 

Me 

A. L. J. Bcckwith 

Me 

NCO 
MeCOzH 

MeCONH 

Me. 

solvents is a well-known variation of the Curtius reaction (equation 
25 1) 535. 

> R1NHCOR2 (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 25213) 536. Acetic acid is a somewhat 

RCONHz + Pb(OAc)., d RNCO + 2HOAc + Pb(OAc)z (2524 

RNCO + HOAc + RNHAc + CO, (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 

CH,=CH(CH,)~CONH, '::?;)' > CH,=CH(CH,)~NHCOCH, (253) 

propionic acid solvent propionamides are formed (equation 254) 536. 

WCOzH 
R'CON:, + RlNCO 

(59%) 

(69701,) 

When an isocyanate group is generated adjacent to a carboxyl 
group within the same molecule cyclic carboxylic carbamic anhydrides 
are formed (equation 255) 538. 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) 539. The mechanism of this interesting 
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Pb(OAc), 
___* 

Rwo 

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). 

“fi”? 0 + NH2Rz - RICHCONHRz+ I COs (257) 

H 5 4  0 NHZ 

The homologous six-membered cyclic anhydrides decompose similarly 
yielding polypeptides derived from @-amino acids 540. 

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). 

RCOZH + OCNSOZCI RCOOCONHSOZCI __j RCONHSOZCI + COZ 

(258a) 

(258b) 
HzO 

RCONHSOZCI RCONH:, 

C. lsocyclnides 

Isocyanides undergo a number of reactions leading to amides and 
their derivatives. Possibly the best known is the Passcrini 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. Thc reaction, which is usually conducted by 

RINC + RZCO + AcOH - RlNHCOCR; (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 a-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 

OAc 
I 

NHCOCMe, 
I mNc + Me,CO OH (260) 

(84%) 

of the Passerini reaction has aroused considerable interest 543-549. 

It appears to be generally agreed that the initial step involves attack 
of thc strongly nucleophilic isocyanide carbon atom on the carbonyl 
group to givc 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). 

R" R2 
+ I  CH3COzH > R'-N=C-C-O- ___j R'. 

I 

I 
R'-NC + C=O 

I 
R" R2 

' \c3 . .  (261a) 

I 

I 
'NHCOC-R2 I CH3C0zHt Rl-NzC- C-R2 

OCOCH3 
(106) (26 1 b) 

Other reactions of isocyanides haw been recently reviewed by 
Two of them of' particular relevance to the synthesis of 

\ /  
0 

Ugi54*. 
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amides are (i) the formation of u-acylaminocarboxylic acid amidcs 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) 5 4 8 8 5 4 9 ,  and (ii) the preparation of /3-lactam derivatives by 

RlNC + RZCO + R3NH, + R'NHCOCRE (262) 
I 

NHR3 

R'NC + RZCO + NH3 + AcOH d R'NHCOCRE 
I (263) 
N HA-g 

che reaction of isocyanides with carbonyl compounds and /3-amino 
acids (equation 264) 548. 

R'NC + R2,CO + R3CHCH2C0,H __+ RINHCOCRi-N 
I 
N H, 

0 

VI. ALKYLATIQN O F  AMIDES, IMIDES A N D  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. How- 
ever, amidcs are feeble nucleophiles and intermolecular alkylation 
uiidcr neutral conditions takes place slowly and requires active 
alkylating agents such as trialkyloxonium salts 550 or dialkyl 
sulphates 551. Under these circumstances alkylation, like protonation 
of amides, occurs predominantly a t  oxygen affording imidatcs (cqua- 
tion 265). Presumably the course of thc 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. 

Examples of all three types of reaction are known. 

(108) 

On the other hand, alkylation of thc anions gencratcd from amides 
by treatment with a suitable strong base leads to N-alkylated pro- 
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ducts (equation 266). In this case both of the possible products of 
alkylation at 0 or N are neutral molecules and the course of the reac- 
tion is controlled by the greater nucleophilicity of the nitrogen centre. 

R'CONH, $. 6- - 0 
Ii 1- R2X 

R1-C'LINY - RCONHR2 

(266) \il OR2 
1 

R-C=NH 

Thus, a number of N,N-dialkylamides have been prepared in 60-90% 
yield by successive treatment of the monoalkyl compounds with 
sodium hydride in toluene and alkyl halides 552. Sodamide, lithium 
amide or sodium have also been used as bases for the generation of 
amide anions 553 : for more strongly acidic amides, e.g. nitro-substituted 
anilides, potassium hydroxide in acetonc is adequate 554. 

When N,N-dialkylamides are treated with a strong basc and an 
alkyl halidc, alkylation occurs at the a-position via carbanion inter- 
mediates (equation 267). In  a recent survey of the reaction555 best 

(267) 
R2X 

RCHZCONR; + 6- - RCHCONR; + RCHCONR: 
I 
R2 

results were obtained when sodamide in toluene or benzene was 
employed. 

In  unsubstituted or N-monoalkylamides C-alkylation competes 
eEfcctively with N-alkylation only when there is somc special structural 
feature of the molecule which cnhances the acidity of the a-hydrogens, 
as, for example, in acetoacetamide. However, some secondary 
amides are converted into their C,N-dianions when trcated with butyl- 
lithium in a non-polar solvent and subsequent alkylation then occurs 
preferentially at the carbon centrc (equation 268) 556. 

Li Li Li 
I 

> PhCH2CH2CONPh 
BuLi 1 1 PhCH2CI 

CH,CONHPh - CHzCONPh F.. 
PhCH2CH2CONHPh (268) 

Alkylation of acyclic amides is of limited preparative importance ; 
the reaction when applied to lactams is of much greater utility since 
thc parent unsubstituted compounds are often readily available via the 
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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 c ~ r r i n s ~ ~ ~ .  When treated with tri- 
methyloxonium fluoroborate, 109 yields exclusively the 0-methyl 
compound, methylation of the potassium salt affords thc N-methyl 
compound, whilst methylation of the silver salt takes place at the 
methine group. Methylation of caprolactam with dimethyl sulphate 

in benzene afFords initially the expected 0-methyl compound, but on 
further heating of this product with an excess of reagent, N-methyl- 
caprolactam is formed 557. 

N-Alkylation is conveniently achievcd 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 
lactams 558 and for the preparation of the interesting allenamide 111 
by spontaneous rearrangement under the rcaction conditions of the 
initial acetylenic product 110559. 

__t n (269) 
NH A0 \ N 4  

I 
CH,C=CH CH=C=CH, 

(110) (111) 

N-Substituted lactams are rcadily alkylated at the a-position. For 
example N-methylpyrrolidonc is converted into the 3-ethyl derivative 
by successive treatment with sodamide in liquid ammonia and ethyl 
bromide560. When a n  excess of reagents is used dialkylation occurs 
(equation 270). 

Me 

0:. LAo +2NaNHa + 2Mel - 0:. LAo +2NaNHa + 2Mel - 
I 

Me 
I 

Me 
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The metal salts of imidcs undergo N-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 obtaincd when thc alkylation 

step is conducted in dimethylformamide solution 561. 
Amides, when treated with aldehydes, yield hydroxyalkyl deriva- 

tives (equation 272) ; in thc presence of alcohols N-alkoxyalkylamides 
are formed (equation 273). The  scope and limitations of the reaction 

R'CONHZ + R'CHO ~_f  R'CONHCHR' 
I 

OH 

R~CONH, + RTHO -1- ~ 3 0 ~  - > R*CONHCHR2 (273) 
I 

 OR^ 

have been reviewed562. The method has becn recently cmploycd for 
the prcparation of N-(alkoxymethyl) acrylamides 5G3, and thc extent 
and nature of the reaction when applied to N-substituted amidcs has 
been investigated by n.m.r. techniques 564, Whcn aldehydes other 
than formaldehyde or chloral arc employed the reaction usually pro- 
gresses beyond thc monohydroxyalkyl stagc and aflords his-ainides 
(equation 274). Thc reaction procccds particularly well iil the pres- 

R'CONH 

2R1CONHz +- R'CHO __f 'CHR2 (274) 
/ 

RICONH 

ence of perchloric acid 565. Similar products are obtaincd by treating 
amides with acetals in sulphuric acid 6 G 6 .  

Intramolccular alkylation in suitably constitutcd amides providcs 
some important routcs to lactams. As is the case with intermolecular 
alkylation reactions, cyclization of thc amidcs of halocarboxylic acids 
can involve nuclcophilic attack at either the N or  the 0 centre. The 
conditions favouring each process have bcen carefully studied 5G7. 
I n  neutral or  weakly basic solution, 0-alkylation occurs prcfcrcntially 
leading initially to cyclic imidatcs, and subscqucntly, by hydrolysis, to 
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lactones (equation 275) 3 0 * 5 6 8 .  Under strongly 

D NH 

163 

basic conditions lac- 

0 

!! 

tams are formed via N-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 6-lactams 
by heating N-alkyl-5-chlorovaleramides with sodium ethoxide in 
ethanol (equation 276) 569, and of a series of azetidinones, pyrrolidones 

and piperidones by treating N-aryl-w-haloamides with such strong 
bases as sodainide in liquid ammonia and sodium hydride in dimethyl 
sulplioxide 570. By careful use of potassium t-butoxide or metallic 
sodium as base even a-lactams can be prepared by intramolecular 
alkylation 571. Recent examples include the forination of the un- 
usually stable lactams containing t-hutyl or adamantanyl substituents 
(equation 277) 672*573. 

c=o 
RCHCONHR __f RCH (277) 

I t  has becn suggested that a-lactams may be intermediates in the 
formation of cyclic imino esters from a-halo lactams (equation 278) 574, 

Br I / I  \NR 

0 e 0 

! 

and in the amination of a-chlorodiphenylacetamide 575, hut an alterna- 
tive route has recently been proposed for the latter reaction576. 

Intramolecular N-alkylation leading to lactam formation can also 
be accomplished by treatment of a suitable unsaturated amide with 
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polyyhosphoric acid (equation 279) 577*578.  

112 provides a recent illustration of the use of the reaction578. 
Preparation of the lactam 

The 

(j-$de Polyphosphoric acid *mde (279) 

CO 0 OMe co 0 OMe 

(112) 

reaction, probably involving acid-induced electrophilic attack on the 
amide function, presumably does not follow the 0-alkylation pathway 
observed in intramolecular reactions because of the constraints of ring 
size. Some aryl-substituted unsaturated amides undergo photo- 
chemical conversion into p-lactams 579. 

The formation of lactams from acylic precursors can also be 
achieved via intramolecular alkylation a t  the a-carbon atom. The 
preparation of azetidinones by consecutive treatment of Schiff bases 
with cyanoaceiyl chloride .and triethylamine involves such a process 
(equation 280) 5 8 0 .  Another interesting example of this general type 

CI 

> ArCH-NR (280) ArCH=NR + CICOCH,CN - > ArCH-NR - I Et3 N 

I I  
NCCH-CO 

I 
NCCH,CO 

of transformation is the preparation of an a-lactam by treatment of 
AT-t-butyl-N-chlorophenylacetamide with potassium butoxide (equa- 
tion 281) 581. A rather unusual nucleophilic displacement of chlorine 
from nitrogen appears to be implicated. The formation of /3-lactams 

0 
II 
A 

0 
I I  
fi 

/L\ 
L 

PhCH,CONBU-t r-Buo-+ PhC%'NBu-t - Ph-CH-N-Bu-t (281) 

CI I C 3  

by intramolecular alkylation at an activated methylene group a to the 
amino 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 mechanism 583-506.  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 offorma- 
mide with acetylenes leads to the formation of 2 : 2 adducts 585, whilst 
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2-pyrrolidone when photolysed with olefins undergoes alkylation at  
the 3- and 5-positions586. 

RCH=CH2 + t O N H ,  + R c H C H 2 C O N H 2  (282a) 

ReHCH,CONH2 + HCONH, - RCH,CH2CONH2 + ' C O N H 2  (282b) 

Finally, it is convenient herc 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 a t  an unactivated C-H 
position and has been used for this purpose in natural-product 
synthesis (equation 283) 688. 

Me Me Me 

.. N, 
It 

N-CO hv , [e N-CO 'y-Ar] , o-):Ar (285) Q 
Photolysis of nitrile oxides can also be used for the generation of 

nitrene intermediates (equation 284) 589, whilst a-diazo amidcs 
undergo lactamization in a formally similar manner via carbenes 
(equation 285) 590. 

VII. O X I Q A T I O N  A N D  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 arc probably the most important. Reduction of hydrazides 
is readily achieved by heating them with an exccss of Raney nickel or 
with Raney nickel and hydrazine in alcohol 591-593. Hydrazinc be- 
cause of its high nucleophilicity often attacks esters and N-substituted 
amides that arc inert towards ammonolysis and pathway (286) thus 

R'COZR' 
or NHzNH2 t RICONHNHz R'CONH, (286) 

RICONR; 

provides a convenient and mild route to primary amides from such 
substrates 592. Diacylhydrazines are similarly reduced by Raney 
nickel 593. 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 

$ONHNH2 CONH, 

powerful acylating agents, probably acyldiazonium ions (sections 11. 
1.4). 

Oxidation of tertiary amines usually affords enamincs, carbinol- 
amines, and secondary products derived therefrom. However, when 
manganese dioxide is used as oxidizing agcni: dialkylformamides are 
obtained in moderate yield (equation 288) 595. Cyclic imides are 

> RzNCHO (288) 

formed by persulphate oxidation of lactams, probably by a free- 
radical mechanism 596. 

Hydroxamic acids and their N- and 0-alkyl derivatives are catalyti- 
cally reduced to amides (equations 289 and 290) 597. 

f R'CONHZ (289) 

> R1CONHR2 (290) 

Oxidation of hydroxamic acid by a variety of agents including pcrio- 
date, bromine, iodine and N-bromosuccinimide in the presence of 
amines affords amides (equation 29 I ) 5913, 
supports the carlicr suggestion 599 that an interrncdiate nitroso com- 
pound is formed which behaves as a powcrf'iil acylating agent. 

> R'CONRS + [HNO] (291) 

MnOz 
R3N - 

Hz. Catalyst 
R1CONHOR2 

RlCONR2 Hz, Catalyst 

I 
OH 

Experimental 

R ~ N H  
R'CONHOH + RlCONO 
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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) 6oo. Similar transformations using ammonium poly- 

(292) 
NiOa/NHo RCHO(or RCH,OH) J RCONHz 

sulphide have been previously mentioned (section 1V.C). 
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1. INTRODUCTION 

The  amides arc relatively weak bases, and tlic elucidation of their 
protonation behaviour and related phenomena such as hydrogen 
bonding and Lewis acid complexation has arouscd a good deal of 
attention. Emphasis has bcen placed on such interactions since the 
amide function is the basic structural unit of pcptides and protcins. 
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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 
techniqucs to the determination of fine details of chemical structure. 

The accurate determination of thermodynamic pKa 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. T h e  forma- 
tion of such bonds is subsequently discussed, and then other pheno- 
mena relating to complexation of the amide fLinction 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 csters, 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. 

la. T H E  SITE OF PROTONATION 

Two potential sites of protonation, N and 0, exist in amides, giving 
rise to cationic structures 2 and 3. 

The amino group is inherently much more basic than thc carbonyl 
group, suggesting on this simple basis 2 as thc most likely structure for 
a protonated amidc. However, in structure 3 thcre will be important 
contributions from canonical forms 4 and (especially) 5 to the rcson- 
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 0-protonated form (3) over 
the N-protonated form (2) in all cases to be considered. Similarly, 
S-protonation is favoured in thioamide structures. This evidence has 

0 
II +H+ 

R’C-N R2R3 - - + 

- r OH 

0 
II + 

R’C-N W RZR3 

I II I +  

(4 1 (3 1 (5 1 

already been critically reviewed1, 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 Fraenke13 and Berger3 have studied 
the n.m.r. spectra of various N-methylamidcs in sulphuric and 
deuteriosulphuric acid, and other acid mixtures. The former workers 
also showed, from cryoscopic measurements, that :he amides are all 
monoprotonated in 1007, sulphuric acid. Other workers have also 
shown that amides are protonated in trifluoroacetic acid4. The 
spectrum of N-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.ni.r. spectra of N,N-dimethylformamide and N,N-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 

[R1C+-NRzR3 - R1C-NR2R3 *---+ R ~ C = N R ~ R ~ ]  

+ 

(6) (7) 

both sulphuric and deuteriosulphuric acid, the former indicating that 
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0-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 N-protonation occurs, giving rise to trans (8) and 
gauche (9) forms in protonated N-methy!amides and tvans/gauc/ie (10) 
and gauchelgauche (11) forms in protonated N,N-dimethylamides. 
The tram form (8) will be encrgetically preferred, and thus the ob- 
served doublet is said to be due to the signals from the different protons 
H a  and H,. Such a system would, however, give rise to a methyl- 

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 trawlgauche form (10) in the dimethyl case is considered 
to be more abundant than the gauchelgauclze 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, Fracnkel is reported1 to have 
measured the spectrum of N-methylacetamide in both its neutral and 
protonated forms at 40 and 60 MC/S, and shown that the coupling 
constant JNH,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 Birchall 6*7 have studied the n.m.r. 
spectra of formamide, acetamide and benzamide, and their N-methyl 
and N,N-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 S-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 0-protonation in these compounds. Interpretation of such 
data is complicated by the mixed character of the absorption bands. 
Thus, calculations on N-methylacetamide * have shown that the amide 
I band arises predominantly but not completely ( > 80y0) from the 

olvent 

25O 

C 

-92" 

C 

A 
~ _ _  

-2  0 2 4 6 8 10 

r (p.p.m.1 

FIGURE 1. N.m.r. spectra of acetamide in fluorosulphuric acid. Tetra- 
mcthylsilane (TMS) used as external standard. A, proton on carbonyl 
group, relative area 1.07; B, protons on nitrogen, rclativc area 2.10; C, methyl 

protons, relative area 3.00. 
[Reproduced by permission of the National Research Council of Canada from 

thc Canadian Jozrrnal of C/iernist)y, Vol. 41, p. 150 (1963).] 
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carbonyl stretching mode, and the amide I1 band is compounded of 
N-H in-plane bending ( N SOY0) and C-N stretching modes 

Gompper and Altreuther9 have prepared fixed forms of cations 

5 and 2, C,H5C(OCH3)=N(C2H,)2 and C,H,CO-N(C2H,), re- 
spectively, and shown that the infrared spectrum of thc former re- 
sembles the spectrum of protonated benzamide very closely, but not 
that of the latter. 

O n  the other hand, Spinner has also used infrared data to argue for 
N-protonationlO. 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-l), acetamide (1675 cm-') and urea (1627 cm-l) 
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 acetamidc. 
The observed frequencies of the hydrochlorides are 1700 cm-l for 
urea and 1718 cm-l for acetamide, which are attributed to the 
carbonyl stretching vibration, and thus are in agreement with the 
expected spectral shifts for N-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 Mucnsterll have cast doubt on the 
authenticity of this interpretation. They have shown that dicyclo- 
hexylurea has a carbonyl frequency of 1628 cm-l which undergoes 
the expected shift to lower frequency (1611 cm-l) in 180-labelled 
dicyclohexylurea. On formation of the p-toluenesulphonate salt, a 
band at 1699 cm-l now appears, which on Spinner's assignment is due 
to the unprotonated carbonyl group. This undergoes no isotopic 
shift, however, in the corresponding "0 compound, and therefore 
cannot be due to a carbonyl strctching mode. The spectra were 
measured both in potassium bromide pellets and Nujol mull, giving 
identical results in the two media. 

Janssen l2 has reinterpreted Spinner's data, assigning a broad ab- 
sorption region at 2500 and 2100 cm-l 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=k/ in the protonated form. 

( -  40x7,). 

+ + 

/ \ 
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The infrared spectra of the hydrochlorides of N,N-dinicthylacet- 
amide and N,N-di-n-butylacetamide in the form of Nujol mulls have 
also been interpreted1, on the assumption that the proton goes to 
oxygen, but later workers14 postulate N-protonation for the 1 : 1 salt 
of N-methylacetamide with hydrochloric acid, on the basis of the 
Raman spectra of the solid. Surprisingly, howcvcr, 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. 

Ch, 

(12) 

Janssen has also argued convincingly12 for S-protonation in the case 
of thioacetamidc, thiourea, and othcr thioamidcs, basing his conclu- 
sions on the differences between the ultraviolet spectra in ethanol, and 
aqueous sulphuric acid solutions of suficicntly high acidity to produce 
the conjqa te  acids. (Thc amides themselves show no absorption 
above 220 mp.) Thus, thc spcctrum of 13, it is rcasoned, should be 
similar to that of 14 (Amsrx 327, 266 mp), sincc the inductive effccts of 

the CH, and NH, groups will have little infliience on the ultraviolct 
spectra. I t  is found, however, that thcre arc 110 bands above 220 m p  

f 

S S 
4- It I t  

(13) (14) 

in the spectrum of the conjugate acid of thiourca, which is thus in- 
compatible with N-protonation. 

However, other workers l5 have found that thc ultraviolct spectra 
of protonated benzamides resemble w r y  closcly those of unprotonatcd 
acetophenones, suggesting on the abovc argument AT-protonation, and 
indicating that thc absorption characteristics of protonatcd benza- 
midcs are commcnsuratc with an AT- or 0-protonated structurc (this 
point is further discusscd in section 1II.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 

N H 3-C-N H 3 CH3-C-NHz 
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N-substituents on the pKa 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 0-protonated amides (5 ) ,  but a 
second argument provides more persuasive evidence 17. Figure 2 
shows the variation of pKa 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. 
iactams. 

The  variation of pK, values with ring size in cyclic amines and 

[Reproduced, by permission, from Chetn. Ber., 90, 1437 (1957.1 
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attached directly to the ring, and its attendant solvent shell. The very 
different variation for the lactam series thus suggests protona'+n at an 
altcrnative 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) l8. 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 Drotonated amide molecule). 
The compound thus apparently protonates 

(15) 

pK,  value of 5.33, far higher than for normal 
and is very rapidly hydrolysed in conditions 

on nitrogen, yielding a 

amides (see section 111), 
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 : 

0-protonated quinuclidone 

N-protonated N-protonated 
conjugate acid quinuclidone 

AGL 0-protonated 
conjugate acid 

quinuclidone 

T A T  ~ '7 AT 
internal 
stabilizing 
factor 

ordinary 
amide 
(internally stabilized) 

for which AG, < AG, < AG, < AG'S 
(We would like to thank Professor K. Yates both for bringing our 
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attention to this anomaly, and also for supplyin2 the possible explana- 
tion as given above.) 

Further cvidencc for the site of protonation in aromatic amides 
arising from correlation of pK, values with Hammett 0 constants is 
discussed (in section 1II.D). However, on the basis of a linear corre- 
lation between pKa values and the carbonyl strctching frequency of 
various aromatic aldehydes aiid ketones, the protonation of benzamide 
has been considered to occur on nitrogenlg, since the carbonyl 
strctching frequency for this compound is widely different from that 
predicted by its pK, and the straight line defined by the other carbonyl 
compounds. However, this conclusion may be in error for several 
reasons. Firstly, the pKa values of aromatic carbonyl compounds are 
not accurately known, since the acidity function which they follow 
may not be HOZ0 (see section IIIA),  and interpretation of their ultra- 
violet spectral changes in various concentrations of acid for pKa de- 
termination is difficult due to large medium as well as protonation 
eflects20.21. Secondly, the 1675 cm-I band ofbenzamide is not solely 
due to the carbonyl stretching frequency, but contains a contribution 
fi-om an N-H mode8. Thirdly, extra resonance stabilization is 
possible for protonated amides, compared to bcnzaldehyde, aceto- 
phenone etc., which increases their basicity over that predicted by the 
pK, - vcE0 correlation, since vcE0 refers only to the free base22. 

It can be seen that, overall, there is a tremendous wcight of evidence 
in favour of' 0-protonation of'amidcs. A similar picture for 2- and 4- 
pyridones, which may be considered as vinylogous amides, has been 
established. Thcsc compounds exist predominantly in the 0x0 tauto- 
mcric form (16), althougli & can be altered markedly by the presence 
of ring substituents 23. U l t r a ~ i o l e t ~ ~ . ~ ~  and n.m.r.26-29 spectral 

H 

(16) (17 1 

mcasuremcnts have indicated 0-protonation, and infrared measure- 
mcnts taken as evidence for N - p r o t ~ n a t i o n ~ ~  have subsequently been 
reintcrprctcd in favour of 0-protonation 31. By analogy, O-protona- 
tion has been assumcd in the case of'carbaniic esters 32  and pyrimidinc- 
~ l i o i i e s ~ ~ .  

Moodic [C'hern. Conznzun., 1362 ( 1968)l has now presented evidence 
for 117-protonation of cthyl N,N-diisopropylcarbamatc 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. 

111. pK, VALUES OF AMIDES FUNCTIONING AS BASES 

The P& ,Value of a relatively strong base, falling well within the limits 
of the $1 range, is a thermodynamic quantity capable of accurate 
experimental determination 34. On the other hand, determination 
of p& 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 pK, 
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 resonance 32*35*36, and Raman 37 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 
described 21.38; one very successful method was indecd first described 
for a m i d e ~ ~ ~ .  However, such an effect appears to be small and oftcn 
negligible in the case of amides in g ~ i i e r a l ~ ~ . ~ ~ . ~ ~ ,  and we therefore 
consider it no further. 

Extensive compilations of aqueous aniide pK, values based on the 
H, scale are given in Ariiett’s review 38 (which also includes basicity 
data in other media), and by Yates and Stevens42, who have con- 
sidered the conversion of such valucs to the original HA scalc. 

Titration techniques in non-aqueous solvents also constitute an im- 
portant method. Halld3 has shown that the pK, values in acetic acid 
of a whole series of organic bases parallel their pK, 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 nitromethanc. 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 lie little information concerning the application of 



198 R. B. Homer and C. D. Johnson 

other methods 38, cryoscopy, differential solubility, and conductivity, 
to this class of compounds. 

A. The HA Acidity Function and Determination of pK, Values in 
Strong Aqueous Acid 

The most straightforward general method for determining pKa 
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 I. Use of 
equation (1) then gives the pKa value directly34. 

Howcver, for the weakly basic amides, the region of observable 
protonation (say 5-95y0) 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 specics. 

On introducing activity coeficients equation ( 1) then becomes 

a H + j B  

f B H +  
pK, = log1 - log- 

Introducing the symbol Hfor the final term of equation (2), we obtain 

H = -log a,.fB = pKa - log 1 
f B H +  

(3) 

and H can be considered as a quantitative measure of the ability of thc 
acid to transfcr a proton to the basc B. 

We may write, for two bases A and B, using equation (2), 

pK* - pK, = (4) 

If it can be shown that log ___ [AH + 1 - log ~ [BH+l is constant for various 

pairs of bases of neccssarily similar pKa values over the whole acidity 
range, by demonstrating the parallclism of plots of log I vs. yo acid 
from dilute solution to concentrated acid, then 

[A1 P I  

log- f A H  + = lo&% f* 
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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 pK, 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 H,, for aqueous sulphuric and perchloric acid solu- 
tions. The log I values were calculated using a colorimetric tech- 
nique. Subsequently, H0 vaiues hive been calculated for a whole 
variety of acid  system^^^^^^. The Hammett acidity scale H, has since 
been reevaluated using entirely primary aniline indicators for both 
aqueous sulphuric acid 46*47 and perchloric acid solutions 60, 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). 

I t  should be noted that some compounds do not adhere to the same 
acidity scale ovcr the complete acid region38. Thus benzoic acid is a 
Hammett base at high acidities, but deviates significantly from No 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 H, for H ) ,  and follow instead equation (6). Such compounds 

H,, = H, (half protonation) - log I (6) 

include the olefins 48, indoles 49, tertiary anilines50 and carbinols 51 (in 
all of which cases n < l ) ,  and, most important from the point of view 
of' this review, amides"l, where n > 1. 

For all of these groups of compounds, new acidity scales have been 
estimated in aqueous sulphuric acid (olefins, HI;.; indoles, HI; 
tertiary amincs, H,"; carbinols, H,; amides, HA) , by employing the 
overlapping indicator technique, and measuring ionization ratios 
spcctrophotometrically. These scales yield approximately linear plots 
against H052 (Figurc 3),  which intersect approximately at a common 
point, H, = 0. 

T h e  amide H A  scale in aqueous sulphuric acid is of particular in- 
tcrest because it is the only distinct fimction which involves an extent 
of proton uptake with increasing acidity smaller than H,. Initial 
work on the accurate determination of indicator ratios for amides 
using the ultraviolet technique 39*40*53*54  demonstrated, by use of 
equations of the form of (6), that amides were not adhering to the H, 
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acidity function. This was followed by the establishment or 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 pK, of phenazine 5,10-dioxideY an indicator which has been 
used to extend the scale to 9307, sulphuric acid55. The resultant pK, 

R. B. Homer and  C. D. Johnson 

-% 
FIGURE 3. The linear dcpcndence of H on Ho. 

[Reproduccd, by  permission, from J .  Am.  Chem. SOC., 89, 2686 (1967).] 

values arc shown in Table 1, and the HA scale in Table 2 and Figure 
5 where it is compared with Ii , .  Figure 4 illustrates the very good 
degree of parallelism achieved by the indicators used in the scale. 
Thc HA function thus established shows that amidcs protonate more 
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gradually than Hammett bases as acid concentration is increased 
(Figures 3 and 5). 

Bunnett and O l ~ e n ~ ~  have criticized the scale on the basis that the 
anchoring in low acidity regions to the p H  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 

9 
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O/o H, S04w/w 

FIGURE 5. The HA and ITo 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 fi-om 
the intersection of the other acidity functions. I t  has becn 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 
H A  scalc in the lower acidity regions. This supported the original 
scale; however, thc basc used to anchor the scale in this case, 3,5- 
dimethyl-4-nitropyridinc 1 -oxide, appears to be a Hammett base. 
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Data for several other N-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 pK, values of - 0.1 5 

TABLE 1. pK, values of the fIA-scale indicators41. 

Compound PK, 

Pyrrole-2-carboxamide 
4-Me thoxybenzamide 
3,4,5-Trimethoxybenzamide 
3-Nitrobenzamide 
4-Methyl-3,5-dinitrobenzamide 
2,3,6-Trichlorobenzamide 
2,4-Dichloro-3,5-dinitrobenzan1ide 
2,4,6-Trinitrobenzamide 
5-Hydroxyphenazinium 10-oxide 

~~ ~ 

- 1.23 
- 1.44 
- 1.82 
- 2.42 
- 2.69 
- 3.30 
- 3.73 
- 4.08 
- 5.12 

TABLE 2. The HA scale in aqueous sulphuric acid41*55, a t  25". 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 

0.69 
0.97 
1.25 
1.50 
1-74 
2-00 
2.25 
2.50 
2.78 
3.06 
3.38 

70 
75 
80 
82 
84 
86 
88 
90 
92 
93 

3.74 
4-13 
4.56 
4.74 
4.9 1 
5-12 
5.34 
5.57 
5.79 
5.90 

for 5-nitroquinoline 1-oxide and - 1 ~03 for pyrrole-2-carboxamide, 
compared with - 1.23 given by Yates, Stevens, and Katritzky4I for 
this latter compound. These results thus disclose the amide scale as 
presented in 'Table 2 to bc 0.20 units too negative. 

Yates and Riordans8 have established the HA scale in aqueous 
hydrochloric acid, at  25". The indicators used are given in Table 4, 
together with their pKa 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 Ho in aqueous hydro- 
chloric acid 45. 

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. 

R. B. Homer and C. D. Johnson 

The HA scale in aqueous perchloric acid. 

yo HClOd W/W -HA yo HC10,j W/W -HA 

5-47 
12-1 
20.3 
25.0 
32.2 
38.5 
44.2 
48.5 
53.9 

- 0.05 
0.49 
0.95 
1-24 
1-60 
1 -93 
2.28 
2.62 
3.03 

56.8 
59.8 
63.3 
65-4 
68.2 
71.0 
72.9 
73.5 
74.4 

3.30 
3.52 
3.81 
3.93 
4-23 
4-65 
4.94 
5.08 
5.13 

These results may be compared with H ,  in HC10, [K. Yates and H. 
Wai, J. Am. Chem. SOC., 86,5408 (1964)l. However, initial s t ~ d i e s ~ ~ * ~ ~  
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 
Ho 

(half protonation) - d(log I)/dHo' 

3-Chloropyridine ]-oxideb 
5-Nitroquinoline I-oxidec 
8-Nitroquinoline l-oxidec 
Pyrrole-2-carboxamided 
4-Nitroquinoline I-oxidec 
4-Me th~xybenzamide~ 
3,4,5-Trimeth~xybenzamide~ 

- 0.04 
- 0.25 
- 1.10 
- 1.36 
- 1.53 
- 1.69 
- 2.26 

0.9 1 
0.79 
0-79 
0.79 
0.79 
0.69 
0.66 

a Or --m in equation (9). 
* N. Shakir, Ph.D. Thesis, University of East Atwlia, 1966. 
C J.  T. Glcghurn, R.  U. lioodie, E. A. Qureshi, and I(. Schofield,J. C/ICII~ .  SOC. ( B ) ,  3 16 (1968) ; 

J .  T. Glcghorn, P1i.L). Thesis, Univcrsity of Exctcr, 1966. 
Kcfcrencc 41. 
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In general, the evaluation of the pKa value of a weak base from a 
knowledge of the variation of log I with acidity involves plotting log I 
against the various acidity functions H until a line of approximately 
unit slope has been obtained. Equation (3) then applies, and the 
pK, value may be rcad off at  the point where log I = 0. 

If the compound appears not to follow any known acidity function, 

TABLE 4. pK, values of H,-scale indicators from measurements in aqueous 
hydrochloric acids8. 

Compound pk13 

2-Nitroaniline - 0.3 1 
Pyrrole-2-carboxamide - 1.23 
4-Methoxybcnzamide - 1-46 
3,4,5-Trimethoxybenzamide - 1.86 
3-Ni trobenzamide - 2.25 
4-Methyl-3,5-dini trobenzamide - 2.77 
2,3,6-Trichlorobenzamide -3.10 

TABLE 5. T h e  Ho and HA scales in aqueous hydrochloric acids8. 

3 
4 
5 
6 
7 
8 

10 
12 
14 
16 
18 
20 
22 
24 
25  
28 
30 
32 
34 
35 

0.13 
0.3 1 
0.47 
0-59 
0.7 1 
0.82 
1 *03 
1.23 
1 -43 
1.63 
1 *82 
2.0 1 
2.2 1 
2.42 
2.6 I 
2.8 1 
3.02 
3.2 '2 
3.44 
3.56 

0.13 
0.29 
0.43 
0.57 
0.69 
0.8 1 
1.01 
1.23 
1.44 
1 -64 
1-87 
2.1 1 
2.35 
2.60 
2.87 
3-12 
3.39 
3-67 
3.95 
4-1 1 
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a n  approximation to the thermodynamic pK, may be estimated by 
Bunnett and Olsen's equation56 

(7) 

where (+ - 1) is a slope parameter. The validity of this equation is 
demonstrated by the linearity of plots of ( H  + log [H+]) vs. (H,  + 
log [H '3) shown in Figure 8, the former sum of terms being equivalent 
to ( -log I + log [H 'I) for a base following the H acidity function of 
zero pK,. 

log I - log [H'] = (4 - 1) (II, + log [H 'I) + pK, 

An alternative method52 is the use of equation (8) 

mH, - mH,(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 

(9) 

Although in general the useof both equations (7) and (9) leads to practi- 
cally equivalent values of pKa20, Bunnett and Olsen's equation does 
give better agreement specifically with pK, values of amides using the 
adjusted HA scale. This is illustrated in Table 6, and also in Figures 

log I = -mHo + pK, 

TABLE 6. pK, values of amide indicators. 

Pyrrole-2-carboxamide 
4-Methoxybenzamide 
3,4.,5-Trimethoxybenzamide 
3-Nitrobenzamide 
4-Methyl-3,5-dini trobenzamide 
2,3,G-Trichlorobenzamide 
2,4-Dichloro-3,5-dinitrobenzamidc 
2,4,G-Trinitrobenzamide 
5-Hydroxyphenazinium 1 0-oxide 

- 1.03 - 1.06 
- 1-24 - 1.17 
- 1.62 - 1.53 
- 2.22 - 2.03 
- 2.49 - 2.25 
-3.10 - 3.00 
- 3.53 - 3-16 
- 3438 - 3.87 
- 4.92 -5.12 

- 1 a07 
- 1-15 
- 1.47 
- 1 a86 
-2.01 
- 2.70 
- 2.79 
- 3.55 
- 4.95 

a (Value from Table 1 )  + 0.2.  
Calculated by Uunnctt and Olscn's method (equation E ) .  
mH0(half protoriation). 

3 and 8. I n  the latter figure, thc HA correlation line intersects the 
abscissa much closer (0.3 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 pK, values quoted have been derived in 
general by two methods. One involvcs the conversion of the H,, 
(half protonation) value to the adjusted HA scale, and the other direct 
cse of equation (9). Unfortunately, Bunnett and Olsen's treatment 
could not be evaluated for any of these amides, as the necessary 
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FIGURE 8. Linearity of plots of - ( H  + log [H']) against - ( H ,  + log [H+]). 
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TABLE 7. pK, values and protonation data for amid&. 

Amidc pK,b*C 

1. Substituted .benzaniic/es 
Benzamided 
Benzamidee 
Benzamideg (18") 
Benzamidei 
m-Bromod 
m-Bromoe 
p-BromodJ 
p-Bromoc 
m-Chlorod 
p-Chlorod 
p-Chloroe 
p-Fluorod 
m-Methoxyd 
m-Me thoxyc 
p-Methoxyd*h 
p-MethoxyC 

+Methyl: 
m-Methyld 
m-MethylC 
#-Methyld 
$-MethylC 
$-Methyl/ 
p-Methyl' 
rn-Nitrodvh 
$-Nitrod 
p-Ni troe 
p-Nitrog (18.) 
p-Phenylf 
4-Bromo-3-nitro' 
2,6-Dimethy11 
3,5-Dinitrof 
2,4,6-Trimethyli 

2. Olher primary amides 
Acctamide" 
2-Furamidcd 
Glycinamidc .H+ (NH: CH,CONH,)" 
3-Hydrosyphenylureaf 
I-Naphthamidej 
2-Naphthamidef 
Propionamide" 
Butyramidem 
Ethyl carbamatemSn 

p-Methoxyg (18") 

2.16 
2.1 
1-85 
2.15 
2.75 
2.5 
2.47 
2-15 
2.59 
2.47 
2.3 
2.24 
2.35 
2.45 
1-80 
1.55 
1 -60 
2.24 
2.15 
1 *85 
2.0 1 
1 -90 
2.01 
1-81 
3.07 
3.23 
3.8 
2.58 
2.22 
3.67 
2.42 
4.6 1 
2.10 

0.55 
2.61 
4.9 1 
1.45 
2 6 3  
2-56 
0.8 
1.20 
439  

2 10 

0.66 

0.52 

0.62 

0.77 

0-75 

0.77 

1 *oo 

0.67 

0.39 

0.645 

0.638 
0.600 
0.70 
0.6 1 
0-5 7 

0.99 

0.98 

1.00 

1.03 

1 -00 

1.03 

1.01 
0.8 1 
0.95 

1 a04 

1.01 
0.95 
0.95 
1 a05 
0.92 

0.99 
0.98 
0.97 
0.70 
0.78 
1.10 

1 *54'] 
1 -5b, 1 *4" 
1*38'] 
1-54'] 
1 *93b 
1.8b, 1.3' 
1-82'] 
1-54'], 1.5 
1.89b 
1*77'] 
1.7'], 1.8' 
1-60'] 
1*70'] 
1*80'], 1.8 
1*34'] 
1*18'], 1.1 
1-22'] 
1*6'] 
1*56'] 
1*38'], 1.e 
1 *47b 
1*42'], 1.2 
1.47b 
1-34'] 
2-10'] 
2-22'] 
2*5'], 1.4.8 
1.86 '] 

2*43'] 
1 *76'] 
3*06'] 
1.50b 

1*64.'], 1.4 

0.35' 
1-90'] 
3 - lb  
I* l l ' ]  
1-92'], 1.6 
1-88'], 1.5 
0.57" 
0*88'], 0.7 
2.83'], 2.5 



TABLE 7. (Cont.) - 
dlogI  dlogZ -- -- -fro half d I f 0  d H* 

Amide protonation (4 -pKab*' 

3. Secondary amides 
N- Ace tylglycine" 
N-Butyrylglycinem 
N-Ethoxycarbonylgl ycinem 
Ethyl N-rnethyl~arbamate~ 
N-n-Butylacetamidek 
N-LButylacetamide" 
N-Mcthylacctamide" 
N-Methylbenzamided 
N-MethylbenzamideC 
N-Methyl- 1 -naphthamidej 
N-Methyl-2-naphthamide' 
N-Methyl-b-phen ylbenzamidef 
N-EthylbenzamideO 
N-Ethyl-m-bromobenzamidco 
N-Ethyl-m-chlorobenzamideo 
N-Ethyl-fl-chlorobenzamideo 
N-Ethyl-p-methoxybenzamideO 
N-Ethyl-m-mcthylbenzamidco 
N-Ethyl-p-nicthyl benzarnidcO 
N-Ethyl-m-nitrobenzamideO 
N-TrifluoroethylbenzamideO 
N-Trifluoroethyl-m-bromobenzamideo 
N-Trifluoroethyl-m-chlorobcnzamideo 
N-Trifluoroeth yl-fl-chlorobcnzamideO 
N-Trifluoroethyl-j-rncthoxybenzamideo 
N-Trifluoroethyl-m-meth ylbcnzamideO 
N-Trifluoroethyl-j-methylbcnzamideo 
N-Trifluorocthyl-rn-ni trobcnzamideO 

4. Tertiary amides and thioaniides 
N,N-Dimethylbenzamided 
N,N-Dimethyl- 1 -naphthamide' 
N, N-Dimethyl-2-naphthamide' 
N, N-Dimethyl-fi-phenylbenzamidej 
Ethyl N,N-dimethylcarbamatem 
N,N-Dimethyl thioformamidep 
N, N-Dimcthylthioacetamidcp 
N, N-DimethylthiopivalamideP 
[(CH,)&CSN(CH3)21 

3.10 
2.42 
5.88 
4.18 
0.41 
0.62 
1.25 
2.13 
2.0 
2.17 
2.13 
2.17 
2.33 
3.22 
2-94 
2.81 
1 a88 
2.77 
2.12 
3.49 
5.00 
5.6 1 
5-56 
5.15 
3.78 
4-72 
4.35 
5.95 

1.62 
1.91 
1 4 9  
1 a30 
4-65 
2.54 
1.53 

1.51 

0.53 
0.56 
0.74 

0.53 
0.749 
0.74 1 
0.7 15 
0.69 
0.5 1 
0-52 
0.52 
0.73 
0.66 
0 6 6  
0.41 
0.54 
0.58 
0.49 
0.5 1 
0.6 1 
0.46 
0.55 
0.55 

0.634 
0.578 

067  
1-35 
1 -45 

1.50 

0.89 
1.09 
1 -40 

1 a02 

1.1 1 
1.1 1 
1.07 
0.95 
0.99 
0.9 1 
0.92 
1.01 
0.90 
0.90 
0.79 
0.96 
1.1 1 
0.95 
0.98 
1.17 
0.88 
1 a05 
1 *06 

0.90 
0.90 
0.77 

1.30 

2.1b 
l*73b, 1-28' 
3.57b, 3.29" 
2*72b, 3.09" 
0.29' 
0.421 
1 '00 
1 '5b 
1047~,  1.06" 
I.55bJ 1.62" 
1.54b, 1.58' 
1-56", 1-55' 
1.72b 
2.20b 
2 ~ 0 8 ~  
2*01b 
1.40b 
1 *68b 
1 -57b 
2.34b 
3-13b 
3-44b 
3.42b 
3.2 1' 
2*50b 
3*00b 
2.80b 
3*63b 

1.2b 
1 0 3 7 ~ ~  1.21" 
1.3bJ 0.98' 
1 *OOb 

3.16", 3.11" 
3.43' 
2.22c 

2.26" 

a Tcmpcraturc 25" unless stated otherwise. 
c ml?ro(half protonation). Refercncc 15. Reference 39. Reference 42. 
4 J. 1'. Edw.ard and S. C. K. Mcacock, J .  C/ienz. Soc., 2000 (1957). 
tL Also uscd as an indicator for the I IA  scalc, see TaLlc 1. 
li Reference 54. Calculatcd from Figure 6. Reference 32. 
11 Methyl carbamatc stated to yicld similar rcsults, bu t  no values given. 
0 Pcrsonal communication from Dr. 12. 13. XIoodic. p liefcrence 6 1. 

H A  (half protonation) + 0.2. 

Rcfercnce 53. Rcfcrcnce 40. 

21 1 
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x H 2 S 0 4  vs. log I tabulations are not given in the literature. Yates 
and Stevens’ table is the source of the d log I/dk?A 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 H, (half protonation) 
value, or the d log I/dHo and d log I/dHA valucs, which should ob- 
viously bear a constant relationship to one another. 

All of the primary amides except o-methyl- and p-nitrobenzamidc 
follow HA quite closcly. t Yates and S t ~ v e n s ~ ~  attribute tlie 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-dimetliyl- and 2,4,6- 
trimethylbenzamide. Propionamide and butyramide, the former 
having becn cited as not following H A 4 2 ,  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/dHo or of d log I/dHA) are givcn. The values of such gradients 
for these two compounds are smaller than for the N-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 dcfine 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 trcnd can be detcctcd, and many othcrs follow f r A  closely. 
In  fact, judged within the context of experimental inaccuracies, dis- 
crepancies betwecii the data of one sct 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- 
factori ty . 

As the last portion of Table 7 shows, and assJanssen61 has observed, 
however, thioncs do not follow IYA, plots of log I against fIo having 
slopes of unity or greater61*62. 

Therc is also somc doubt about thc acidity f~inction obcycd by tlie 
pyridones. 2-Pyridones appear to follow HA63, as do 4-pyridones, 
judging from kinetic evidence 64. Ilowever, the situation is com- 
plicated by thc fact that electron-withdrawing substituents may 
drastically altcr the position ofequilibrium 16 + 17 (end ofsection II), 
tending to favour thc hydrosy pyridine tau tomer. 

R. B. Homer and C. D. Johnson 
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6. The Ho and HA Acidity Functions and Related Hydration 
Theories 

b 

The difference between the Hammett function, Ho, and HA 
(equation 10 wherc B refcrs to a Hammett base, and A to an amide 
base), lies in the medium dependencc of the activity coefficient 
term. 

Yates has recently determined 65 the medium dependencc 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 fBH+ /fTEA+ 

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 207, 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 fAH+/ fTEA+ 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 thc individual terms in the expression for H A  (1 1 and 12), 

( 1  1) -19~ = log fH+ f log [H+] + log fA - log fAH+ 

and thus 

isfH+ > fAH+ >> [H'] > for the acidity range 5-40% acid, and at 
higher acid concentrationsf,+ >> fAH+ >> fA > [H+]. 

Comparison with Boyd's data on anilincs showed that the difference 
betwccn H, and HA arises becausefA,+ > fBH+ andf, < fB, where B 
represents an anilinc base. This may be interprcted 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 H, 
in the ionization behaviour of amides in terms of the differential 
hydration of the cation and free base, as Taft 67 had done for the N- 
substituted anilines, by considering the equilibrium (13) for amides, 

( 1  3) AH ' ( H z O ) ~  + (0 + p - m)H2O A(H20), + H+(HZO), 

and for a Hammett indicator 

BH '(H2O)n + (b + p - n)HzO B(HzO), + H +(HzO)p (14) 

Thence 

(15) 
h A  

ho - = (fBH+fA/fBfAH+ )'gGp-(n-b) 

7 

6 

5 

4 * 
c3 

3 3  

2 

1 

0 

-1 

FIGURE 9. Concentration dependence of individual terms (log X )  contributing 
to the HA acidity function. (i) Log (fAH+/fTEA+) for bcnzamidionium; (ii) 
10s [€-I+]; (iii) logy, for 2,4-dinitrobenzamicle; (iu) --HA; (v) log (fH+/fTEA+). 
[Reproduced by permission of the National Kesearch 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 (1 6) results 

Edward and Wang 54 investigated this expression for propionamide 
ionization in aqueous sulphuric acid, by plotting it in its alternative 
form 

(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 bc considered restricted, above 35y0 sulphuric acid (1 
mole H2S04 to 10 moles of water), must compete for available water 
with the H40,  + ion which is itself capable of forming relatively stable 
hydrogen bonds with a further six water molecules 68. Using a similar 
expression to Edward and Wang’s (1 6), but incorporating H i  
rather than H,,, since hydration is presumably unimportant in the 
protonation equilibria of olefins, Homer and Moodie 40 obtained linear 
plots for several aromatic amides in the region above 40y0 sulphuric 
acid. Assuming the free amide is unhydrated (a  = 0), values of m 
for primary amides were about 5 and for N-methylamides about 4. 
Den0 21 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 

log I + h ! O  = - h  log aHzO + PK, 

H...*OH2 
8+ / 

\ 
O-H****O 

\8 +/H * * * *  0 H 2 

H*.**OH, *-A<* 
Ar-C.: 

H***.OH2 
N\ 

(18) 

was proposed for the amidc conjugate acid40, a similar structure being 
arrived at  by Yates4I in applying the same arguments to the amides 
used in establishing the HA scale. N-Methylstion removes one of the 
hydrogen-bonded water molecules. 

In this connexion it is interesting to recall that thioamidcs protonate 
a good deal more sharply than the amidcs 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. I t  is well known that sulphur com- 
pounds are not strongly hydrogen bonded (cf. H,O and H,S), 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. 

N,N-Dimethylamides did not yield a linear plot from equation (16) 
and values of m could not be obtained40. This is possibly clue to their 
greater basicity preventing accurate measurement of log I i n  the region 
above 40y0 sulphuric acid. However, tertiary amide ionizations 
apparently follow HA as closely as primary or secondary amidcs 
(l'able 7), indicating that other factors besides hydration must be 
important in determining the medium cffect on activity coefficients. 
In fact, recent work by A ~ m e t t ~ ~ . ~ ~ ,  utilizing an equation of the form 
of (1 7) 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. 

T h e  low basicity of 2,6-dimethylbenzamitle (see Table 7) has been 
attributed in part to steric hindrance to solvation in the conjugate 
acid 53. 

C. Determination of pK, Values in Non-aqueous Media 

I t  is difficult (although not impossible") to measure the pK, 
values of aliphatic amides by ultraviolct spectroscopy due to thc 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 pK, values. 

1. Potentiometric titration 

Hall and Conant 'O employed a chloranil/calomel electrode system 
in glacial acetic acid to establish a pHHAC scale in this medium. 
pKaHAc was thcn defined as the pHITAC 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 Iiquidljunction potentials makes 
the absolute magnitude of such a scale somewhat unccrtain, and the 
high concentration of base is a disadvantage. Hall 43 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 amidcs. The basicities of the former compounds 
were related to their p K ,  values in water by equation (18) which has 
been used by subsequent w o r k e r ~ ~ ~ J ~ - ' l  to determine the pK, of 

(18) 

many aliphatic amides and lactams. This equation probably over- 
estimates amide basicity in water by about 0.5 pK, units and only 
values of pKHAc, which are useful measures of relative basicity, are 
given in Table 8. There are insufficient data available to allow us to 
compare meaningfully pK, values in aqueous solution on the one hand 

pK,H20 = pK,H*c + 1.7 

TABLE 8. pKaHAc values of some amid& R1CONR2R3. 

Rl R2 R3 pK,""O 

H 
Me 
Et 
n-Pr 
n-Pen tyl 
n-Hexyl 
i-Pr 
i-Bu 

i-Pentyl 
Ph 
H 
H 

H 
H 
H 
Me 
Me 
M e  
Me 
Me 
M e  
n-Bu 
t-Bu 
H 
M e  
M e  

t-Bu 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
M e  
n-Bu 

PhCH, 
( P h ) 2 C I3 
Ph 
h l C  
Et 
n-Bu 
Cyclohesyl 
l'hCH, 
Ph 
M e  
PhCH, 
M e  
M e  
n-Pr 

I3 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

H 
H 
H 
H 
H 
II 
H 
H 
I3 
€3 
H 
Mc 
P h  
Ph 

-2.18' 
- 1 *5gb, - 1 *59', - 1*64d 
- 1.58' 
- 1 -65' 
- 1 *75c 
- 1.76' 
- 1.97' 
- 1-69" 
-2.18' 
- 1.72' 
- 2*70d 
- 1 -74b 
- 1.67' 

- 2-03' 
-2*33b 

3.49d 
- 0.90b 
-0.91b 
- 0.86' 
- 0.93b 
- 1.390 
- 2.5gd 
- 0.9 I b  

-2.13 
- 1-71b 
-2*17d 
-2.27d 

~~~ ~ 

a Measured by potcntiometric titration with perchloric acid at 20". 
Reference 16. 
Refcrence 7 1. 
Refcrence 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 pK, values in aqueous sulphuric acid are well 
established ; for aliphatic amides, where much work has been done in 
organic solvents, only the pK, of propionamide is known with any 
confidence in aqueous solution. As noted above, the latter is due to 
experimental difficulties. However, determination of pK, values for 
the benzamides in organic solvents seems a very relevant and feasible 
investigation. 

Streuli 72 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 P K ~ ~ Z O  for a large number of amines but again there were 
insuficient data to determine whether amides followed the same 
relation. A d ~ l m a n ~ ~  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 pK, value 
of a weak base by using an indicator to measure the change in H, 
when the base is added to an acidic solution in formic acid. Lemaire 
and Lucas 7 6  developed this method for perchloric-acetic acid media 
and it has been applied to the determination of amide 
yielding p K ,  values differing by a constant from those obtained by 
potentiometric t i t ra t io~i l~ for a series of lactams (the pK, 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 

(19) 

and indicator B with the titrating acid must be considered78. Recent 
work due to Grunwald and C e ~ k a ~ ~  on meta- and para-substituted 
anilines has demonstrated that Ki is a better measure of basicity than 
the overall equilibrium constant, in acetic acid. In fact measurements 
give K,, = (KiBHX/KiAHX), and HiguchieO has evaluated K,, for a 
large number of amides using perchloric acid as titrant and Sudan 111, 
an azo dye (KIB'IX = 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 

KI Kd 
A + HX T A H + . X -  =AHf + X- 
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obtained with Sudan 111 and 2,4-dinitro-N,N-diethylaniline 81 as 
indicators for acetamide and N-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 

(20) 

than predicted which suggests that the aliphatic amides may follow a 
different relation. More data on aqueous pK, values are clearly 
needed before this can be established. 

PK, = logKiAHX - 4.8 

TABLE 9. A comparison of basicity in acetic acid and aqueous solutions. 

Amide Log K f E r x  -pK: log KL-pK, 

Benzamide 2-92" 1 *55 4.47 
N-Methylbenzamide 3 0 2 8 ~  1.50 4.78 
N,N-Dimethyl- 1 -naphthamide 3-74" 1.20 4.94 
1-Naphthamide 2-65" 1 -92 4.5 7 
2-Naphtharnide 2.92" 1 -88 4.80 
N,N-Dimethyl-2-naphthamidc 3.77" 1-30 5.07 
Propionamide 3*52b 0.57 4.09 

a Reference 80. 
Reference 8 1. 
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 MHas0,) were linear, but the slopes de- 
pended on the degree of N-methylation as had been observed in 
aqueous acid40. A measure of the basicity in acetic acid solution was 
obtained from the H, values at  half protonation, derived from data 
due to Hall and S ~ e n g e m a n ~ ~ .  The agreement between the relativc 
basicities in water and acetic acid was poor. 

D. The Correlation of pK, Values and Structure 

Substituents adjacent to the aniide function will affect the basicity 
of the site by reason of inductive, resonancc 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 cffects though the range of substituents is 
not large, bcing almost entirely confined to alkyl groups. Inspection 
of the potentiometric data in Table 8 and especially the indicator data 
in Table 10 shows that N-substitution is base strengthening as expected 
from the inductive effect. A second N-alkyl group has less effect on 
the basicity than the first, as is found in aminesDo. For mono-N- 
substituted acetamides log KiAHX correlates very approximately with 
Taft's u* values giving p* = - 1.2. Alkyl substitution in the acyl 
group produces the predicted base strengthening on going from 

TABLE 10. Substituent cffects on basicity of aliphatic amidesa R1CONR2R3. 

R= R2 R3 Log K,AHx 

H H H 3.13b 
H H Me 3.74b 
H Me Me 30'70~ 
Med H H 3*85b, 3-66" 
Med H Me 4.49b, 4.37' 
Me Me Me 4.8 1 
Med H Et 4.42c 
Mcd H i-Pr 4.49" 
Med H t-Bu 4.60" 
Et H H 3.52" 
i-Pr H H 3.37c 
t-Bu H H 3.23' 
CHzCl H H 1 -59b 
CHCl, H H < -1*6b 

iMeasurcd by indicator methods with pcrchloric acid in acetic acid. 
Sudan I11 indicatora0. 
2,4-Dinitro-N,N-dicthylaniline indicatorel. 
Correlate approximatcly with u* (see tcst). 

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 chloroacetarnides 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 suggest 81. 

Adelman73 has reported an attempt to correlate the carbonyl 
stretching frequencies (measured in isooctane) and the basicity 
(measured potentiometrically in nitromethane) of some N,N-di- 
substituted aliphatic amides with a* values. For a n  amide of general 
formula XCONY, it was found that the sum of inductive and reson- 
ance contributions for -NY, (2~;) 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 vcz0 vs. zu* 
was obtained. However, the plot of pK, vs. xo* 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 Pam-substitutcd benzamides, 
measured in sulphurie acid by spectrophotometric means 15, show 
better linearity on plotting against a ( 7  = 0.988) than (T+ ( 7  = 0.958). 
This is taken by the authors to indicate N-protonation, since 0- 
protonation would give rise to enhanced resonance in the protonated 
form with electron-donating substituents and thus correlate with cr+ . 
I n  analogous cases, acetophenones 84, bcnzaldehydes 05, and benzoic 
acids86 the pK, 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 N-ethyl- and N-trifluoroethylbenzamides 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 pK, values of 
the former compounds corrclatc with a rather than u +  but the pK, 
values of the latter correlate with cr+. Here the strongly electron- 
withdrawing propcrties of the CH,CF, group apparently reduce the 
conjugation of the nitrogen lone pair with the carbonyl group. T h e  
result is that the amide grouping becomes coplanar with the ring 
allowing the stabilizing carbonyl-aromatic resonance and thus corre- 
lation of the pK, values with u+.  A suggestion40 that the non-planar 
structure was stabilized by hydrogen bonding of the localized positive 



222 R. B. Homer and C .  D. .Johnson 

charge to water molecules has been disproved by recent workB7, which 
showed that the dissociationaconstants 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 pKa values reported by Edwards and coworkers15 were 
measured on the assumption that they followed the H, acidity scale. 
This does not rule out the validity of the pKavs. a correlation howeverz0, 
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0- 

FIGURE 10. The substituents 
are as follows: (i) 2,4,6-tribromo; (ii) 4-carboxy; (iii) 3-chloro; (iv) 3-carboxy; 
(0) 4-chloro; (vi) 3-mcthoxy; (vi i )  unsubstituted; (vi i i )  4-methyl; (ix) 2,6- 

dimethyl; ( x )  4-methoxy. 

U-p plot for basicities of substituted acetanilidcs. 
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since conversion to approximate thermodynamic pK, values will in- 
volve multiplication of each H, (half protonation) value by thc con- 
stant m (equation 9), which in this case is 0.6. Thus the p value 
becomes 0.78( = 1-30 x 0.6). 

Yates and Scott 53 have determined the eEect of o-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 stcric 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. 

I n  the series of ring-substituted acetanilides indicator measurements 
using Sudan 111 in acetic acid80*09 show that log K,, correlates 
linearly with u (Figure lo), giving p = 1.66 (T = 0.987). Again, 
stcric effects may account for the low basicity found for the 2,4,6- 
tribrcmo and 2,6-dimethyl derivatives, although in these cases up 
values have been taken for the ortho substituents (an assumption which 
is probably correct for resonance cffects but grossly inaccurate for in- 
ductive and steric interactions). 

IV. HYDROGEN BONDING 

I n  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 fLinction 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 thc a-helix. A proton 
donor molecule may be the solvent, e.g. chloroform, or may bc present 
together with the amide in an inert solvent, e.g. phenol in carbon 
tetrachloride. 

The extent of hydrogen bonding may be dcfincd by the association 
constant K,, for the equilibrium (21). The designation of 0 rather 

HX 

0 
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than N as the acceptor site of hydrogen bonding in the amide follows 
logically from consideration of 0 as the site of direct protonation, and 
evidence supporting this deduction comes from the infrared work of 
Bellamy and Pawg0. These workers have studied hydrogen bonding 
between pyrrole and various carbonyl compounds, in which 0 is 
indisputably the basic site, such as esters, aldehydes and lactones in 
the solvent carbon tetrachloride. Plotting vcx0 vs. v ~ - ~  (pyrrole) 
gave a smooth curve on which the amides also fitted. 

In  general one would expect a correlacion between the basic strength 
of a compound and its ability to accept hydrogen bonds. Arnett38 
has collected together thc pK, valucs of some 42 bases with values 
ranging from - 12 to + 13 and plotted them against thc shifts of the 
vCOD peak in 0-tleuteromethanol 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. N,N-1Xmethylacetamide 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 molccule axnates 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 thc infrared 
spectra of amides, on going from the vapour to the condensed phase 

and metal complex formation the low-fiequency 
I band is evidence for thc carbonyl oxygen atom 

As in protonation 
shift of the amidc 

'0 R" 
\ /  

/ \  
C-N 

H R' 

'0 R2 
\ /  

C-N 

H 
/ \  

R' 

(19) 

being the hydrogen acceptor. TWO structures are possible, the linear 
polymer (19), formed for examplc by N-methylacetamide, and the 
cyclic dimer (20) formed by lactams and some other ainides. The two 
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classes may usually be distinguished by consideration of A H  for the 
association. The linear polymer involving one hydrogen bond per 

R2 

I 
N-H....O 

C-R' 
/ \\ 

/ \\ 
R'-C 

O....I-I-N 
I 
R2 

(20) 

dimer unit has, typically A H  = - 3.6 kcal/mole, whereas AHfor 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 RogersBB 
have shown by n.m.r. that it requires very bulky AT-substituents to 
produce a significant proportion of the cis form. N-t-Butylformamide 
is only 187, cis a t  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 Thomasg3 have shown through energy con- 
siderations that the type of association is not necessarily determined by 
the predominant conformation of the free amide. N-LMethyltrichloro- 
acetamide and N-methylacetamide are probably both trans but 
whereas the latter associates to form a linear polymer, the former gives 
a cyclic dimer. N-Methylacetamide (all-trans, K,, 5-4 l/mole) 
associates more strongly than N-phenylurethane (95y0 cis, KaS 1.5 
I/mole) (Table 1 1) but other factors must be a t  work as all-cis lactams 
associate to a much larger extent. Acetamide itselfis reported to form 
cyclic trimers 94 whereas trichloroacetamide dimerizes 93. 

Infrared spectroscopy is most generally employed in studying amide 
association. Measurements arc conveniently made a t  the first over- 
tone of the N-H absorption 92. Isopiestic measurements have been 
used 93, as have cryoscopic and ebullioscopic methods 94. A detailed 
discussion is given by Pimental and McClellang5. 

Association constants are collected in Table 1 1. Inspection reveals 
that such constants are very sensitive to the solvent. A H  and AS 
values are generally much more negative in carbon tetrachloride than 
in benzene or chloroform. Chloroform is known to hydrogen bond to 
a m i d e ~ ~ ~  and competes with dirnerization. I t  has also been suggested 



'rAnLE 1 1. Self-association of amides and lactams. 

Amidc Solvent 

- A H  
K,, (l/mole) (kcal/ -AS 
( T if not 25") mole) (e.u.) Ref. 

N-Methylformamide 
Formanilide 
Acetamide 

N-iMethylacetamide 

N-Propylacetamidc 
Trichloroacetamide 
N-Methyl- 

Propionamide 
trichloroacetamide 

n-Butyramide 

Isobutyramide 
Benzamide 

m-Chlorobenzamide 
p-Chlorobenzamide 
m-Bromobcnzamidc 
p-Bromobenzamide 
N-Methylbenzamide 
y-Bu tyrolactam 
E-Caprolactam 

8-Valerolactam 
N-Phenylurethane 

C6H6 

C6H6 
CGH6 
CHCl3 
C6H6 
CCI, 

HzO 

trans- C H C1= C H C 1 
k-CHCl=CHCl 
C6H6 
C6H6 

C6HG 
CsH6 

Dioxan 

CCI, 
CHCI, 
C6H6 . 
cc14 
CHCI, 
CsH6 
CGH6 

C6H6 

C6H6 

C6H6 

C6H6 

CGHG 
CCI, 
CCI, 

CHCl, 
CHzClCHzCl 
D' ioxan 
Tetrahydrofuran 
MeOCH2CH20Me 
IT~~x-CHCI=CHCI 
C~.J-CHCI=CHCI 
cc1* 
cc14 

19 
0.45 
3.6 (30") 
3.3 
6.1 
4.7 
5-4 
0.005 
0.52 
1-52 
1 -00 

8.3 

0.75 
2.4 (30") 

60.5 
2.4 
5.5 

2.3 
8.2 (30") 
3.6 (30") 

6.7 (80") 
25.8 (30") 
14.2 (30") 
19.6 (30") 
5-3 (30") 
0.5 

4.5 (22") 

55 

36 

288 
106 
78.8 

1 -55 
1 -4.3 
0.48 
1 -96 
0.70 

2-17 

1.5 

11.6 

2 70 

3.5 
3-8 

2 *2 
3-6 
4-2 
4.7 
0.0 
0-8 
3.3 
1.5 

7.2 

7.2 

6.8 
1.8 

6.3 
1.8 

9 

3.6 
7.0 
5.5 
6.8 

6.8 
5.3 

10.3 

1.3 a 
10.6 b 

d 
3.7 a 

11 C 
f 

10 C 

4 e 
10 g 
5.0 g 

a 
20.6 a 

24.4 a 

d 
d 

d 
d 

C 

C 

C 

C 

C 
23 b 

h 
C 

C 

C 

C 

13.6 a 
1 

j 
14.2 g 

6 
s 
g 
s 
g 

18.3 g 
16.2 g 
23.5 k 

f 

a. Reference 93. 
c. M. E. E-Iobbs and W. I\'. Bates, J .  Am. Client. Soc., 74, 746 (1952). 
d. J. Fruwert, D. Dombrowski, and G. Gciseler, 2. Plrysirl-. C h z .  ( L e i l i i g ) ,  227, 349 (1964). 
c. Rcfcrence 92. f. Refcrcncc 109. g. Reference 99. 
h. K. I,. Wolf and G. h lc t zge r ,  Arui. Chern., 563, 157 (1949). 
i. 11. E. AfTsprung, S. D. Christian and J. D. \Vorlcy, Sficclrocliinr. Acfn., 80,  1415 (1964). 
j. K. C. Lord and T. .J. I'orro, Z. Eiectrochem., 64, 672 (1960). 
k. h4. Tsuboi, Bull. Clrem. SOC. Jnpurz, 24, 75 (1951). 

b. M'. Scheclc and A. Hartmann, Kolloid-2. 131, 126 (1953). 
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that benzene can complex amides 96 ; cvidencc to support this is given 
in section IV.C.3. 

Woodbrey and Rogersg7 consider that an observed increase in the 
cnergy barrier to rotation about the C-N bond of N,N-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 Richardsg8. 

I S +  / 
-N-C 
.-’ \\ 

6 - 0  0 s  - 
\\ .... 

C-bL 
/ IS+ 

(21) 

This mechanism of association, additional or alternative to hydrogen 
bonding, is supported by an interesting study, by Franzen and 
Stephensg9 of the effect of changing dielectric constant in mixtures of 
cis- and trans-dichloroethylene on the association of N-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 K,, in Table 11. Steric 
effects have been investigated by Lumley JoneslOO, who showed 
that a considerable reduction in the extent of dimerization resulted 
from the substitution of methyl groups for hydrogen atoms in N- 
methylacetamide. 

B. Amide-Phenol Complexes 

A considerable amount of work has been done on the measurement 
of association constants between phenol and amides, chiefly hr,N-di- 
substituted aliphatic amides. Techniques used include those based 
on the shift of the hydroxyl stretching frequency in the infrared 
spectralo1, changes in the ultraviolet spectrum of phenol upon corn- 
plexation l02, and quenching of the fluorescence of phenol and tyrosinc 
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in their complexes with acetamides Io3. 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 N,N-dimethyl aliphatic amides, RCON(CH,),, the 
enthalpy change for the formation of addition compounds with phenol 
correlated linearly with u* for R, but log K,, did rzot102, the equili- 
brium constant for N,N-dimethylpropionamide being less and that for 
N,N-dimetliyltrichloroacetamide being much greater than expected. 
I t  was suggested that this was due to an unfavourable entropy term 
arising from one of the rotamers of N,Ar-dimethylpropionamide 
(22, X = Mc, R = H) being unfavourable for complex formation 
through steric interference between the X group and the hydrogen- 
bonded oxygen atom in the complex. 

R. B. Homer and C. D. Johnson 

(22 1 (23) 

In  the case of trichloroacetamide (R = X = Cl) the rotamers are 
identical and stabilization of tiie complex is postulated through dis- 
persion forces or dipolc-dipole interaction between a chlorine atom 
and the coordinating phenol. I t  is pertinent at  this point to recall 
Adelman's work73 (section 1II.D) that the order of increasing steric 
requircmeiits of acids complexing with amides, as judged by the break- 
down of linearity in log K vs. u* plots, is perchloric acid < phenol 
< iodine, chloroform. With chloroform all amidcs 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 Hart Io4 who showed that N-methyl- 
lactams had considerably greater association constants with phenol 
than N, N-dimcthylpropionamide. Ring size influences the phenol 
association constant of lactams in the same way as basicityl7, i.e. 
six > seven - fivc-membered rings. Phenols substituted with bulky 
groups adjacent to the hydroxyl function show markedly reduced 
association constants with N-methyl- and N, AT-dimethylacetamides Io5. 



TABLE 12. The association of phenol with amides and 
lactams in carbon tctrachloride solution, at 25"c. 

Amide or lactam 

- A H  
Kas (kcal/ -AS 

(I/mole) niolc) (e.u.) Ref. 

N, N-Dimethylformamide 64 6.1 12.1 a 
67.3 5.4 9.9 b 

N,N-Dimethylacetamide 134 6.4 11.7 a 
N,N-Diethylacetamide 136 5.1 7.4 b 
N, N-Dicyclohexylacetamide 150 5.6 8.9 b 
N-Acetylpiperidine 146 5-1 7.7 k i  
N,N-Diphenylacetamide 50.7 5.2 9.7 b 
N,N-Dimethylchloroacetamide 38 4.7 8.5 a 
N, N-Diethylchloroacetamide 40 4.6 8.3 b 
N, N-Dicyclohexylchloroacetamidc 45.7 5.1 10.0 b 
N-( Chloroacetyl) piperidine 41.5 4.8 8.8 b 
N, N-Diphenylchloroacetamide 19.0 3.5 5.9 b 
N,N-Dimethyltrichloroacctamide 32 3.8 5.5 a 
N,N-Dimethyl trifluoroacetamide 3.6 d 
N, N-Dimcthylpropionamide 107 6.4 12.1 a 
N, N-Diethylpropionamide 114 5.6 9.4 b 
N, N-Dicyclohexylpropionamidc 90.1 5.2 8.5 b 
N-Propionylpiperidine 105 5.3 8.9 b 
N, N-Diphenylpropionamide 38.3 4.9 8.9 b 
N, N-Diethyl-n-butyramide 105 5.4 8.9 b 
N, N-Dicyclohexyl-n-butyramide 95 5.8 10.5 b 
N-n-Butyrylpiperidine 109 5.8 10.6 b 
N, N-Diphenyl-n-butyramide 40 4.5 7.8 b 
N, N-Dimethylbenzamide 5-2 d 
N, N-Diethylbenzamide 82.9 5.5 9.7 b 
N, N-Dicyclohexylbenzamide 89.4 5.9 11.0 b 
N-Benzoylpiperidine 40.1 4.2 6-9 b 
N, N-Diphenylbenzamide 31.1 3 -9 6.3 b 
N, N-Diethyl-p-nitrobenzamide 39.8 5.9 12.5 b 
N, N-Dicyclohexyl-p-ni trobenzamide 36.3 4.2 7.0 b 
N-p-Nitrobenzoylpiperidine 40.1 4.2 6.9 b 
N-Me t h yl-2-p yridon c 170 6.0 10.7 b 
N-Methyl-y-butyrolac tam 137 5.9 10.0 e 

150 6.0 10.0 f 
8-Valerolac tam 126 5.3 8.2 e 

N-Methylacetamide ! 120 4 C 

N-Methyl-8-valerolactam 186 5-6 8.4 f 
6-Caprolactam 131 5.2 7.8 c 

N-Methyl-E-caprolactam 149 6.4 11.5 f 
154 5.7 9.0 f 

a. Rcfcrcnce 102. b. Rcfcrcnce 105. c. Iicfcrencc 101. 
d. 11. I.. h.Iiddaug11, R. S. Drago, and R. J. Xiedzielski, J .  Am. Chern. Soc., 86, 388 (1964). 
e. T. Gramstad and \V. J. Fuglcvik, Speclrochirn. -'kt4 21, 343 (1965). 
1: Refcrcnce 104. 
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C. Other Hydrogen-bonded and 7r-Complex Systems 

I. Amides as hydrogen-bond acceptors 

Recent work has extended the range of complexes in which amides 
act as  hydrogen-bond acceptors to include amines 106~107 and thiolslo8. 
Equilibrium constants were measured by infrared spectroscopy in 
cyclohexane (C6H12) solution lo7 and n.m.r. in chloroform solu- 
tion106. I n  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 
association constants with amines are an ordcr 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 sclf- 
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 donc on thc 
ability of amides to donatc hydrogen bonds to suitable acceptors. 
Some data, due to Bhaskar and Rao109, on the equilibrium constants 
between N-methylacetamide and some oxygen, sulphur and nitrogen 
acceptors are included in Table 13. That the basicity of the acceptor 
alone docs not determine the equilibrium constant is evident from the 
similarity of K,, for pyridine and bcnzophenone, which differ widcly 
in pK,. Further work is required to elucidate the factors responsible. 

3. Amide interactions with x-electron systems 

Studies, by n.m.r., of the solvent effect on the barrier to internal 
rotation in amides, suggested two types of solvent effect 97*98*110; 
firstly an elcctrostatic cffcct in which the planar ground state is 
stabilized more by polar solvents than the less polar transition state", 
in which thc orbital overlap neccssary for the participation of the 
zwitterionic canonical form in the resonance hybrid is diminished or 
completely absent, and secondly a specific interaction of thc anidc 
with the solvent. In  an extensi\-e investigation covering thirty-one 
solvents Hatton and Richards proposed complex formation betwecn 
dimethylformamidc and aromatic solvents to cxplain the differential 
high-field shifting of the two nicthyl group resonances in the n.m.r. 

R. B. Ilomcr and C .  D. Johnson 

The data, corrected to 25", arc collected in Table 13. 
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TABLE 13. Thc association of amidcs with liydrogeri-bond donors (D) and acceptors 
(A),  at 25". 

c 
Hydrogen-bond 

-AH -AS Ref. Kw3 partner Solvent 
Amide (I/mole) (kcal/ (e.u.) 

Compound Type mole) 

N,N-Dimethyl- 
aeetamide Aniline 

N-Me thylani- 
line 

Solvent 
Thiophenol 
Methanol 
Ethanol 
i-Propanol 
t-Butanol 

N-Methylacet- 
amide Solvent 

Aniline 
t-Butylamirie 
Thiophenol 
i-Propanol 
Pyridine 
Benzophenonc 
Ethylenetrithio- 

carbonate 
Methyl ethyl 

sulphide 

D 

D 
D 
D 
D 
D 
D 
D 

D 
D 
D 
D 
D 
A 
A 

A 

A 

C6H,2 

CHCI, 

CGH,, 
CHCI, 
CCI, 
CCI, 
CCI, 
CCI, 
CCI, 

CHCI, 
CHCI, 
CHCI, 
CCI, 
cc14 
CCl, 
CCl, 

CCI, 

CCI, 

0.33 (1: 1) 4.4 
9.3 (1 : 2) 4-85 
7.8 3.3 

7.36 5.16 
0.90 1.1 
0-24 1.8 
5.5 3-72 
3.5 3.88 
2.74 2.4 
2.9 3.92 

6.1 - 0.4 
6.6 1-5 
4..5 1.8 
0.14 0.9 
4.93 4.1 
1.8 4.6 
1.9 2.9 

0.65 1.0 

0-30 1 -4 

a 
11.8 a 
6.9 b 

13.3 a 
3.7 b 

9.1 d 
10.5 d 

e 
11.0 d 

0.2 b 
1.2 b 
3.0 b 

f 
e 

g 
g 

g 

g 

C 

~ 

a. Reference 107. 
b. Reference 105. 
c. R. Mathur,  E. D. necker, R. B. I3radley, and A'. C .  Li, J .  Phys. Chenz., 67, 2192 (1963). 
d. E. D. Becker, Spectroclrirn. Acta. ,  17, 436 (19G1). 
e. F. Takahashi and N. C. Li, J .  Nzys. C/zmz., 68, 2 136 (1964). 
f. Reference 108. 
g. Refcrence 109. 

spectrum measured in thcsc solvents. Introduction of electron- 
attracting groups in the solvent reduced the effect, but amino groups, 
especially in I-naphthylamine, produced very pronounced shifts, 
probably due to additional intcraction through hydrogen bonding. 
Structures in which a methyl group was over the centre of the aromatic 
system were proposed (24 and 25). 

Moriartyl'o suggested a structure similar to 24 for the N-cyclohexyl- 
N-rnethylacetamide- -benzene complex, but found that in pyridine 
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(24) (25) 

the N-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. 

S- 

Y 3  /O 
N-C 

/ * \  
CeH,, i CH3 

(26) 
An equilibrium constant for the association between N-methyl- 

acetamide and benzene of 0.25 l/mole has been found recently by 
infrared spectroscopy log. 

V. COMPLEXES WITH OTHER LEWIS ACIDS 

Gerrard and coworkerslll 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 frec 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 

- BX, 

O* 0 
I 
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TABLE 14. Infrared measurements for BCl, complexes of 
acetamide, N-methylacetamide, and N,N-dimethylzcctamide"'. 

Vapour Free h i d e  BC13 Complex 
Compound phase CH2C12 Nujol CHzClz Nujol 

CH3CONH2 

CH,CONHMe 

CH3CONH2 
CH,CONHMe 
CH3CONMe, 

CHSCONH2 
C H ~ C O N H M C  

CH3CONHMe 

1. N--H slretchitzgfrequencies (cm-l) 
3559 3333 3448 3436 
3436 3175 3367 3367 

3289 3289 
3500 3460 3300 3367 3367 

2. The anzide I band (cm-l) 
1685 1685 1661 1658 

1718 1669 1653 1650 1661 
1634 1634 1633 1645 
3. The amide II band (cm-') 
1595 1626 1550 1548 

1487 1528 1567 1538 1536 

1247 1266 1299 1323 1332 
4. The amide I11 band (cm-I) 

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, 11, and 111 
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 corrcspondiiig complexes 
gave three bands, explicablc in terms of geometrical isomcrization, 
arising either from restricted rotation about the C-N bond (30), or 

H H 

(30) (31) (33) 

from the stereochemistry of attachment of the boron trihalidc group 
(31 and 32). However, these explanations require that four, rather 
than threc, bands should be observed. I t  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 N,N-dimethylformamide-boron tri- 
chloride complex in methylene chloride m showed two distinct sets of 
methyl protons, ascribable to structure 33. O n  the other hand, 

(33) 

N,N-dimethylacetamide showed only a single line for the NMc, 
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 workersg8 have obtained a doublet for 
the methyl groups in the spectrum of N,N-dimethylacetamide. 

Infrared and n.m.r. spectra of the boron trifluoride complex of E- 

caprolactam and N-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 coordination lI2. 

An interesting study, with relevance to the discussion of correlations 
between pK, values and substituent effects in lxczamides, has been 
made by Ellul and Moodie8’ on the boron trifluoridc complexes of 
substituted benzamides. These workers investigated equilibrium (22) 

Arnide. BF3 + Tetrahydrofuran Amide +- Tetra’lydrofuran. BF3 (22) 

using ultraviolet spectroscopic techniques. Thcy showed that the 
resultant pK, values correlated better with o than o+ valucs (as do thc 
pK, values, section 1II.D). This result suggests that enhanced re- 
sonance between the phenyl ring and the amidc substituent in its 
cationic form docs not occur, accounting for the corrclation with cr 
rather than o T. 

Drago and  coworker^^^^-^^^ have examined the complex formation 
between amides and iodine in carbon tctrachloridc. Oxygen co- 
ordination is indicated by the shift in the infrarcd of the carbonyl 
stretching mode to higher frequcncics on formation of the adduct. 

KD 
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The thermodynamic data for this interaction are givcn in Table 15. 
AH correlates linearly with o*, but log K does not, the propionamide 
falling below and the trichloroacetamidc 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 1V.B). Drago has also reported an interest- 
ing study on the enthalpies and equilibrium constants for the N, N- 
dimethylacetamide-iodine adduct (DMA.1,) in various solvents. The 

Thermodynamic data for formation of iodine-amide TABLE 15. 
adducts in carbon tetrachloride, at 25" 113-115. 

Compound 

- A H  
K (kcal/ - A S  

(I/mole) mole) (e.u.) 

N, N-Dimethylformamide 2.9 3.7 10.4 

N,N-Dimethylpropionamide 3.9 4.0 10.7 
N, N-Dimethylchloroacetamide 1.3 3.3 10.5 
N,N-Dimethyltrichloroacetamide 0.3 2-5 10.7 
N,N-Dimethylbenzamide 3.9 1 4.0 10.7 

N, N-Dimethylacetamide 6-8 4.0 9.3 

breakdown of the overall enthalpy term AHobs 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). 

AH,,, = AHcc14 + AH, + AHA + AH, (23) 
A H C C I ~  

DMA (CCI,) + l 2  (CCI,) 4 DMA.12 (CCI,) IAH* AHc 
(24) 

For 
benzene, AH,,, is -3 .3  kcal/mole at 25", compared with AH,,,, of 
-4.0. However, studies of the 
temperature variation of the benzene-iodine equilibrium yiclded a 
value of AH,, whence it was detcrmined that the difference in en- 
thalpy of solvation of the base, AH,, and the complex, AH,, is the 
samc in benzene as in chloroform. 

For methylene chloride, AHOb, is -2.6 kcal/mole at 25". A 
hydrogen-bonding enthalpy of - 2.2 kcal/mole for the adduct Dbf A- 

1 AHB 

AHobs 
DMA (solvated) + I, (solvated) DMA.12 (solvated) 

AH, and AHB are usually endothermic and AH, exothermic. 

Therefore, AHA + AH, # - AH,. 
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CH2C12 in carbon tetrachloride was adduced. An enthalpy of - 1.1 
kcal/mole was attributed to non-specific solvation of the DMA-I, 
complex in methylenc chloride. 

of thc N,N-dimethylpropionamidc-iodine com- 
plex in carbon tetrachloride showed that the N(CH,) , doublet was 
broadened by the addition of iodine. This was regarded as evidence 
that some N-coordination takes place. 

A large number of metal complexes involving various aliphatic 
amides, mainly di-N-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 amidc, 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 mixcd complexes with some halide ligands or 
water are known. 

Bull and coworkers 118 prepared and characterized dimethyl- 
acetamide complexes of fourteen metals, e.g. [cr(DMA),] (C104),. 
H20, [Zn(DiMA),Br,], by electrolytic conductance and magnetic 
susceptibility data. Rollinson and White 119 report the absorption 
spectra of CrIII complexes with a variety of amides and lactams. The 
latter havc been extensively studied as ligands120, especially 
ecaprolactam 121, y-butyrolactam 122 and N-methyl-y-butyrolac- 
tam122J23, and they have been shown to form hexacoordinated 
octahedral complexes. 

N-Methyl-y-butyrolactam also complexes with a wide variety of 
non-transition mctals Titanium chloride complexes of formamide 
and N, N-dimcthylformamide have been studied by infrared lZ5 and 
magnetic susceptibility126 mcasurernents, and a range of complexes 
characterized. Mercuric chloride has been shown to complex several 
tertiary amides affording a useful method of purifying N-formyl 
compounds 

Drago and coworkers128 have prepared both octahedral 
[Co(DMA),] (ClO,), and tetrahedral [Co(DMA),] (Clo,), com- 
plexes of Co’I. 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 Zieg1e1-l~~ havc shown that the diamide N,N,N’,N’- 
tetrainethylmalonamide behaves as a bidentate ligand forming octa- 
hedral complexes, e.g. [Cr(L),] (CIO4),. 

An n.m.r. study 
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TABLE 16. Nickel(r1) complexes of amides [Ni(Amide)6](C104)z. 

Ligand 

~ ~ ~ ~~~~~~ 

Solvent for spectral 
measurement Dg (cm-l) 

1. Amides 
N-Methylformamide 
N,N-Dimerhylformamide 
N,N-Diethylformamide 
Acetamide 
N-Methylacetamide 
N,N-Dimethylacetamidc 
N,N-Dimethylacetamide 
N,N-Dimethylbutyramide 
2. Laclams 
y-Butyrolactam 
N-Methylbutyrolactam 
8-Valerolac tam 

N-Methyl- 8-valerolactam 
e-Caprolactam 

N-Methyl-E-caprolactam 

N-Methylformamide 
N,N-Dimethylformamidc 
N,N-Diethylformarnide 
Acetone 
N-Methylacetamide 
Mcthylene chloride 
N,N-Dimethylacetamide 
N, N-Dimethylbutyraniide 

y-Butyrolactam 
N-Methylbutyrolactain 
3.0 hi 6-Valerolactam in 

methylene chloride 
N-Methyl-6-valerolactam 
4.3 M E-Caprolactam in 

mcthylene chloride 
N-Methyl-c-caprolactam 

838 
850 
840 
824 
752 
758 
769 
749 

810 
780 

833 
759 
834 

749 

Drago and coworkers have examined the octahedral complexes of 
nickel(I1) and chromium(Ir1) with a series of amides130 and lactams lZo, 
relating the ligand structure to ligand-field splittings, Dq, as estimated 
from the appropriate absorption band in the near infiared (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 0-H 
stretching vibration in the complex of the amides with phenol, and the 
Dq values, may well be due to steric factors. M’hen R1 and R3 are 
both alkyl groups the trans structurc for the parent amide is favoured 
and in the complex 34 steric repulsions between R1 and R3 arise, and 

N R2R3 
X P’ 

X = R’CON R2R3 

(34) 
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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 Bq value. I t  is suggested that steric 
factors may also be important in determining the magnitude of Bq 
in the lactam complexes. 

VI. AMIDES AS ACIDS 

In  contrast to the coordination of the amide function with a proton, 
a proton F a y  be lost from the amide NH, 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 

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 pK, 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 bcen re- 
viewed 131*132, and it  appears that a single function, 13-, 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 111). 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. Valucs 
of K, for equilibrium (26) were found by a spectrophotometric 

Amide + i-Pro- i-PrOH + Amide anion (26) 

technique, employing competition between the amide anion and the 
anion of a standard indicator, 4-nitrodiphenylami1ie~ in isopropyl 
alcohol containing sodium isopropoxide (Table 17). The pK, values 
of a variety of weak acids appcar to be reasonably constant in a variety 
of basic systems, and Hine’s data are correlated by equation (27) I3l. 
This enables the pK, values to be calculatcd fi-om the clata in Hine’s 

K o  

pK, = 18.31 + pK,  
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study and these are also given in Table 17. In view of the almost 
total lack of cornparable data it is difficult to assess the absolute values. 
There is rather poor agreement with Edward and Wang's work134 in 
which the pK, of thioacetamide (13.4) was measured spectrophoto- 
metrically in aqucous sodium hydroxide solutions. The same tech- 
nique was used to establish the pK, of trifluoroacetanilide (9.54) 135 

TABLE 17. Acidity constants for some amides. 

Bcnzamide 
N-Methylbenzamide 
Acetanilide 
Phenylacetanilidc 
Formamide 
Phenoxyacetamide 
fl-Bromobenzamide 
Benzanilide 
fi-Xitrobenzamidc 
fi-Bromobenzanilide 
Formanilide 
Thioacetamide 

> 0.7 
> 0.7 
- 0.72 
- 1.00 
- 1-1 1 
- 1.1 1 
- 1-18 
- 1.78 
- 2.46 
- 2.58 
- 2.75 
- 3.6 

> 19.0 
> 19.0 

17.59 
17.3 1 
17.20 
17.20 
17.13 
16.53 
15.85 
15.73 
15.56 
14.7 

~~~~ ~ ~ ~~ 

a Referencc 133. 
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 1 1.9 
from hydrolysis data137. A value of 9-98 has been determined 
potentiometrically for the pK, of trichloroacetanilidc 136. 

An early attempt to measure the acidic dissociation constants 
through conductivity measurements in alkaline solutions yielded a 
reasonable value for acetamide (pK, = 15-1), but that for benzamide 
(pK, = 14-15) probably overestimatcs its acidity13Q (see Table 17). 

Bcrger, Lowenstein, and Nkiboom have shown that the N-methyl 
doublet in the n.m.r. spectrum of N-methylacetamide collapses to a 
singlet at pH 13, duc to rapid exchange of the N H  proton with the 
solvent. 

Platinum blue, a diamagnetic polymeric complex, probably 
containing platinum-platinum bonds, of empirical formula 
Pt(CH,CONH), . H,O 139, appears to involve the acetamide anion 
structure, and related compounds have been prepared 140. 

I t  may be seen that investigations of the behaviour of the amide 
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function as an acid are sparse. I t  is to be expected that many of the 
omissions, particularly in thc field of acidity-function behaviour will be 
remedied shortly. The exploration of an H--type scale generated by 
the function, using standard overlap techniques, thc assessment of its 
degree of correlation with the H -  scale for nitrogen and carbon acids, 
and structure-acidity correlations, particularly involving comparison 
with the pK, values of amides as bases, are all questions deserving 
attention. 

R. B. Homer and C. D. Johnson 
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1. REARRANGEMENT OF AMIDES 

I n  any discussion involving rearrangemcnt rcactions of amidcs, the 
main topic invariably is thc Hofmann degradation of amidcs to 
amines (equation 1). 

0 
I I  Brz 

R-C-NHp R-NHz 

As a consequence, this reaction is reviewed in numerous publications1 
and will not be discusscd in  this chapter. Instead, it was dccided that 
a review of lesser known rearrangemcnt and dehydration reactions of 
amides and some of their N-substituted derivatives would he under- 
taken. 

A. kziridine Derivatives 

A wide variety of rearrangement reactions involving amide nitrogen 
atoms incorporated into aziridine rings have been reported in recent 
years. Whereas these reactions procced variously by pyrolysis, 
nucleophilic an.d elcctrophilic attack, thc primary driving force seems 
to be the strain introduced by thc incorporation of the amide nitrogen 
atom into the three-membered ring. 

1. Pyrolytic rearrangement to  oxasolines 

The first pyrolytic rcarrangcment of a 1 -aroylaziridine was reported 
by Gabricl and Stelzncr who observcd 1-bcnzoylaziridine (1) to 
undcrgo rearrangement to afford 2-phenyl-2-oxazoline (2) in good 
yicld at  250". 

(1 1 (2) 

This rearrangement was subsequently obscrved to takc place a t  a 
significantly lower ternpcrature, 125", whcn a rcduccd-prcssure dis- 
tillation of 1 was attempted '. 

I t  should be noted that this pyrolytic rearranwment of aziridine to 
oxazoline normally occurs only when no substltucnts which would 
allow the formation of a six-mcmbcrcd cyclic transition state are 
present on thc aziridinc ring. Thc  prcsencc of such substituents 
normally rcsults in isomcrizatioii of the aziridine to a n  unsaturated 
amide4 (equation 2). 

a. 
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Winternitz and coworkers reported an apparent exception to this 
generalization with the observation that N-benzoylcyclohexeneimine 
(3) rearranged to form an isomeric trans-oxazoline (4). A subsequent 
investigation of this reaction revealed that the product was not the 
oxazoline (4) but an unsaturated benzamidc (5 ) ,  the formation of 
which would be predicted via a six-membered cyclic transition state 6. 

aye,.. 0 

ON HCCGH5 

0 
II 

O N - - ! C G H 5  (4) 

(3 1 

(5 1 
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 .O] hexane (6) afforded 
the oxazoline (7) rather than the anticipated unsaturated amide (8 ) .  

0 3  NHCCBHS ;1 

o ? ; k  c, H 5 

O D N - L . H ~  [ ( 8 )  

(6 ) 

(7 1 
The rearrangement of 1 -aroylaziridincs to 2-aryl-2-oxazolines must 

proceed through a four-membercd transition statc 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 a t  hand. Heine and 
Kaplan have demonstrated the stereospecificity of this rearrangement 
with the observation that cis-l-p-nitrobenzoyl-2,3-diphenylaziridine 
(9) undergoes thermally induced rearrangement to cis-2-p-nitrophenyl- 
4,5-diphenyl-2-oxazoline (10). The corresponding tram-aziridine (11) 
was shown to afford the tl-am-oxazoline (12) as the principal product. 

Joseph F. Bieron and Frank J. Dinan 

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 N-(/?-methyl- 
allyl) acetamidc (14) in good yield g. 

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 thc 2- 
substituent, must be present for the isomerization to occur. 

This mechanism is substantiated by studies which clearly denion- 
strate the importance of the basicity of the amide oxygen. Thus, the 
more weakly basic N-p-nitrobenzoyl derivative of cyclooctencimine 
(15) requires a significantly higher temperature to undergo isomeriza- 
tion to the corresponding unsaturated amide lo  (16) than does the 
corresponding benzoyl derivative (15a) ll. The  effect of basicity was 
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0 

(15) R=p-NOzC,H, (16) R=p-N02C,jH, 
(15a) R=C,H5 (I6a) R=C,H, 

also demonstrated in t h e  cyclohcxcneimine series by the observation 
that the more basic N-benzoylcyclohexcneimine (3) undergoes 
pyrolytic isomcrization to form the unsaturated amidc ( 5 )  whereas 
pyrolysis of the less basic N-p-nitrobenzoyl derivative of cyclohexenc- 
imine (17) rcsults in rearrangement to the corresponding 2-oxazoline 
(18) - 

(17) (18) 

The kinetic behaviour of isomcrization reactions has becn studied 
by Fanta and Kathan12 who investigated the pyrolysis of 2,2-dimethyl- 
l-~-nitrobcnzoylaziridine (19) to N-(/3-mcthylallyl)-p-nitrobenzamidc 
(20). This reaction was found to bc first order over a range of tem- 

0 0 CH3 
I1 I 

p-NOZC,H,-C-N CH, - p-NOzC,H,CN HCHC= CH2 

(20) 

I' 'CH3 

(19) 

peratures. A large, negative entropy of activation was observed 
which supports thc 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 thc isomerization to open-chain amides to be 
a stcreospecific, cis, intramolecular reaction similar to the Cope 
rearrangement of amine This view is supported by the 
observation that 2-benzyl- 1 -p-nitrobenzoylaziridine (21) affords 
N-(trans-cinamy1)-p-nitrobenzamide (22) as the exclusive product 
of isomcrization. 

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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9 

(21) (22) 

tion. 
would lead to the formation of the cis-alkene. 

Reaction through the less sterically favourable conformation 24 
Also supporting the 

w/ 
H N  . . . I  

0-C- C,H, NO,+ 

(23 1 (24 1 
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 a t  temperatures below 8 0 " ~ ~ ' .  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 
arc 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 product 6.  

3. N ucleophile-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 
yield This reaction is generally assumed to involve a nucleophilic 
attack on the aziridine 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). 



4. Rearrangement and  elimination of the amido group 25 1 

This mechanism is supported by the stereospecificity which has been 
shown to be charactcristic of 2-alkyl- 1 -aroylaziridine rcactions. 
Treatment of 2,2-dimethyl-l-(~-nitrobenzoyl)aziridine (25) with 
iodide ion in acetonc results in  the selective formation of 4,4-dimethyl- 
Z-(P-nitrophenyl) -2-oxazoline (26) as the principal product of re- 
arrangement 14. This product would result from initial iodide ion 

(25 1 (26 1 
attack a t  the 3-position of the aziridine ring which is the e1ec;ronically 
and sterically favoured site for nucleophilic attack. Nonc of the 
isomeric 5,5-dimethyl-2-(~-nitrophenyl)-2-oxazoline which would 
result from iodidc ion attack a t  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- 
ments 8.  Treatment of 1 -(P-nitrobcnzoy1)-2-phenylaziridine (27) 
with iodide ion resulted in the formation of 1 -(@-nitrophenyl)-5- 
phenyl-2-oxazoline (28) in 89y0 yield. This result was interpreted as 

(27 1 (28) 

dcmonstratiiig thc dominance of electronic effects over stcric effects 
since 28 was presumed to have been formcd via iodidc ion attack a t  the 
electronically favoured, but stcrically unfavourable 2-position of the 
aziridine ring. 

investigated the stereochcmistry of 
iodide-ion-catalysed rearrangement of 2,3-dialkyl-l-aroylaziridincs to 
oxazolincs and found that both tmm-2,3-dimethyl- 1 -(p-nitrobenzoyl) - 
aziridine (29) and the corresponding tmm-diphenyl compound (29a) 
rearrangcd to form the tram-oxazolincs 30 and 30a. Similarly, the cor- 
responding cis-dimcthylaziridine 31 rearrangcd to thc cis-oxazolinc 32. 

These results were interpreted as being consistent with a two-step 
nucleophilic attack in which a double inversion of configuration rcsults 
in overall retention. The first inversion corresponds to attack by 
iodide ion which results in ring opcning and the formation of the 

Heine, King and Portland 
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(29) R=CH,; 
(29a) R=C,H, 

(32) K=CH,; 
(32a) R=C,Hs 

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 cis-diphenylaziri- 
dine (31a) rearranged to the tram-oxazoline (30a) rather than the 
anticipated cis isomer (324. 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. 

31 a 

(33) (34 1 
Formation of 30a was postulated to be preceded by the conversion 
of 33 to the el-ythro configuration 34 via a Finkelstein reaction, 
followed by ring closure. 

4. Acid-catalysed rearrangements 

been shown to be catalyscd by a variety of acids. 
Rearrangements of I-aroylaziridincs to 2-aryl-2-oxazolincs have 

Heinc and Proctor l6 
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reported the AlCl,-catalysed rearrangement of N-p-ethoxybenzoyl- 
aziridine to 2-~-ethoxyphenyl-2-oxazolinc in 97y0 yield in refluxing 
heptane, with similar reactions having been catalysed with concen- 
trated sulphuric acid. For example, rearrangement of 25 takes place 
a t  room temperature in  concentrated H,SO, to afford 5,5-dimethyl- 
2-p-nitrophenyl-2-oxazoline (35) in 97y0 yield. 

I t  will be recalled that when rearrangement of 25 is catalysed by 
iodide ion, the corresponding, 4,4-dimetliyl-2-oxazoline (26) is the 
principal reaction product 14. 

Observations such as this indicate the acid-ca talysed 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). 

0 + 

Arc, ,CH, (4) Arc-N - 
R 

N 
H 

" H +  
I n  accord with this mechanism, i t  has been observed that both the 

cis and tra7zs forms of the 2,3-diphenylaziridineY 313 and 29a, undergo 
acid-catalysed rearrangerncnt to give the lrans-diphcnyloxazoline 30a 
as the principal product 15. These reactions presumably proceed 
through a common carbonium ion intermediate which undergoes 
ring closure to the stericzlly more favourable tl-am-oxazoline. 

B. Quinoline Synthesis f rom AcetaniCide Rearrangement 

Ardasher and coworkers l7 have reported the rearrangement of 
anilides to quinolines in low yield under fairly drastic reaction con- 
ditions. For example, N-ethylformanilide (36) with zinc chloride a t  
approximately 2OO"c gave an 1 1 yield of quinoline (37). Similarly, 
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n-propylformanilide (38) gave a 5"j, yield of 3-methylquinoline 
(39) 17. 

W) (39 1 

Rearrangement of acetanilide (40) with ZnC1, at 220"c resulted in a 
5y0 yield of flavaniline (41), and 10% yield of p-aminoacetophenone 
(42) la. 

The  mechanism is proposed to consist of formation of N,N-diaryl- 
acylamidines as intermediates and subsequent conversion to a mixture 
of 0- and p-ads of amino ketones19. This postulation is based on the 
fact that rearrangement of acetanilide hydrochloride (43) in a sealed 
tube at  2OO"c yielded N,N'-diphcnylacetamidine (44) which on 
reaction with zinc chloride at 290"c for 4 hours resulted in the produc- 
tion of Aavaniline (41). 

CGHB 
/ 

0 N 
It A II ZnCl 

CGHSNH-CCHa. HCI __f CH3C-NHCGH5 ---% 41 

(43) (44) 

process and could best be considcred as unknown at this time. 
Obviously, the mechanism for this reaction involves a multi-step 
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II. R E A R R A N G E M E N T  OF N - S U B S T I T U T E D  A M I D E S  

A. Rearrangement of N -Nitrosoamides 

I n  general, amides can be converted to N-nitroso derivativcs by a 
number of reagents, the prcferable one appears to bc nitrogen tetroxide 
in an acetate buffer solutionz0 (equation 5). 

0 
// 

II 

0 N 

(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 
diazoalkancs The  reaction probably proceeds through a rearrangc- 
ment similar to that observed under neutral conditions (equation 6a) 
and the presence of base allows thc formation of the diazo derivative 
and its isolation (equation 6b). 

II OAc- 1 
RNHCR' + Nz04  + RNCR' + HOAc + NO; 

0 

6 

0 0 
I1 II 

CH, N - N ~ O C R  - CH,=A=N+ -OCR g -  
H% 

OH - 

This type of reaction has bcen reviewed elsewhere and will not be 
discusscd further 22. 

A second type of reaction involving N-nitrosoamides is their thermal 
rearrangement in a variety of solvents. Extensive research has been 
carried out to elucidate the mcchanism of this reaction chiefly by 
White and Huisgcn, 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). Thc relative amount 
of each product is influcnced by a number of factors, including the 
nature of R and R1, the solvent, and the tcmperature. 

An cxccption to this general reaction route is where R is aromatic. 
I n  this instance, it has bcen demonstrated 23 that a frcc-radical inter- 
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mediate is involved in the main reaction pathway. Decomposition 
of N-nitrosoacetanilide in methanol yields benzene as the main 

Joseph F. Bieron and 1;rank J. Dinan 

0 

product. The intermediatc postulated 
ester (equation 8). In nitrobenzene 

? 
in the reaction was a diazo 
a mixture of nitrobiphenyl 

0 0 0 + HO!CH, <'''OH 0 - + N, + - OCCH, I1 

derivatives is obtained, where the nitro group is Predominantly 
ortho-para directing, further supporting the free-radical nature of the 
reaction 24. Preliminary investigations by Huisgeii and coworkers 
provided kinetic evidence which supported the postulation for the 
diazo-estcr intermediate 25-27. 

The course of the reaction is most convenicntly discussed by con- 
sideration of the N-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. N-Nitrosoamides where R is primary 
yield predominantly ester products 28. N-(n-Buty1)-N-nitroso-3,5- 
dinitrobenzamide (45) produced approximately an 807, yield of n- 
butyl 3,5-dinitrobenzoate (46). Highest yields of ester are obtaincd 
at the lowest temperature at which the reaction will proceed. 

Investigations by Strcitwieser 2D indicate that the intermediate 
diazo ester produced in the reaction decomposes to a diazoalkane 
intermediate. The decomposition of optically active AT-( 1-butyl-l-d)- 
N-nitrosoacetamidc (47) produced optically inactive esters with the 
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(45 1 (46) 

following deuterium distribution: 22% 48, 56% 49 and 22% 50. In  
another experiment employing unlabelled nitrosoamide, in the pres- 
ence of 0-deuterioacetic acid, some 49 was formed. I n  order to 
explain the disproportionation of the deuterium label and the loss of 
optical activity, the formation of a diazoalkane by a-elimination was 
postulated. 

/p 
H N  

1. I 
I I I  

CH,CHzCHz-C-N-C-CH3 - 
D O  

(47 1 

0 r CH,CH,CH,CH,OCCH, I I  

(48) 
0 
II 

R$=N=N + (H)DOCCH, CH,CH,CH,CHDOCCH, 

0 
I 1  L CH,CH,CH,CD,OCCH, 

(50 1 

The existence of a diazoalkane intermediate was confirmed by inter- 
cepting the intermediate carboxylic acid with diazoethane 30. When 
N-(n-buty1)-N-nitrosotrimethylacetamide (51) was decomposed in 

t [Diazo ester: ____f CH,CH,CH,CH=N=N 
I 

n-Bu-N-C-Bu-t 
I I  
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pentane, with excess diazoethane present, the trimethyl acetate 
appeared as the ethyl ester to the extent of 96y0. 

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 By equation 7). Preliminary 
evidencc indicates that the rearrangement is intramolecular 31,  since 
( + )-N-(s-buty1)-N-nitrosobenzamide (52) dccomposed to s-butyl 
benzoate with retention of configuration (path B, equation 9). The 
details of the mechanism were expanded by observing the reaction in 
different solvents. I n  a non-polar solvent, pentane, with acetic acid 
added, a bimolccular rearrangement with inversion of the (+)-N-s- 
butyl group occurred (path A, equation 9). I n  the absence of acid, 
intramolecular rearrangement with predominant retention of con- 
figuration was observed (path By equation 9). 

Joseph F. Bicron and Frank J. Dinan 

0 
II E t  

Me-'/ 

0 
I t  \' 

R'-C-0- - .C-6&N-0CC,il5 

I ti 

With dioxan as the solvent and 3,5-dinitrobenzoic acid added to 
conipcte with the benzoic acid produced on olefin formation, bi- 
molecular displacement was not observed. Instead, acid interchange 
occurred prior to rcarrangement, since the percent retention was the 
same in the resulting products, s-butyl benzoate and s-butyl 3,5- 
dinitrobenzoate. Apparently, dioxan solvates the diazo-ester inter- 
mediate and prevents an SN2 reaction. The actual mcchanism 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 arc similar to that in dioxan concerning 
configurational changes but isomerization of the butyl group occurred 
much more extensively in acetic acid. I t  is concluded that in this 
solvent, there must be some charge separation in the intermediate 
(53) involved. 

(53) 
Finally, the mechanism for production of olefin is presented as in- 

volving an intramolecular rearrangement as in 54 (since reaction is 
unafkcted by added acid), but not completely concerted (since 
polarity of solvent influences olefin distribution). 

(54) 

In  order to study the decomposition mechanism of N-alkyl-N- 
nitrosoamides having a secondary aikyl group, a tracer study using 
l 8 0  was carried Optically pure ( +)-N-nitroso-N-( 1- 
phenylethyl) -2-naphthamide (55) was decomposed in acetic acid to 
yield I-phenylethyl 2-naphthoate. Analysis of the optical activity 

of the cster indicated 81 yo of the product corresponded to retention of 
configuration. Esters resulting from both retention of configuration 
and racemization contained 69% of the in the carbonyl oxygcn. 
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 thc first step. 
Scrambling of the '*O a t  this ion-pair stagc is supportcd by the fact 
that a long-lived diazonium ion such as that derived from apocamphyl- 
amine produces extensive cquilibration of loo. Loss of nitrogen is 
accompanied by both inversion of the carbonium ion and further 
scrambling of the oxygen atoms (equation 11). 

H O  
H3cx,, 11 

C-0-C R' 
I 
I 

C,H5 (one l e g )  

Ruled out by  this data are two other mechanisms which could have 
been postulated; that of a concerted mechanism involving an  S,i 
process and any  mechanism which would involve a long-lived car- 
bonium or diazonium ion. 

Concerning the rearrangement of N-alkyl-N-nitrosoamides with a 
tertiary alkyl group, the nitrosobenzamidc (56) derived from optically 
active 2-phcnyl-2-butylamine, containing la0 in the carbonyl oxygcn 
was dccomposed to yield a mixture of ester, carboxylic acid and 

The reaction proceeds with predominant (95y0) retention of con- 
figuration (57) and a preponderance of l8O in the carbonyl group. 
Any inversion is intramolccular and a tertiary carbonium ion with its 
greater size would have a slowcr rate of rotation. Distribution of l 8 0  

is indepcndent of the N-alkyl group and consistent with a low activa- 
tion encrgy for thc loss of nitrogen from the diazo-ester intermediate. 
I n  comparison, a secondary carbonium ion such as that in equation( 1 1) 
is a smaller carbonium ion and has only '75% retcntion of configuration 
since it rotates with a greater Fiicility. 

Recent studies have been concerned with further elucidating the 
nature of the ion-pair i~ i t e rn i ed ia t e~~ .  It has been shown that the ion 
pair (59) generated from the reaction of diphenyldiazomethanc with 
benzoic acid in is differcnt from that obtained by thermal 

oiefin33. 
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li (57 1 

decomposition of N-benzhydryl-N-nitrosobenzamide (58) in ethanol 
solution, This was based on the different ratio of ester to (ester + 

do 

HBCG 0 

H5C6, N I 
C,H,OH CH-N-CCGH, 

II / 

0 

CHOCCGH5 
H5C8 

\ 11 

I I  
>CH+ N, -0-CC,H, O I]:::: 

(59) ‘CHOC,H, / 

[::6 

H5Cs 

ether), obtained in each reaction. The failure to incorporate deu- 
terium into the ester products when the reaction was conducted in 0- 
deuterioacctic acid, indicates that under the reaction conditions 
diphenyldiazomethane is not an intermediate in the nitrosoamide de- 
composition. 

I t  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 bcen demonstrated that N-alkyl-N-nitrosoamides also undergo 
rearrangement under acid conditions 37. Reaction of N-2-phenyl- 
ethyl-N-nitrosoacetamide (60) with PCl, resulted in a 90% yield of 
N-2-phenylethyloxamide (61). I t  has been proposed that the N- 

O 

H0 N 
I 

R-N-C-CH, + PCI, - 
II 

' 0  

//O 
N 

/ /O 
+ I  //"HZ 

\Cl \CI 

N CH, + I  / . 
R-N=C - R-NH-C . . . . . . - . .  - 

\Cl \CI 

N-OH 
I I  

CI 

H\+  ,CH 

R' 
\ 

N=C 

,CrN 

___t N=6 
R' \CI 

nitrosoacetamide with PCI, produces an N-nitrosoiminoyl chloride 
(62) analogous to thc von Braun reaction (section III.A.2). This 
iminoyl chloride then undergoes rearrangement of the nitroso group, 
in what is bclieved to be a predominantly intramolccular process to 
yield a C-nitroso derivative (63), which can thcn 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. 

6. Rearrangement of N -Nitroamides 

In a reaction analogous to the decomposition of N-nitrosoamidcs, 
the A7-nitro derivativcs of aniidcs arc known to rcarrange to give 
similar products3Q. It is postulated that reaction proceeds through a 
diazoxy-estcr internicdiatc to yicld cithcr an estcr (path A, equation 



4. Rearrangement and elimination of the amido group 263 

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 

0 
0- 0 

I+ 

, { R-O-CR1 I1 + N20 
0- 0 

\” 

0 (12) 
I I  R-N-CR1 - 

II 
0 RKOH + Olefin + N20 

the R group, with ester formation predominating when R is primary 
and alkene formation favoured when R is secondary. 

C. Rearrangement of N -Haloamides 

1. The Orton rearrangement 

rearrangement, can be generalized as in equation (13). 
The reaction of an N-haloacetanilide, also referred to as the Orton 

Most of the reported work involves the N-chloro derivativcs of 
acetanilides and the reaction can takc place under thrce differciit sets 
of experimental conditions, namely : 

a) a free-radical process promoted by either hcat or light, 
b) in protic solvcnts with spccific 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 N-chloroacetanilide (66) is reacted in 
CCI, with a peroxide catalyst in the dark, smooth isomerization to a 
mixture of o- and p-chloroacetanilidc is observed 39. 

(66) CI 

Preliminary investigation concerncd itsclf with the qucstion of 
whether the rearrangement was intra- or interrnolccular 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 p-N-chloroacetamidotoluenc (67) yielded 4-aceta- 
mido-3,5-dichlorotoluene (68) in addition to the expected product, 
4-acetoamido-3-chlorotoluene (69). 

ONCCH3 I 

0 
\CCH, 

I I 

(67 1 (68) (69) 

This result suggested that rearrangement was occurring through an 
intermolecular pathway. 

Subsequently, it was demonstrated 40 that if thermal rearrangement 
of N-chloroacetanilide is carried out in the appropriate solvent, it can 
act exclusively as a chlorinating agent. Reaction of N-chloroacetani- 
lide with o-nitroaniline in tetrachloroethane gave 4-chloro-2-nitro- 
aniline as the only chlorinated product (equation 15). The  

0 
I I  

NHCCH3 CI 0 
NCCH3 I I1 +b 

cJINOZ+U - (15) 

NH, 
CI 

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. Spec@ halogen acid catalysis. Rcarrangement of N-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 I11g0ld~~. Re- 
arrangement of AT-chloroacetanilide in aqueous hydrochloric acid yields 
a mixture of the 0- and p-chloroacetanilide isomers, similar to results 
obtained under frec-radical conditions. The postulated mechanism 
in this instance involves the production of free chlorine and is therefore 
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B 0 
C', II 

NCCH, 
I 

an intermolecular rcaction. The working hypothesis for the reaction 
was formulated as an initial reversible acidolysis (equation 19) and 
subsequent aromatic substitution by elemental chlorine (equation 20). 

(19) 

CI 0 0 
I I I  I I  

C,H5NCCH3 + HCI + C6H5NHCCH, + C12 

0 0 

!! (20) 
I I  

C,H,NHCCH3 + Clz d CIC6H4NH CH, (0 and p isomers) 

Evidence lending furthcr support to this mechanism included the 
following : 
1) O r t ~ n ~ ~  observed that elemental chlorine was evolved from the 
reaction and if a more rcactivc substrate towards electrophilic sub- 
stitution was introduccd, it was preferentially chlorinated. I n  this 
manner N-chloro-2,4-dichloroacetanilide (70) chlorinated anisole. 

0 
I I  

OCH, OCH, NHCCH, 
CI 0 

CI I 
(70) 61 CI 

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 ordcr and C-chlorination (path B) was not 
dependent on previous N-chlorination (path A) followed by rearrange- 
ment (path C). 

0 
II i 

CI 0 

3) Experiments with 35C1-labelled N-chloroacetanilide 4 4  showcd 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 ordcr with respect to the chloroamide and second order 
with respect to hydrochloric acid. Hughes and I n g 0 1 d ~ ~  conse- 
quently proposed a mechanism which can be classified as an SN2-type 
process, involving attack of chloride ion on the protonated chloro- 
amide as the first step in the reaction (equation 22). 

c. Reactions in apl-oh solvents. Rearrangement of N-haloacetanilide 
to a mixture of 0- and p-haloacetanilidcs can also be carried out in 
aprotic solvents such as chlorobcnzcne using eithcr acetic acid or 
trichloroacetic acid as the catalyst. Undcr these conditions, thc 
postulated mechanism first exprcsscd by Soper 45 involved a two-step 
process. Initial transfer of, in this case, brominc, to form a reactive 
acetyl hypobromite (equation 23) was followcd by bromination of 
cithcr acetanilide or somc othcr reactive substrate such as anisole, 
which can bc introduced into the reaction mcdiuni (equation 24). 
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Previous work by Bell46 had established the fact that the rate- 
determining step involves proton transfer. Subsequently, Dewar 47 

introduced the possibility of a n complex and the two mechanisms 
can be summarized as depicted in equation (25). 

Br 0 0 
II I II 

0 
I I  

0 NHCCH, UN-"" -t CH,COH I I  - a + CH,COBr (23) 

OCH, 
I 

0 
II 

CH,COBr 

CGHSOCH3 

--I--- 1 : :  CGH,NHCCH3 

I 
B r  

0 
II 

Further work in this area indicated that these relatively simple 
mechanisms cannot explain all the experimental facts 48. Experi- 
ments using I4C 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 C o ~ z e n s ~ ~  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- 
bromoacctanilide C-bromination of the aromatic ring occurs vcry 
rapidly. Since C-brornination by the hypobromite is extremely fast 
as compared to the lifetime of N-bromoacctanilide in the radioactive 
exchange reactions (26) , hypobromite intermediacy can be ruled out 
and the bromine transfer must be direct. If one includes the equili- 
lxiutn reaction, then the Soper mechanism (cquations 27-29) re- 
quires the carbon brominatioll 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 
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*'OW DNHCCH3 + CH,COH (29) 
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II + CH,COBr ___+ aNHCCH3 B r  

pathways. Perhaps this should he 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 

As stated previously, N-halo- 
acetanilides undergo the Orton rearrangement on exposure to heat 
or U.V. radiation. Recently, it has been d e m o n ~ t r a t e d ~ ~  that if the 
structure of the N-haloamide is altered, different courses of reaction 
are possible. Specifically, it was found that if y-phenylbutyramide 
(71) was photolysed in the presence of t-butyl hypochlorite and iodine, 

a. Free-radical y-hydrogen abstraction. 

0 0 
I1 II 

C,H,CH2CH,CH2CNH2 C,H,CH2CH2CH2CNH 
12 I 

(71 1 I 

/ \  0 /' P, 

(72) (73 1 

C,HB-HC C=N .ICI - CGH,-HF /CEO 
\ I  

H,C-CH, HzC-CHp 
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the iodine chloride complex of N-iodo-y-phenylbutyroiminolactorle 
(72) was isolated, which on hydrolysis with sodium bisulphite yielded 
y-phenylbutyrolactone (73). 

The rcaction is interpreted as involving initial iodination of the 
amide to give an N-haloamide, followed by hornolytic 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. 

0 0 0 
II I I  I t  

R-(CHZ),CNHz __+ R-(CHZ),C-NtII - R-(CHz)SC--NH* - 

The yield of the reaction is limited to a maximum of 507, because 
free iodine is also liberated by the reaction of the iminolactone and the 
N-iodoamidc (equation 30). 

0 
I I  0 

I 1  ,[:ANH + R(CHACNH2 + 1, 
R 

Q-JH,H, + R(CHz),C--NH - 
I 
I (30) 

R 

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 3 l ) ,  thus 
ruling out a nitrene intermediate which could have undergone an 
insertion reaction. 
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Similar results have been obtained from N-chloroamides Go. 

Specific reactivity of the N-haloamides has been noted if the amide is 
substituted with a t-butyl group 51. Reaction of N-bromo-N-t- 
butylpentanamide (77) in benzene solution under photolytic condi- 
tions produced 2-t- bu tylimino-5-methyltetrahydrofuran hydro bromide 
(78) as the main product. Stability of 78 towards hydrolysis of the 

(n) (78) 

imino group is attributed to the bulkiness of the t-butyl group. 
Support for the radical mechanism proposed above by Barton is 
provided by the N-chloro derivative of N-t-butylpentanamide (79), 
which was rearranged under the same conditions to the 4-chloro 
isomer (80). 

0 CI 0 
I I /  I," I I  

C H 3( C H 2) 3C N __f C H 3C H C H 2C H N t-I-Bu-t 
I 

Bu-t CI 
\ 

(79) (80) 

I n  all reactions investigated, benzene was the solvent of choice. 
Invcstigation of some of the by-products formcd indicatcd that the 
N-chloroamide can act as a chlorinating agent by intermolecular 
reaction, similar to results concerning the Orton rearrangement 
of' N-haloacetanilidcs. 

It appears that the photolytic rearrangement of N-haloamidcs that 
fulfils the requirement of an abstractablc hydrogen in a y-position 
parallels the Hofmann-Loffer rearrangement of N - h a l o a m i n e ~ ~ ~  
(cquation 32). 

Apparently, in the N-haloamides, the halogen-nitrogen bond is weak 
enough to undergo homolytic cleavagc and does not have to be acti- 
vated by protonation, as in this case with haloamines. 

b. Formation of or-lactams. Rcactions of N-haloamidcs under basic 
coilditions will in most instances yicld amines, which are products ol' 
the Hofmann rcarrangement. However, in certain instanccs, 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 ofa base and an N-haloamide. The formation and reactions 
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of these cyclic derivatives, referred to as aziridinones has been re- 
viewed recently53. A representative example 54 is the cyclization of 
N-t-butyl-N-chlorophenylacetamide by reaction with potassium t- 
butoxide to yield 1 -t-bu tyl-3-phenyl-2-aziridinone (equation 33). 

0 
I1 ,C' 

C,H,-CH,-C-N, 
'Bu-t 

CI 0 
I I I  

C,Hs-CH-C-N H-Bu-t 

\ t-BuO- 

/ 

0 
I I  

/c\ 
CH-N-Bu-t 
/ 

H5CG 

(33) 

The same lactam was formed under similar reaction  condition^^^ by 
starting with N-t-butyl-a-chlorophenylacetamide. 

The isolation of a-lactams substantiated earlier postulations con- 
cerning the intermediacy of an aziridone in a number of rearrangc- 
ments, such as those observed by Sarel and his coworkers. For 
instance 56,  reaction of a-chloro-a,a-diphmylacctanilide (81) with 

0 
I I  H C  

H , C ~  C6Hs 

CH-N-C-NHZ 
NH 5 <  
3_ 

' I  
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sodium amidc in liquid ammonia yielded the benzhydrylurea 82. 
The reaction can be visualized as procceding through an aziridinone 
intermediate and subsequent ring opening by attack with amide ion. 

c. Real-rangement of a,N-dihaloamides. Rearrangement of a,N-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 
83. 

x o  
I I I  OH-. 

RCHC-N H Br 
/x 

(34) -RCH +NCO- 

Br 
\ 

Support for this mechanism appears in the fact that rearrangement 
of optically active D-a-chlorohydrocinnamamide yieldcd a product 
indicative of retention of configuration 57. Tracer studies employing 
82Br also supported an intramolecular pathway58. Reaction of a- 
chloro-N-bromoisobutyramide in base with an excess of 82Br- ion 
present yielded 2-bromo-2-chloropropanc with no incorporation of 
82Br. This was cited as exclusive evidence for pathway (A) over 
pathway (B) in equatiori (35). 

A similar reaction has bcen i i ~ t c d ~ ~  for the rearrangement of a- 
nitroacetamidc to nitrodibroniomethane in the presence of hypo- 
bromite ions (equation 36). 

0 NO2 0 
I1 O B r -  \ 11 Hz 0 

CH-C-NHBr + 20H- - NOzCI-12C-NHz + 
/ 

Br 
(36) 

Br 
/ 

\ 
NOZCH + N H 3  + COZ 

Br 
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An exception has been notcd for this mechanistic pathway if the a- 
halogen is fluorine60. N-Bromoheptafluorobutyramide did not react 
unless an cxcess of basc was present. I t  exhibited complex rcaction 
kinetics, and in the presence of oxygen yielded the heptafluorobutyrate 
(equation 37). 

0 0 

C3F7 !! NHBr + O2 + OH- d C3F7 r!! 0- + NO, + B r -  + H 2 0  (37) 

111. DEHYDRATION REACTIONS O F  AMIDES 

A. Acid- and Base-catalysed Dehydrations 

1. 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 bcnz- 
amide to benzonitrile61. 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 thc 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 togethcr with the halide or anhydride of a 
mineral acid. This type of reaction, as well as the catalytic dehydra- 
tion reactions, have been extensivcly revicwed 62.63 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 havc 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 yield 64. Thus, arylsulphonyl dc- 
hydration appeals 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- 

0 

R NH, + ArS0,CI + 2C,H5N + + 
RCEN + ArSO; + C,H,NH + + C,H,NHCI- (38) 

r!! 
* See also Chapter 13, section 1X.C. 
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volves oxygen, rather than nitrogen sulphonation (equation 39). 
This proposal is largely based on the observation that compounds of 

R C r N  (39) 

ArS0,- 

0 
ArS0,CI C5HaN 

RZNH, - - R-C~OSO,Ar 
II? 
N- 

the type RCONHS0,Ar which would result from nitrogen sulphona- 
tion have bcen prepared from acyl halides and sulphonamides 65 and 
are stable under the reaction conditions. 

Substituted and unsubstituted amides have been converted to 
nitriles by treatment with silanes 66. 

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 failed 67. 

For example, pyromellitonitrile (85) has been obtained in good 
yield by adding SOC1, to a stirred suspension of 84 in DMF at 0". 
Under the same conditions, benzamide and phthalamide were 

a_ SOCl N E C ~ C E N  

OMF 
NEC C=N 

quantitatively converted to benzonitrile and phthalonitrile. This 
reagent also brought about the cyclodehydration of dibenzoyl- 
hydrazide to a diphenyloxadiazole in 457, yield a t  0" (equation 40). 

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 Fukunaga 68 established that the widely used lithium 
aluminium hydride reduction of unsubstituted amides to primary 
amines actually procccds through a nitrile intermediate. Addi- 
tionally it was demonstrated that both sterically hindered and non- 
hindered amides can bc 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 amidc to nitrilc (k,) is significantly 
greater than the rate at  which the nitrile is converted to the corres- 
ponding primary amine (k2). 

0 

LiA'H4t R-CEN - ' I s  A2 R-CH,NH, (4') 
I 1  

R-C-NH2 
ki 

The strongly basic reagent n-butyllithium in ether-hexane, or 
tetrahydrofuran-hcxane solution has been shown to be an effcctive 
reagent for the conversion of phcnyl-, diphenyl-69 and monoalkyl- 
phenylacctamidcs 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 

I 1  H +  

0 Li OLi 

t C,H,CHC=NLi + C6H,CH,Cfi=N C6HsCH,C-NH, + 3 BuLi - 
I 1  

(42) 

trilithio intermediate was obtained from the observation that treat- 
ment of phenylacetamide with three moles of n-butyllithium followed 
by hydrolysis with D,O resulted in the incorporation of three deu- 
terium atoms into the molecule and the formation of 86. 

0 
I1 

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 Phosphorus pcntoxide had 
previously bcen shown to be an effcctive reagent for this purpose72. 
Thus, optically pure ( + ) -2-phenylbutyraniidc was converted to 
( - )-2-phcnylbutyronitrile of high optical purity by treatment of the 
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amide with P,O,. Similarly, optically active 2-mcthyl-3-phenyl- 
propionamide was converted to the corrcsponding nitrile by 'this 
reagent with very little i~omer iza t ion~~.  

An investigation of cis- and t~-anr-4-t-butylcyclohexanecarboxamides 
disclosed that these compounds can be dehydrated to the corresponding 
nitriles by phosphorus pentoxide and thionyl chloride without the 
occurrence of any geomctric isomerization 74. Phosphorus oxychloride 
was found to be a less cffective reagent for this purpose. However, 
in all cases more than 9707, retention of geometric configuration was 
observed. 

2. von Braun reaction* 

The reaction of an N-alkylbenzamide with phosphorus pcntahalide 
to yield benzonitrile and an alkyl halidc (equation 43) was first dis- 
covcred by von P e ~ h m a n n ~ ~ ,  but bears the name ofvon Braun because 
of his extensive research in this area. 

0 

C6H5 !! -NHR+ PX5 - > C G H S C t N  + R X  + HX + POX3 (43) 

The early research of von Braun has recently been reviewed, in- 
cluding a complete bibliography of his published In spite 
of the apparent general syntlictic usefulness of the reaction for con- 
verting amines to halides, little work has becn carried out since the 
initial investigations of von Braun to determine eithcr the mechanism 
or scope of the reaction. 

Leonard and Nommenscn have made a number of experimental 
observations in an  attempt to elucidate the mechanism77. von 
B r a ~ n ' ~  obtained a 78y0 yield of 1,5-dibromopcntane from the reac- 
tion of N-benzoylpiperidine with phosphorus pentabromide (equation 
44). Similarly N-benzoyl-2,6-dimethylpiperidine (87) gave a 19% 

,c=o 
H,Ce 

yield of 2,6-dibromoheptane whilc N-bcnzoyl-2,2,6,6-tetramcthyl- 
pipcridine (88) gave no reaction. Obviously, stcric bulk a t  the 
a,-carbon decreases the reaction rate and favours a bimolecular nucleo- 
philic substitution mechanism. Supporting this view is the fact that 

:K Sce also Chapter 13, scction IS.B.l. 
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N-benzoyl-( + )-s-butylamine reacts to yield ( - )-s-butyl bromide, 
corresponding to inversion of configuration in the substitution reaction. 

I n  an attempt to both extend the synthetic utility of the reaction and 
elaborate on the proposed mechanism of the reaction, Vaughan and 

/c>, N 
I I 

(87) (88) 

Carlson 79 substituted thionyl chloride for phosphorus pentachloride 
in the reaction. The reaction was limited to a variety of secondary 
amides (equation 45). 

C,H,-C=O C,H ,-C=o 

0 

Ri!NHRi + sociz --+ RiCi + R C E N  + so2 + HCi (45) 

Best results were obtained when the a,-carbon afforded a stable car- 
bonium ion. For example, the reaction of N-benzhydrylbenzamide 
with thionyl chloride gave an 80y0 yield of benzhydryl chloride 
(equation 46). 

0 

(46) 

The reaction is visualized as proceeding through the attack of 
SOCI, or PC1, yielding an intermediate structure 89 which can 
eliminate either SO, or POCI, to form an ion pair which can collapse 
to the iminoyl chloride (90). Reaction of benzanilide with thionyl 

I 

II SOCla 
CGI-ISC-NH-CH(COHs)z + CSHSCEN + (C,H,)zCHCI 

0 OZCl  CI 

> RC=NR’ + ZO 
I 

(89) (90) 

RC-NR’ 
ZCla !! -NHR’ Z=SOorPC13. 

chloride afforded N-phenylbenzimidoyl chloride which could be iso- 
lated and characterized. Two possible modes of reaction appzar to be 
open for reaction of the iminoyl chloride. One pathway (equation 47) 

0 
CI R1 CI- R1 

> RCEN + R’CI (47) 

is based on the data of Leonard and Nommensen ‘i7 involving inversion 
of optically active R1, and is an SN2 process. 

I I  
RC=N + RC+=N - 



4.. Rcarrangcment and climination of the arnido group 279 

An alternative mechanistic pathway (equations 48 and 49) is sup- 
ported by the fact that in the series where the N-alkyl group was 
benzyl, p-methoxybenzyl, a-methylbenzyl and benzhydryl, the yield 

‘ C a  a CI-C-C,H, \ 
/ / (49) 

of chloride was the highcst in the case of benzhydryl. Furthermore, 
reaction of optically active ( - )-N-(a-methylbenzy1)acetamide pro- 
duced a chloride which had lost most of its optical activity. These 
results are interpreted as supporting a fragmentation process involving 
an S,l-type mechanism. 

B. Arnide 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 1II.A. The pyrolytic reac- 
tion, however, has both historical and industrial significance and has 
been adequately covered in several review articles 

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 

0 

\ 
0 NH (50) 

readily isolatcd and, on further heating afforded additional nitrile. 
Imide formation is postulated to takc place via a bimolccular dc-amina- 
tion to isoimide (equation 5 l ) ,  fhrther decomposition of which resulted 
in the formation of imidc, nitrile and carboxylic acid (equation 52). 
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Pyrolysis of variously substituted amidcs can form a number of 
products other than simplc nitriles. Whercas the pyrolysis of un- 
substituted amides leads primarily to the formation of nitriles, pyroly- 
sis of N-alkyl- and N-methyl-N-alkylamides has been found to be a 

0 

0 

RC 
I1 

2RC-NH, I I  A :O + NH3 

RC' 

NH 
II 

0 0 

0 
/ 

\ 
/ 

RC 
// 

RC 

NH + RCGN -t R \o + 

RC' 
/ 

RC 

synthetically useful method for the formation of olefins. This elimi- 
nation reaction is a t  least in appearance similar to both the Cope 
pyrolytic climination of aininc oxides, and to tlic pyrolysis of esters. 
The reaction is synthctically useful only for amides which undergo 
reaction at temperatures below 500". This essentially limits tlie use 
of this rcaction to amidcs which are substituted with sccondary or 
tertiary N-alkyl groups83. Pyrolysis of compounds of this typc has 
bcen found to take place a t  significantly lower temperatures than 
pyrolysis of N-alkylamidcs in which tlie alkyl group is primary, 
generally requiring temperatures over GOO". Tliesc reactions nor- 
mally afford low yields of a wide varicty of products. 

The  similarity of the pyrolysis of N-alkylamidcs to the highly stcreo- 
specific N-oxide pyrolysis and to thc lcss specific ester pyrolysis has 
been the subject of sevcral investigations. The products obtaincd 
from pyrolysis of N-( 1 -methylcyclohcxyl) acetamide (91) wcre com- 
pared to thosc obtained from the analogous amine oxide 92 and 1- 
methylcyclohcxyl acetate (93) 84. 

Pyrolysis of the amide (91) was found to givc a mixture of olefins 
(94, 95) and acetamidc as thc principal reaction products, with only 
small amounts of acetonitrile formcd. Analysis of the olefin mixture 
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demonstrated that the morc 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) ; 76y0 
endo isomer (94) and 24 per cent exo isomer (95), thus indicating a 

CH3CNH 

CH3 

(94) (95) 

probable mechanistic and stcric similarity between N-alkylamide and 
ester pyrolysis. 

I n  marked contrast to this similarity, pyrolysis of the amine oxide 
(92) resulted in the formation of 977, of the exocyclic olefin(95) and 
only 3y0 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). 

The pyrolytic reaction of N-alkylamides appears to bc of little 
synthetic value because the lack of stcreospecificity results in a mixture 
of products. For example 86,  N-( 1,3-dimethyl) butylacetamide (97) 
CH3 CH3 0 CH3 CH3 

CHCH=CHCH3 
\ 

/ 
CHCH2CH=CH2 -!- 

1 )  A \ 
CHCHZCHNH CH3 + 

\ 

/ 
CH3 

/ 
CH3 CH3 

(97) 
I o* 
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was pyrolysed at 590"c to give an 18% yield of olefins which consisted 
of a mixture of 4-methyl-1-pentcne (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 acetoacetamides 87. 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, 

0 
I I  

(*) RNHz f OgC=CHCCH3 

II 11 (53) 
0 
II 

CH,CCH,CNHR 

O 0  i RN=C=O + CH3CCH3 

at low temperature, approximately 190°c, path (A) was followed and 
no phenyl isocyanate was formed below 350"c. However, above 
5OO0c, 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 .  Substitucnt effects on isocyanate formation by pyrolysis of 
substituted acetoacetanilidcs. 

X Isocyanate (yo) 

NO2 0 

COOC2H, 0 

CH3 50 
OCH3 30 

The data of Table 1 were interpreted as indicating that the reaction 
is dependent on the ease of Cc2)--Cc1) bond cleavage to give 
CH,COCH; and RNHCO + fragments, with the anion then abstract- 
ing the NH hydrogen of the cation to yield products (equation 54). 

9 

(54) 
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Based on these results, the pyrolytic decomposition of trihaloacet- 
amides was attempted in anticipation of producing chloroform and 
isocyanate 88.  Instead, decomposition of 2,2,2-trichloroacetanilide 
at 520"c gave a 617, yield of benzonitrile and very littlc phenyl 
isocyanate (equation 55). 

0 
* 

Z C,HsC=N + CGH.=,N==O + CI, + HCI 3- COcI, 
I 1  

CI 3CCN H C6 H 5 - 
(55) 

I n  this case, it appears that  there are two reaction pathways after the 
Path (A) of equation (57), initial bond cleavage (equation 56). 

0 0 
II ii 

(100) 
RNHCCCI, - RNHC+ + CCI, 

R N H + ' - t  CCIS- __+ R-NH-CCI, - R-NC + CI, + HCI 
(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- 
bincs with the trichloromethyl anion to yield 102. Elimination of 
chlorine and hydrogen chloride would yicld an isonitrile (103) which 
has been demonstrated to rearrange under these conditions to the 
nitrilc. 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 NR, GROUPS* 

The Vilsmeier-Haack reaction89 involves thc acylation of activated 
aromatic rings, using a complex formed between a substituted amide 
and phosphorus oxychloride as the acylating agcnt. The ovcrall 
reaction involves the elimination of the NR, group from thc amidc 

* 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 POCI, and dimethyl- 
formamide (DMF) undergoes acylation to afford p-dimethylamino- 
benzaldehyde in good yield (equation 58). 

CH=O 

The reaction is not limited to the formylation of aromatic rings and 
has been applied to a wide variety of hydrocarbonsg1; oxygen-92, 
nitrogen-”, and SulphLlr-CGntaining 94 heterocyclic rings; phenols 95 
and steroids 96. More recently, the formylation of unsaturated hydro- 
carbons has been shown to be possible by this r e a ~ t i o n ~ ? . ~ ~ .  Addi- 
tionally, the reaction has been applied in a more limited number of 
cases with higher acylamides to form ketones 93. 

The mechanism of the Vilsmeier-Haack reaction has been studied 
extensively and particular attention has bcen given to the structure of 
the reactive complex formed by the interaction between DMF and 
POCl,. This complex was  rigi in ally^^ proposed to have a completely 
covalent structure. However, subscqucnt investigations have clearly 
shown the complex to be ionic and thc structures 104 and 105 are most 
frequently postulated. 

CI- PO,CI, 

Structure 104 has been proposed by a number of authors”3*99J00 
and the infrared absorption spectrum of the complex has been inter- 
preted as supporting this structurelOl. 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 fi-om the action of phos- 
gene on DMF (equation 59) lo5. He observed that CO, was liberated 
in this reaction and a complex having structurc 106 was formed. 

By analogy, structure 105 was proposed for the DMF-POCl, com- 
plex. More recently, a proton magnetic resonance study of the DMF- 
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POCI, complex was conducted by Martin and Martin103. This in- 
vestigation failed to disclose the presence of the substantial P-H 
coupling which should besobserved for the H-C-0-P bond in 
1041°4. Additionally, comparison of the p.m.r. spcctrum obtained 

from the DMF-POC1, 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 99. Hydrolysis of this salt afforded 3-formylin- 
dole (108) in good yield. 

Similarly, Jutz and Mullerg* treated dl-camphene with a DMF- 
POCl, complex and obtained the cation 109 which, on alkaline 
hydrolysis, gave the unsaturated aldehyde 110. 
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1. INTRODUCTION 

This chapter is conceriicd with the photochcmistry 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 thc hehaviour of simple amides towards light ir- 
radiation is a necessary first step in understanding the photochemical 
reactions undergone by more complicated systems, such as thosc 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 previously '. 

Further impetus in the photochemical study of simple amidcs 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. 
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Although the light-absorption process in amides is centrcd ex- 
clusively around the carboxamido group, subscquent chcniical 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 a t  adjacent atonis. 

In  particular the reactivity of the carbon-hydrogen bonds adjoining 
the amide chromophore has been reported. Such bond cleavage gives 
rise to frce radicals which subsequently undergo fh ther  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 biochemiczlly 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 O F  AMIDES 

The  main absorption bands of saturated amicles, lactams and imides 
lie below 200 nm ( 1 nm = 10 A) , the elid absorption going as high as 
260 nm2-19 . The maxima arc reported to be around 170-190 nm 
( E  - 10,000) and 130-160 nni, These high-intensity bands are 
attributed to N --> V,, Rydbcrg (2f ,  3s), and N +V2 electronic 
transitions 14J6. The location and intensities of these maxima depend 
on the substituents attached to the carboxamido group. Thus, an 
absorption band which appears in formaniide a t  172 nm appears in 
dimethylformamide at  197 nmI4, and in N-methylsuccinimide at 
204 nmI7. In  general, the presence of alkyl substitucnts at  C, 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 
N-methyl group on the ultraviolet spectra of amides is that the 
maximum is shifted to a longer wavelength and the absorption is 
intensified 17. This has been cxplained as deriving from the elcctron- 
repelling effect of the methyl group which facilitates tlie electronic 
transitions. Absorption bands of amides abovc 200 nm have also 
bcen reportcd. It is chimed that the long-wavelcngth tail of the 
N --> V, absorption may be interpreted as containing a separate 
electronic transition near 210 nm with E about 100 and designated as 
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11 -> n- transition G * 1 0 9 1 5 * 1 6 .  i\ long-wavclcr1gth absorption band in 
amides at 280 nm has also been reported20-21, vcrhosc origin however 
is under dispute. This absorption band has been regarded as due to 
dissociated amidc molecules, while an alternative suggestion 22, 

assigns it to the RC(=O)N +IIR1R2 structure, or to impurities. 
Recently it has been r e p ~ r t e d ~ l . ~ ~  that a-lactams possess a distinct 

absorption in the ultraviolet [A",;h,","""" 250 nm, E - lo2 l/mol cm] 
which exhibits a hypsochromic shift on changing the solvent fi-om 
n-hexane to ethanol, a characteristic of n --> n* excitations. 

29 1 

111. 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  group^^^-^^. Light of wavelengths 
h < 250nm was usually employed. The gaseous products in the 
photolysis of acctamide in the vapour phase23 were CO, C2Hs, CH,, 
NH,, CH,CN and H20, together with traces of CO,, N, and H,. 
The  experimental results obtained may be explained by Scheme 1 

Primary processes I > eH3 + eONH2 
hv 

CHgCONH2 - 

CH3CONH2 d CH3CN + HzO 
hv 

dH3 + CH3CONHz ---+ CHI + cHzCONHz 

t ~ ,  + ~ ~ O N H ~  -+ C H ~  + HNCO 

CH3 + CH3 - > CZHG 

~ O N H ~  -+ co + AH, 

R + ~ O N H ~  -+ RCONH~ 

H 2 f i  + CH3CONH2 - > NH, + dH,CONH2 

k H 2 +  6' -+ R1NH2 

SCIIEhlE 1. 

where R and R1 are radicals, not necessarily different, which are 
present in the system. Photolysis of acetamide in aqueous solution 
has been to yield among othcr products, acetic acid 
(equation 1). 

CH3COOH + NH:, + COz + CO + CH4 + Nz (1) hv 
CH~CONHZ H 2 0  > 



292 Ionel Rosenthal 

Irradiation of aliphatic amides in organic solvcnts such as dioxan 
or hex an^,^ led to carbon rnonoxidc, hydrogen, amines and un- 
saturated hydrocarbons. Two different modcs of decomposition can 
be advanced to account for these products (Scheme 2). 

hv 
CH3CH2CH2CONH2 --+ CH3CH2CH2NH2 + CO Type I 

CH3CH2CH2CONH2 + CH2=CH2 + CH,CONH, Type II 
hu 

h L. 
CH&HZCH2NH2 - > CH3CH2CH$H + etc. 

hv 

hu 

CH3CONH2 + CH3NH2 + CO 

CH3NH2 + C H 3 i H  + A 
SCHEME 2. 

Both carbon-carbon and carbon-nitrogen bonds are cleaved in 
these reactions. I t  is proposed that either the C=O group or the 
CONH, group as a whole, rather than the isolated NH, group, con- 
trols the decomposition of a m i d e ~ , ~ .  The U.V. degradation products 
of N-alkylamides in the absence of oxygen 26 were COY H,O, hydro- 
carbons, carboxylic acid and N-alkylamides with chain lcngths 
differing from that of the parent compound; in addition there was 
some evidence for the formation of primary amines. A reaction 
mcchanisrn involving homolytic dissociation of both NH-CH, and 
NH-CO bonds can explain the products in a way similar to the 
previous cascs. The rcsults of photolysis of gelatin2*, show that the 
photochemical degradation of proteins occurs a t  least partially in a 
manner similar to amide photolysis. 

Recently, it has been shown by e.s.r. spectro~copy’~, that thc pri- 
mary free-radical producing step in the photolysis of formamide is the 

formation of H and CONH,, whereas the photolysis of acetamide 
produces CH3 and CONH,. Substitution of a methyl group on the 
nitrogcn atom in these compounds does not change the primary step 
(C-H or C-C bond scission for N-niethylformamide and N-methyl- 
acetamide respectively). 

T h e  photoinduced decomposition of a-lactams has been re- 
p ~ r t e d ~ l . ~ ~  to yield carbon monosidc and the corresponding iminc 
(equation 2). This photochemical reaction is in contrast with the 

u 

hv, pentane 
RCH=NR1 + CO 

> 200 nm N 
I 

R’ 
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thermal decomposition of these corn pound^'^ which givcs a carbonyl 
compound and an isocyanide (equation 3). 

R2 

It has becn shown78 that the 8-lactams may react in a similar way. 

Thus a P-lactam which is not substituted in position 4 undergoes 
photolysis according to pattern A like a-lactanis. The presence of a 
substituent in that position, leads to fragmentation according to both 
patterns A and B; the contribution of the splitting accordin? to 
pattern B increases with electron-attracting character of the R3 
substituent. 

The  splitting of thc CO-NH linkage has also bcen reported in the 
case of amidcs containing supplemciitary chromophoric groups where 
the light is absorbed by the latter. For instance, it was shown34 that 
stearic anilide, C,,H,,CONHC,H,, when irradiated as a monolayer 
with light of wavelength 235-240 and 248 nm was decomposed into 
stearic acid and aniline. I n  this cxpcriment thc benzene ring func- 
tioned as the light-absorbing group. Moreovcr, N-benzylstearamide 
and N-(8-phenylethy1)stearamide which contain respectively one and 
two CH, groups, interposed betwccn thc chromophore and the keto- 
imino linkage, undergo photolysis in a similar way3s*37. From these 
results i t  was hoped36*37 that ultraviolet light might prove to bc a 
useful tool for selectivc cleavage of protein molcculc at CONH groups 
adjacent to the side-chain-bearing chromophoric groups. 

Photolysis of sulphanilamidc in water led to the liberation of un- 
identified acids and ammonia35. 

Several instances in which reaction occurred at ccntrcs adjacent to a 
carboxamido group following absorption of ultraviolet light by such a 
group arc known. Thus the photolysis of N,N-dimcthacrylyl- 
metllacrylamidc in ethcr solution has been reported to give a photo- 
isomer in 6 1 % yield 2o (reaction 4). 

The photolysis of maleimide in an aromatic hydrocarbon solution, 
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H,C 0 0 CH, CH3 
I I 1  II I hv I 

C = CH, CH,= C-C-N-C-C=CH2 - 
I I 

(4) 

O=C 
I 

H2C = c 
I 

CH, 

C=O 

in the presence of a triplet sensitizer like acetophenone, has been 
reported to lead to an ciddition product32 (reaction 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 bases 

Irradiation of c+unsaturated amides in degassed solution gave, in 
each case, the cis- and 2inm-/3-lactams in the yields indicated, together 

0 
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with other p r o d ~ c t s ~ ~ J ~ .  T ~ u s ,  irradiatioll of cis-u-phcnylcinna- 
nianilide in bcnzcrx gz.,‘c tram- 1,3,4-tripllenyl-2-azetidillolle (2-3”7,), 
cis- 1,3,4-triphenyl-2-azetidino11e (3770) and 3,4-diphenyl-3,4-dihydro- 
carbostyril (5 yo), 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 tmm-stilbene (2-5%), 
cis-3,4-diphenyl-2-azetidinonc ( 1 3Y0), tl-ans-3,4-diphenyl-Z-azetidi- 
none (3y0) and an unidentified product (reaction 7). 

0 

(2.573 ( I 3Y0) (3%) 

The photolysis of iiitroso amides has becn r ~ p o r t e d ~ ~ n ~ ~ ~ ~ ~ ;  thus, N- 
methyl-N-nitrosoacctamide irradiated in methanol solution yielded N- 
methylacetamide, nitrous oxide and formaldehyde. In  isopropyl 
alcohol, the products were N-methylacetamidc, nitrous oxide and 
acetone. The mechanism described in Scheme 3 was proposed. 

CH3CON(N=O)CH3 hv_, NO + CH,CO[;ICH3 

CH,COkH, + CI-I,OH - > C H ~ C O N H C H ~  + ?H,OH 

?H~OH + NO - z CHzO + HNO 

2HNO HZO + N z 0  

SCHEME 3. 

When cyclohexene was used as solvent, the products were N-methyl- 
acetamide and cyclohcxenone osimc, according to Scheme 4. 

The same reaction has becn carried out with higher N-alkyl-N- 
nitrosoacetamides when the abstraction of a hydrogen atom by an 

CH,COI;ICH, + (r> - CWONHCH, + 
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amide radical can also take place intramolccularly, as exemplified by 
N-nitroso-N-pentylacetamide (Schemc 5). 

CH3CON(NO)(CH2),CH2CH3 NO + CH3COl\j(CH2),CH2CH, 

CH3COfi(CH2)3CH2CH3 - z CH3CONH(CH2),tHCH3 

CH,CONH(CH2)3eHCH3 + NO - CH3CONH(CH,),CHCH3 

NO 
I 

1; 
NO NOH 

z CH ,CON H (CH2)BCCH 3 CH3CONH(CH2)3CHCH3 - 
I 

SCHEME 5 .  

Isolysergic acid amide in acid solutions afforded lumisolysergic 
acid amides on irradiation with ultraviolet light 38. 

Irradiation of a n  a-diazoamide at  10" in methylene dichloride solu- 
tion has been reported to yield a / 3 - l a ~ t a m ~ ~ .  For example reaction 
(8) where the final product is methyl 6-phenylpenicillanateJ such 
reaction appearing to offer an approach to penicillin synthesis. 

COOCH, 
CH3 

H C  
CH3 I COOCH, 

(8) 

Y y  
/ \  L C = O  C6H.5 

A 
H , C - C j  I 

S V N ,  

H s G  N2 

The photolysis of acetanilide and bcnzanilide led to a mixture of 
aminoacetophenones and -benzophenones, r e s p e ~ t i v e l y ~ ~ . ~ ~  (reaction 
9). A free-radical mechanism has been proposed for this rearrangc- 

COR 

Other mechanisms probably operate in this rcac- 
It has also been shown that hydrogen-bonding cfrccts may govern 

ment (reaction 10). 
tion. 
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this rearrangement 42. When salicylanilide was irradiated in metha- 
nol, the rearrangement took place only to a very small extent (4Y0 
conversion) to yield Z-amino-Z'-hydroxybenzophcnone and 4-amino-2' 
hydroxybenzophenone (reaction 1 1). The inactivity of salicylanilide 

aoH CO-NH 

NH, 

was suggested as being due to a fast decay of the excited state 
form of a tautomeric s l a t  via hydrogen- bonding, involving 
membered ring (reaction 12). The 0-methyl ether of salicylanilide 

(11)  

in the 
a six- 

in which the intramolecular hydrogen bond to thc carbonyl group is 
absent, was converted to products in up to 247, 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- 
ary l lac ta rn~~~ (cquation 13). 

(n = 5,  6,  I I) 

Ultraviolet irradiation of bcnzanilide, the anilidc of o-iodobenzoic 
acid, or the benzoyl derivative of o-iodoanilinc led to phenanthridone 
in various yields43 (reaction 14). 

/O 
0 

HN-C I1 
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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 N-alkylamides has been re- 
ported to yield aldehydes, acids, and amides44. For example, the 
major products yielded by N-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 

RCONHCH~R~ L R ~ O  + I;]HCH~R~ 

RCO + RCONHCH2R1 - z RCHO + RCONHCHR' 

R ~ C H $ J H  + RCONHCH~R~ R~CH,NH, +- R C O N H ~ H R ~  

Propagation 

0-0. 
I 

I I 

I 

R C O N H ~ H R ~  -I- 0, - t RCONH-CHR' 

0-0 - 0-OH 

RCONHCHR~ + RCONHCH~R~ RCONHCHR~ + R C O N H ~ H R ~  

OOH 0. 
I 

z RCONHCHR' + *OH RCONHCHR' - 

6 H  + RCONHCH2R1 - t R C O N H ~ H R ~  + H ~ O  

0. OH 
I 

Z RCONHCHR~ + R C O N H ~ H R ~  
I 

RCONHCHR' + RCONHCHZR' - 
Subsequent reactions 

O H  
I 

RCONHCHR' + RCONHz+ R'CHO 

RCHO + 0 2  - > RICC)OH 

SCHEME 6. 

A similar oxidation process using photoinitiators has also been re- 
ported 45. Thus,  oxidation has been initiated photochemically by 
the use of disodium anthraquiiione-2,6-disulphonate, 2-nicthyl- 
anthraquinone or di-t-butyl peroxide. In all cases AT-acylamides are 
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The reaction the major products, a fact not previously recorded. 
courses (15) were noted. 

--+ RCONHCOR'  

---+ RCONH,  + R I C H 0  
RCONHCHzR'  R C O N H C H O  (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. P hotoarnidation 

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 studied46-54.57. 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. 

(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 olefins 47 and to 
reactive double bonds such as those of norbornene 48 or a$-unsaturated 
esters 49*79. The same reaction with terminal acetylenes, leads to 2 : 2 
adducts as the major products53 (reaction 17),  whereas nun-terminal 

(17) 

isolated acetylenes were found to yield 1 :2 adducts, under similar 
reaction conditions50 (reaction 18). 

> ROzCCHCONHz (18) RO,CC=CCOzR + 2 H C O N H z  R=CH3,  C2Hs 

hv 
R C H x C H ,  + H-CONH2 RCH2CH2CONHz 

C O N H z  
hv I RCGCH + H-CONHZ ketone> RCH-CH-CONHZ 

I 
CH=CHR 

hv 

I 
R 0 , C C H C O N H  2 

With aromatic compounds substitution takes place at the aromatic 
nucleus as well as at the side-chain51 (reactions 19, 20). 
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R2 R2 R2 
I I I 

R’-C-CONH, R’-CH R’-CH 

4 + (20) 

h v  
+ H-CONH, - 6 

The reaction with isolated dienes leads to I : 1 adducts54 (reactions 
21, 22). 

r C O N H ,  

CONH, 

The photoamidation reactions of carbon-carbon unsaturated com- 
pounds are described as free-radical reactions involving a carbamoyl 
radical CONH,, which is Formed on hydrogen atom abstraction from 
formamide by the excited ketone molecule (Scheme 7). This 

> ~ O N H ~  

> ~ O N H ~  

hv 
H-CONHZ - 

H-CONH2 ketone 
hv 

RCH=CH, + ~ O N H ~  --+ R~HCH,CONH~ 

RCHCHzCONH2 + H-CONHz - z RCH~CH~CONH, + Z O N H ~  

R ~ H C H ~ C O N H ~  + RCH=CH, --+ RCHCH~CONH~ 
I 

CH,~HR 

I 
CHzCHzR 

RCHCHZCONHZ + H-CONHZ - > RCHCH2CONH2 + CONH, 
I 
CH,~HR 

S C H E M E  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 forrnamide to olefins and dienes could be also in- 
duced by y-rays and electron radiation 57-59. 

In  the absence of olefin the excited ketone was found to interact with 
formamide 56 afFording equal molecular amounts of NH,COCONH, 
and a-hydroxyisobutyramidc, together with small amounts of cyanuric 
acid and H2NCOOCMe2CONH2. 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 pho toamidation to more complicated unsaturated 
systems has also been reported. Thus acetone-induced addition of 
formamide to longifolen 62 affords two longifolen-w-carboxamides in 
11 yo 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 oxygcn and in the presence of 
benzophenone as sensitizer, primary photoclieiiiical addition products 
are formed which, however, undergo hrther reaction 60. For 
example, cyclohexylidenepyrrolidinium perchlorate undergoes reac- 
tion (23). 

CIO, 

hv -* 
HCONHz 9 Y o  

(NYNH 
(2 3) 

N-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 
N-methyl group predominates 61 (reaction 24). 

hv 
RCH=CH2 + CH3CONHCH3 

CH,CONHCHz(CH2)2R + R(CH2)2CHZCONHCH3 
rnaior product minor product 

(24) 
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0 0. 

CH3-C-CHS CH3-C-CH3 
II hv I 

0. OH 
I 

> CH3-C-CH3 + tONH, 
I 

CH3-C-CH3 + HCONHZ - 

0. OH 
I 

CH3-&-CH3 (or CH3-C-CH3) + .CONH, - 
OH 
I 

[O=C=NH] + CH,-C-CH, (or i-PrOH) 

H 
N 

I 
NH 

3[0=C=NH] I 
HN 

CONH, 

CONH, 
2 t0NH2 - ’ I  

CH3 CH3 
I I 

HO-C. + ~ONH, + HO-C-CONH~ 
I I 

CH3 CH3 

CH3 CH3 
I . I  

I 
LH3 CH3 

CH3 CH3 
I I 

1 
CH3 

I 
CH3 

\\ I 

/ I 
H2N CH3 

O=C +eONH2 + 0-C-CONH, 

-0-C-CONH, + HCONH, + HO-C-CONH, + ~ O N H ,  

CH3 0 CH3 

I 
CH3 

tONH, + d - c o w ,  C--O-c--CONH, 

SCHEME 8. 

The photoalkylation of 2-pyrrolidonc led to a 1 : 2 mixture of 3- 
alkyl-2-pyrrolidone and 5-alkyl-2-pyrrolidonc in yields up to 607, 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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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). 

D. P hotochernical Reactions of Halo Amides 

Several photochemical reactions of halo amides have been described 
in the literature63-70. The N-halogen bond in thesc 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 N-bromosuccinimide is common in organic 
chemistry and in some cases the fission of the N-Br bond is achieved 
by irradiation. The reactions of N-bromosuccinimide have been 
reviewed and will not be dealt with here70. 

Synthesis of y-lactones by irradiation of N-iodoamides has been 
r e p ~ r t e d ~ ~ v ~ ~ .  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). lodoamides can in fact be gencrated in situ 

\n \n 
NH2 

h v  \ n ,c=o- c ,c=o ,LH N<c=o- /“H NH /- 

C=O (27) 
\n \n 

,c=o - / C I N /  
H NH2 

I 
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by treatment of amides with iodine in the prescnce of lead tctraacctate 
or t-butyl hypochlorite. Thus, amides can be converted into lactones 
by photolysis in the presence of these reagents followed by alkaline 
hydrolysis. N-Chloroamides and N-chloroimides have been re- 
ported 66 to yield the same photochemical products. 

Thus 
3/3-acetoxy-l1-oxo-5cz-pregnane-2O-carboxamide yielded the corres- 
ponding lactone, according to equation (28). 

These reactions have been applied to steroidal amides 67-69. 

Some aliphatic N-bromoamidcs and N-chloroamides have been 
found to rearrange photochemically in a different way leading to the 
isomeric 4-halo amides6*. The reaction is most efficient with N-t- 
butyl derivatives and takes place readily in benzene or carbon 
tetrachloride; the products are cyclizcd by heating to the corrcspond- 
ing iminolactone salt in yields up to 7 1 yo (equation 29). 

Br  0 
I II 

0 
I I  

RCH,CHZCH~CNHBU-I 

1 Heat 

R 

Br-  NHBu-t 

0 

0 D+ 
// 

H,C--C, II 
H0 

\O \O 

H,C-C 
\ I Y-Br h” 1 ,N- - H,CCH,CNCO 

H2C-c HzC-c 

0 
0 /I” 

H2C-C, 0 II H,C-C, 
//- 

I NBr - BrCH,CH,CNCO + 1 ,N- (sob) 
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The isomerization of N-bromosuccinimide when irradiatcd in 
carbon tetrachloride 65 leads to /?-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). 

N-Bromoacetanilide undergoes halogen migration to the aromatic 
nucleus on ultraviolet irradiation 63 leading to p-bromoacetanilide as 
the major product (787”). The detailed mechanism of the reaction is 
given in Scheme 9. 

or 

SCHEME 9. 
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1. INTRODUCTION 

Gamma and x-rays are short-wavelength, high-energy, forms of 
electromagnetic radiation. The amount of radiation absorbed 
(dl) in passing through a small thickness of absorber (dx) is given by 

-dl  = Ipdx 

where I is the intensity of the incident radiation, and p is the linear 
absorption coefficicnt for the material of the absorber. On integra- 
tion this givcs the exponential relation 

I = Ioe-p'" 

The absorption coemcicnt 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 MCV y rays, corresponding 
to a wavelength of 0.01 A, are 0.1 17 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 
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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, thc 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 7’s of 1-17 and 1.33 MeV, which give rise mainly to Compton 
scattering in an absorbing material 

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 absarption 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 
lH(~z,y)~H. The cross-section for this reaction is 0.3 barn (1 barn = 

cm2) and the emitted y ray has an energy of 2.2 MCV. Nitrogen- 
14 affords carbon-14 through the reaction I4N(n,p)  14C. The cross- 
section is 1-5 barn, and the proton has an energy of 0.66 hiev. The  
carbon-14 formed is a /I-emitter, with a half-life of 5,760 years. 
Oxygen and carbon have only very low cross-sections for neutron 
capture (l6O < 0.00002, and I2C 0.003 barn, respectively). 

The absorption of ionizing radiation generally leads to thc formation 
of excited molecules (equation 1) or of cations (equation 2). T h e  
secondary elcctrons emitted in the latter process can, in turn excite 

M --+ M* (1) 

(2) M -> M +  f e-  
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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 amides, 
the present evidence (see below) is that bond rupture docs 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),. The radical yields are expressed as G values, which 
arc the number of radicals formed per 100 ev of energy absorbed. I n  
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 111). The majority of the studies on amides have been 
on derivatives of amino acids and on pcptidcs in relation to the radio- 
lysis of proteins, and these topics are discussed separately (see section 
IV). The reactions resulting from neutron bombardmcnt 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). 

11. SOLID AMIDES 

The e.s.r. spectra of x-ray-irradiated acctamide showed the presence 

of the CH,CONH, radical 4, and N,N-dideuteroacetamide 
(CH,COND,) gave an  identical spectrum5. The spectra of propion- 

amide and acetanilide indicatcd the presence of CH,kHCONH, and 

CH,CONHC,H, radicals, respectively. The spectra of radicals from 
butyramide and formamide at  7 7 " ~  were also reported. The spectrum 
from thioacetamide was entirely diKcrent from that givcn by acet- 
amide 4. 

The e.s.r. spectra of acetamide irradiated with 1 MeV electrons also 

indicated the presence of the kH,CONH, radical 6. Propionamide 

similarly formed the CH,kHCONH , radical, whereas isobutyramide 

apparently afforded both (CH,) ,CCONH, and CH,CHCONH, 
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radicals. However, on aging or warming, only the latter radical dis- 
appeared 7. Trimethylacctamidc, which has no free hydrogen on the 

,%carbon atom gavc a (CH,) ,C radical. X-ray-irradiated single 
crystals of monochloroacctamide gavc an c.s.r. spectrum due to the 

CHCICONH, radical *. When caproamide (1) was irradiated at  
-8O", the crystals developed a colour which was stable at room 
tempcrature in the absence of air, and had an absorption maximum 
at 3850 A'. The radical formed was that resulting from the loss of an 
a-hydrogen atom. The N-deuterated amidc gave the same radical. 
Irradiation of caprolactam (2) gave a complex e.s.r. spectrum, which 
could not be interpreted g, while irradiated single crystals of succin- 
amide and N,N,N',N'-tetradeuterosuccinamide showed e.s.r. spectra 
of the radical 31°. 

r c = o  
CHS(CHJ,CONHZ (CH& AH 

\ 

N H ~ C O C H ~ ~ H C O N  H* 

(3) 

A number of studies have Ixxn reported on AT-alkylamides, and 
radicals were detccted in irradiated crystals of N-methyl-, N,N- 
dimethyl-, N,N-diethyl-, N,N-di-n-propyl, N-isopropyl- and N,N- 
diisopropylacetamide, N-methyl- and N,N-dimcthylpropionamidc, 
N,N-dimethyl- and N,N-dicthylacrylamide, N-ethyl- and N, N- 
diethylformamide, N,Ai-dimethyl- and N,N-diethyl-n-butyramide, 
N,N-methyl- and N-ethylisobutyramide and N,N-diethylchloroacet- 
amide6. In  all these cases the radicals were formcd by loss of a hy- 
drogen atom from carbon, and the loss occurred from an N-alkyl 
group in preference to the acyl group7. When crystals of N-ethyl- 
propionamide were irradiated with 2 M e v  electrons, the e.s.r. spectra 

showed the presence of the CH,CH,CONHkHCH, radical, and the 
same type of radical was formed on irradiating AT-ethylbutyramide 
and N-ethylhexanamide. AT-n-Propylpropionaniide, N-n-propyl- 

butyramide and N-n-hexylpropionamidc gavc a CONHCH typc 
radical. The radical yield (G;) was 4-7 k 1.4 for Abi-propyl- 
propionamide. N-t-Amylpropionamidc and AT-t-amylbutyramide 
gave a radical on the P-carbon atom attachcd to the nitrogen atom 

(CONHC (CH,) ,CH2). However, N-neopentylpropionamide gave 
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rise to two radicals (4 and 5). The  evidence was that thcsc radicals 
were formcd directly and not by initial formation of a radical at somc 
other site followed by migration along the chain. This was because 
N-(n-propyl-2,2-d2) -propionamide gave a radical spectra which showed 

CH,CH~CONH~HC(CH~), CH,~HCONHCH,C(CH,)~ 

(4) (5)  

interaction with only one hydrogen atom indicating that the two 
deuterium atoms on the carbon atom werc still in thcir original position 
in the radical (6) ll. 

CH,CH,CONHcHCD,CH, RCONHCHR' 
I 

Another study of the e.s.r. spectra of' irradiated crystals of N-n- 
butylpropionamide and N-n-butylbutyramidc has indicated the pres- 
ence of RCONIJCHRl radicals. The spectra were resolved into 7 
lines at - 196", which passed into a 4 - h e  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 propylcne, 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 7 12. 

T h e  e.s.r. spectra of gamma-irradiated perfluoroacctamide indicated 
the presence of a CF2CONH2 r a ~ l i c a l l ~ - ~ ~ ,  and a study of the fluorine 
hyperfine spectra of irradiated single crystals l5 showed that in this 
radical, which was stable in air, the CF,CON partial structure was 
planar. Difluoroacetamidc gave equal amounts of CHFCONH, and 

CF2CONH, radicals, of which the latter wcrc morc thermally stable. 
Moaofluoroacetamidc, only afforded the CHFCONH, radical ". 
Irradiated ciystals of pentafluoropropionamide showed the presence of 
the CF,~FCONH,  radical stable at 3 0 0 " ~ ~ ~ - ~ ~ .  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 

CF,CF,COhH, and was formed by rupture of an N-H bond14. 
Perfluoro-n-butyramide similarly gave a CF,CF,C:FCONH, radical 13. 

11* 
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Gamma-irradiated monomeric acrylamide and methacrylamide 
gavc an c.s.r. signal which decayed on l i ~ a t i n g ~ ~ . ~ ~ .  Thc spectrum 
of thc radical from acrylamide was also changed on exposure to 
sulphur dioxide, and that from methacrylamide was destroycd on cx- 
posing the crystal to nitric oxidel9. Other studies of thc e.s.r. spec- 
trum of irradiated acrylamide suggested that radical polymerization 

involvcd the + CH,6HCONH2 radical-ion formed in the following 
sequence of reactions 20,21. 

CH,=CHCONH, > [C,h',NO]f + e-  

[C,H,NO]f + ?H2eHCONH2 

This radical-ion apparently scavcnged hydrogen bclow - 125" to 
givc the samc radical formed in thc radiation of propionamide. O n  
warming from - 125" to - 30" polymerization began17*21. The e.s.r. 
spectra of irradiated acrylamide, N,N'-methylenebisacrylarnide (8), 
N-methylolacrylamide (9) and N-t-butylacrylamide have also been 
measured 22. 

(CH2=CHCONH),CHZ CH2=CHCONHCH20H 

(8) (9) 

Mcasurements of the yields of hydrogen, carbon monoxide and 
methane formed in thc radiolysis of solid solutions of acrylamide and 
propionamide indicated energy-transfer reactions and scavenging of 
hydrogen atoms 23. Thc radiation-induccd polymerization of N- 
vinylsuccinimidc has been studied in the liquid 24 and solid state 25. 

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. 
N-Acetylamino acids serve as convcnient modcls for the peptidc 

linkage. The  spectra of irradiated N-acetylglycine showed the prcs- 

ence of the CH,CONHCHCO,H radical, and thc deutcrated com- 
pound 10 gave an identical doublet, which was also due to the 

CH ,CON DCHzC02D 

(10) 

-CH- radical 27. Acctylglycine, glycylglycine, diglycylglycine and 
triglycylglycinc showcd similar radical spectra 2B. The spectra of 
y-irradiated singlc crystals of glycylglycinc indicated the presence of 
thc radical II on thc carbon atom, sincc there was coupling from the 
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single hydrogen atom remaining on the carbon5 and hyperfine 
splitting from the I4N atom29-30. The doublet of thc glycylglycine 
radical was broad at room temperature, but  could be resolved into a 
four-line spectrum a t  liquid nitrogen temperature 31. Glycylglycine 
hydrochloride formed a similar radical 12 32. 

I; H,CH~CON H~HCO; C I - ~ ~ H ~ C H ~ C O N H ~ H C O ~ H  

(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 N-deuteroglycylglycine was also similar to that of the 
undeuterated compound 5*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 ~ n o l e c u l e ~ ~ .  

The  free radical yield (G;) for x-ray-irradiated crystals of gly- 
cylglycine was 7-0. hhxtures of glycylglycine with L-tyrosine and 
L-tryptophane showed a decrease in the G value. Furthermore, 
glycyl-L-tyrosine and glycyl-L-tryptophane had GI;. values of 3.1 and 
3-3, respectively, indicating radiation protection by the tyrosine and 
tryptophane units 34. The e.s.r. spectra of polycrystalline glycyl- 
glycine, glycylleucine, glycylvaline, glycylleucylvaline and glycyl- 
glycylleucylglycine have been measured 35*36. The radical yields 
G; of a number of di- and tripeptides at - 196" were reported to be: 
glycylglycine (2-5) , glycylprolinc (13) (3-3), a-alanyl-a-alanine (0.5) , 
@-alanyl-j?-alanine (0.4), glycylglycylleucine (14) ( 1-6) , glycylleucyl- 
glycine (0.7) and glutathione (15) (4.4) 37. 

When N-acetylglycine and N-acetylalanine were irradiated, the 
e.s.r. spectra showed the presence of radicals (16 and 17, respectively), 
which were stable to oxygen38. O n  dissolving the irradiated crystals 
of acetylglycine in water in the absence of oxygen, bisjacety1amino)- 
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 ii2 vacuo and then dissolved in water in the presence of oxygen, 
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NH2Clj2CONHCH,CONHCHC0,H 
I 

CHZCH(CH3L 

NH,CH,CON ;i 3 

CO,H 

(13) (14) 

H0,CCH (CH,),CON HCHCON HCH,CO,H 
I 

CH,SH 

(15) 

I 
NH2 

CH,CONHtHCO,H CH3CONH6(CH3)C02H 

(16) (17) 

less bis(acety1amino)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 GNH3. The solution of 
irradiated acetylglyciiic contained glyoxylic acid (Gtotal carbonyl 0.65) 

CH ,CON HCHCOzH 

CH3CONHCHC02H 
I 

(18) 

and direct nitrogen-carbon bond cleavage must have occurred 
(equation 3). However, since the GNH3 was higher than the Gcarbonyl, 
cleavage following equation (4) must also have taken place. 

(3) 

(4) 

The carbobenzoxy derivatives (19) of elcvcn amino acids were ir- 
radiated in the solid state, as were carbobenzoxyserylalanylala- 
nine ethyl ester, carbobenzoxyprolylglycylplienylalanine ethyl estcr 
and carbobenzoxyprolylglycylphenylalanine methyl cster 39. Carbo- 
benzoxyserylalanylalanine ethyl ester afforded a new unidentified 
amino acid on hydrolysis subsequent to irradiation, while proline and 
liydroxyproline were destroyed on irradiating their respective deriva- 
tives. The GCO2 values were also measured and found to be 0.10-0.30, 
indicating that protection of the amino group rendered the amino acid 
more resistant to radiation. Typical values were GcOz 0.25 for 
carbobenzoxyglycinc, and 0.14 for thc dcrivatives of plicnylalaninc and 
arginine, with 0-18 for those of glutamic acid and tryptophane. The 
radical yields were from 0.6 x except for carbo- 

CH3CONHCH2C02H ----+ CHSCHO + NH=CHCO,H 

CH3CONHCH,C02H ---> CH,CONH + tH,CO2H 

to 2.1 x 
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benzoxyglycine and carbobcnzoxyaspartic acid, which had C;t values 
of 10- ' and 4.9 x rcspcctively. Carbobcnzoxytryptophane 
(20) formed stable radicals, which could not be identified4O. The 
chemical destruction of the compounds was determined by dissolving 
the crystals and then hydrolysing the derivatives. The G-, values (for 
destruction of the original carbobenzoxy compound) were 2-1 1, being 
respectively 3.8 and 1 1 .O €or the derivativcs of glyciiie and tryptophane 
(20) 4O. 

Q=-=-CH2~HC02H 

PhCH,OCONHR NHCOOCH,Ph 

H 
(19) (20)  

Crystalline peptidcs have been irradiatcd with x-rays to doses of 
0-5-1 50 Mrad, and then dissolved and hydrolysed 41. Glycylglycyl- 
glycine aEordcd glycylglycylmethylaminc, formed by decarboxylation 
of the C-terminal amino acid, and also somc glyoxylic acid. y- 
Glutamylalaninc (21) formed glutaniic and pyruvic acid, and am- 
monia, presumably via the a,p-unsaturatcd compound 22. Gly- 

CH3 CH3 
I I 

H02CCH(CHz)ZCON=CC02H HOpCCH(CH2)ZCONHCHCOzH 
I 

NH2 
I 

NH!2 

(21) (22) 

cylvalylalanine also gave glycylvaline and ethylamine, after irra- 
diation and hydrolysis, whereas glutathionc (15) was converted to 
y-aminobutyrocysteinylglycinc (23) and y-glutamylcysteinylmethyl- 
aminc (24). 

NH,(CH,)3CONHCHCONHCHpC02H H 0 pC C H (C H 2 )  ZCO N H C H CO N H C H 3 
I 

CH,SH 
I I 

CHpSH NH2 

(23) (24) 

Recently, the radiolysis of acetamide in the stable rhombohedra1 
crystal form, in the metastable orthorhombic form and in the molten 
statc has bcen studied". The  more stable crystal form was less stable 
to radiolysis and formed more acetonitrile (G 1-0-1.2). This may be 
duc to strongcr hydrogen bonding in the crystal, resulting in tlie forma- 
tion of the en01 form (equation 5). Thc principal reaction, however, 

(5 )  CHdCONH2 - > CH,C(=NH)OH d CH3CN + H20 
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was breakage of carbon-hydrogen bonds , giving CH,CONH, 
radicals, which afforded succinamide (25) on melting the crystals. 
Some malonamide (26) was also formed, and must have arisen from 

C H z C O N H z  CHz(C0NHz)z  
I 

C H z C O N H z  

(25) (26) 

kONH, radicals. In the liquid phase carbon-carbon bonds were 
broken on radiolysis, giving methyl radicals. These radicals ab- 
stracted hydrogen from N-H and G-H bonds forming methane. 
The abstraction occurred from neighbouring bonds in the crystal and 
CH,COND, gave nearly equal amounts of methane and deutero- 
methane (CH,D). However, in the liquid state, abstraction took 
place from weaker C-€-I bonds and the ratio CH,: CH,D became 10. 

111. 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 
0.93) and dimethylamine, resulting from the breaking of CO-N 
and N-CH, bonds4,. The mechanism shown in Scheme 1 was 

HCON(CH3)z  - > HLO + &(CH,), 

HCON(CH3)z  - + HCOGCH, + C H ~  

H C O ~ J C H ~  - > 6 + C H , N C O  or L H ,  + H N C O  

SCIlEhlE 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(CH,), __f + t O N ( C H 3 ) z  (6) 
Acrylonitrile also depressed the formation of carbon monoxide by 
30y0, and this amount must have been formed through secondary 

rcactions of thermalized H e 0  radicals. Dissolved ferric chloride had 
no effect on the carbon monoxide yield and G(-FeC13) was 12.4 & 1.0, 
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which probably represented the true radical yield 43. 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 water 45. 

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 acetamidc, and glycylglycine 46. 
The G,,, value in pure heavy water was 0.49 k 0.02, and decreased to 
0.40 1- 0.02 in the presence of the amides. Thus the deuterium 
atoms formed on radiolysis cannot abstract a second deutcrium atom 
from either the COND, or COND groups, which were formed by 
exchange with the heavy water. 

When a 47" solution of 1-octene in a 1 : 1 mixture of formamide and 
t-butanol was irradiated with y rays or electrons, a 537" yield of non- 
amide was formed 47. 1-Heptene, 1-dodecene and cyclohexene also 
gave the corresponding higher homologous amides in yiclds of 50-78Y0, 
with G values of 3 to 3.5. Norbornene formed exo-norbornanecarbox- 
amidc in 807" yield, and the G value was 2-5. The mechanism sug- 
gestcd involved the formation of formamide radicals (equation 7), 
which then added onto the double bond of the olefin (equation 8). 

HCONH2 + 6 + eONH2 

(27) 

(7) 

RCH=CH, + ~ O N H ~  + R~HCH,CONH~ (8) 
(28) 

ReHCH2CONH2 + HCONH, - > RCH2CHzCONH2 + eONH2 (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 27. 
Other amides have also been reported to add to thc double bond of 
olefins 48. 

CONH2 RCHCH2CON H2 

CONHz 
I 

CONH, 
I 

(29) (30) 
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The  formation of hydrogcn chloride during thc y radiolysis of 5 
mole yo solutions of amidcs in carbon tetrachloride has been studied 49. 

Other products were chloroform, tetrachlorocthylene and hcxachloro- 
ethane. The amides used were formamide and acetamide, and their 
N-methyl, and N-phcnyl derivatives. G,,, was 8.46 to 23.29 and the 
N-methylated compounds generally gave higher G values, up to 106 
for N,N-dimeth~ilacetamidc. The reaction sequence suggested in- 
volved N-chloromcthylaniides (31) formed by hydrogen abstraction 
from the methyl group of the amidc, by trichloromethyl radicals 
(Scheme 2). 

CCLI - > ?I + ?CIS 

RCONR1CH3 + kCl, - > R C O N R ~ H ,  + CHCI, 

R C O N R ~ ~ H ~  -1- CCI, - Y RCONR1Ct-12CI + tCI J  

( 3 1 )  
SCIIEME 2. 

B. Aqueous Solution 

The majority of the ionizing radiation absorbed by a dilute aqueous 
solution is absorbed by the water moleculcs. In the abscnce of oxy- 
gen, the solvated electrons (e,) and the hydrogen atoms cause re- 
duction of any organic molecules present. However, in an oxygenated 
solution the solvated electrons or thc hydrogen atoms rcact with 

oxygen to form hydroperoxyl (HO,) radicals (cquations 10 and 11). 
These are both oxidizing species 50. 

e;, + 0 2  + 0, 

b;-!-H+ - > H b 2  (10) 

H+02- > H b 2  ( 1  1) 

The rates of reaction of hydrated electrons with N-acylamino com- 
pounds have been measured by competition with chloroacetic acid. 
The effect of the acylamino compounds at  varying concentration in 
reducing the G valuc for the radiolysis of cliloroacetic acid, lcads to a 
value for the ratio of the rate constants. Since thc rate constant for 
the reaction of chloroacetic acid with solvated clcctrons has bccn 
independently deterniincd, thc rate constants (in units l/molc sec) for 
the acylamino compounds follow. For N-acctylalanine, the rate con- 
stants were 2.3 x lo8 and 5.7 x 10' at pH 3 and 7, rcspectivcly. 
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The rate constant for N-cthylacetamidc was 5.7 x lo6 at 1113 3". 
Similar rate constants have been determined directly by pulsed 
r a d i ~ l y s i s ~ ~ - ~ ~ .  N-Acetylglycine showed a rate constant of 2 x lo7 
a t  pH 5-95, and AT-acetylalanine gave a value of lo7 pH 8.6 - 9.0. 
These values were lower than those of the corresponding free amino 
acids. However, the acylamino acids csist in solution as negative 
ions (CH,CONHRCO;). 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 
protonatcd amino greup. The rate constants for reaction with 
acetamide at p H  10.9 were 1.7 x for acylamide (pH 7) 3.3 x 

and succinimidc (pH 8.0) 
7.2 x The rate constant for reaction of hydrogen atoms with 
acetanilide at pH 7 has been determined to be 6.7 x loa 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 3.0 x logG0 and 2.6 x 
1 O9 60, respectively, by employing p-nitrosodimethylani!ine as 
scavenger. 

While most of the studies of the radiolysis products of amide com- 
pounds in aqueous solutions have been with polypeptides 61, some 
studies have been carried out using AT-acctylamino acids as models for 
the peptidc linkage. I n  oxygen-free solution the major product 
formed in the radiolysis of N-accty1,alycine was identified as oc,a'- 
diaminosuccinic acid (G 1.6) after hydrolysing the solution. This 
compound was formed, as its diacctyl 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 0.13)38. Reductive cleavage of the nitrogcn- 

formamide (pH 11) 4.2 x 

H02CCH2CH(NHz)COzH 

(32) 

carbon bond (equation 12) was not important, since the yield of 

aspartic acid, formed by attack of the CH,C02H radical on acetyl- 
glycine, was low and only very small amounts of acetic acid (from 

CF1,CO or CH,CO,H), glycinc (equation 13), and succinic acid 

CH3CONHCH2CO2H + h - > CH,CONHP + ?H,!CO,H 

CH3CONHCHZCOzH + 6 - > CH,?O +- NH,CH,CO2H 

(12) 

(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: 

CH,CONHCH,CO,H + 6 H  - CH3CONHeHCOzH + H,O 

CH3CONHtHC02H + 0, - CH,CONHCH(b>,)CO,H 

CH3CONHkHC02H + 0 2  + CH,CON=CHCO,H + H6, 
CH3CONHz + CHOCOZH 

or CH,CON=CHCO,H + H,O --+ CH,CONHCH(OH)CO,H ---+ 
CH,CONH, + CHOCOzH 

SCHEME 3. 

The GNH3 for acetylglycine and acetylalanine was about 3 in 
oxygenated 0.1 M solutionG3. This corresponded to GOHG4 and sug- 
gested that all the hydroxyl radicals were being scavcnged. 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 

CH3CONHtHCO2H + FeX" + H 2 0  + CH,COIVHCH(OH)CO,H + Fexx + 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 FeU1:peptide ratios the following relation existed 

-Gamido = G m 3  = GRCOCO~H 3.2 z Go,, + GnZo, 

since the ferric ion scavenged the solvated elcctrons and hydrogen 
atoms. At iower ratios the hydrogen atoms were not scavenged and 

-Gsmide = Grw3 = GRcoco21r z 4.0 % Go11 + G H ~ O ,  + GG 

The low yield of carbonyl compounds in the presence of oxygen again 
indicated that the peroxy radical underwent complex rcactions 63. 
At concentrations of acetylalaniiie above 0.1 M, the GNH3 vaiue iil- 
creased, reaching a value of 3 in 2-3 hi oxygen-free solutionG5. The  
incrcase in ammonia yield was not accompanied by a corresponding 
increase in the yield of carbonyl compounds, which remained a t  
G - 0.7. Formate ion did not reduce the GNH3 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 
ckctrons (equation 15), since the addition of chloroacctate did not 
reduce GNH3- However, naphthalene sulphonic acid, which is an 
effective quencher of exicted states, decreased GNH, to 1.0 at only 0.025 
M concentration. Apparently excitation of acctylalanine was caused 
by low-energy electrons, and the excited species that reacted with 
another molecule (equation 16). 
e, + CH3CONHCH(CH3)C0,H - > (CH,CONHCH(CH,)CO,H)‘ + 

CH,CONH - + tH(CH,)CO2H (15) 

(16) 

CH3CONHCH(CHs)CO,H* + CH3CONHCH(CH3)C02H + 
CH3CONH?(CH,)CO2H + CH3CONH2 + tH(CH3)CO2H 

An early study of the effect of x-ray on the ultraviolet light absorp- 
tion of N-acetyl-N-methyl-a-aminobutyric acid and N-benzoyl-a- 
aminoisobutyric acid 66 had shown that the absorption was displaced 
to longer wavelength. Ammonia was liberated, indicating that 
hydrolysis had occurred. I n  more recent studies 67, 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 b 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 ~ 4 ~ ~ .  

N H 
N CH3-C’ V H  

__f HO I I  I CH,-HC’ ‘C=O 

H0-C. NCH-CH~ I 1  
O=C,dCH-CH, N 

H H 
(33) (34) 

Further studies have shown that glycine anhydride and the mixed 
glycine-serine (35a) and alanine-serine (35b) anhydrides, on irradia- 
tion in the solid state and dissolution in oxygen-free water, showed no 

F 
CH 

I I  
rfN’ ‘C=o 

CH 
o=C\ /NH 

I 
~H,OH 

(35a) R = H; 
(35b) R =CH3 
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ultraviolet absorption. I-Iowever, the addition of 0.02 M sodium 
hydroxide resulted in rearrangement of thc dehydropeptidcs (e.g. 36) 
with the formation of the dihydroxypyrazines (37a,b) with maxima a t  

CH, 
11 

I /  

C 
HN’ ‘C=O 

O=C, ,NH 
CH 
I CH,OF 

CH,OH 

1I-t 

i 

3700 A. The anhydrides of phenylalanine-glycine (38a) and phenyl- 
alanylalanine (38b) undcr the same conditions formed 3-benzylidene-2, 
5-dikctopiperazincs (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 
radiolysis in aqueous solution ?O. N-Alkylnicotinamides were re- 
duccd in air-free ~olution’~, and nicotinamide N-methyl chloride ’’ 
and N-propyl iodide73 gave dihydro compounds, which were not the 
1,4-dihydro derivatives, but appeared to be dihydro dimers ’*. 

CHzPh CHPh CHPh 
I 

CH 
HN/ \c=o 

11 I 1  
C C 

HN/ ‘c=o OH- HN’ ‘C-0- 
I I __f I I - I I1 O=C\ ,NH o=c, ,NH O=C, ,N 

CH CH 
I 
R 

I 
R 

CH 

R 
I 

(3811) R=H; (39 ) (40 1 
(38b) R=CH3 

IV. PEPTIDES A N D  P O L Y M E R I C  AMDDES IN SOLUTION 

The rate constants €or the reactions of a number of peptides with 
hydrated electrons h a w  been measured in pulsed radiolysis experi- 
ments, or by competition with monochloroacetic acid (see Table 1). 
T h e  pcptidcs gcncrally react at rates 10 times higher than those of their 
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R a t e  constants for reaction of pcptides with 
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TABLE 1. 
hydrated electrons. 

b- 

10-Bk2 
Compound PH Method" (I/molc sec) Ref. 

Gly cylgly cine 

Glycylalanine 
Glycylleucine 

Glycylvalinc 
Glycylasparagine 

Glycylproline 
Glyc ylphenylalanine 
Glycyltyrosine 
Glycyltryptophane 
Alanylglycine 
Alanylleucine 
Alanylalanine 
Leucylgl ycine 
Leucylalanine 
Leucylleucine 
Phenylalanylphcnylalanine 
Histidinylhistidinc 

Glycylglycylgl ycinc 

Leucylglycylglycine 

Glutathione 
Glutathione oxidized 

3 
6.38 
6.7 
7 

1 1.75 
6-22 
5.9 
6.46 
8.74 
8-94 
5.97 
5.33 

11.41 
6.66 
6.7 
6-13 
6.37 
6.22 
6-46 
6.2 7 
6.09 
6-1 
5.97 
5.66 
5.5 1 
6-83 
7.3 
8.37 

11.0 
3 
6.0 
6.7 
6.7 
7.0 

11.1 
6.0 
9.5 

P' 
ca 
Pr 
ca 
ca 
P' 
P' 
P' 
P' 
11 1' 

p I' 
Dr 
P' 
1" 
P' 
P' 
Pr 
Pr 
P' 
P' 
Pr 
P' 
P' 
P' 
Pr 
P' 
Pr 
Pr 
Pr 
Pr 
ca 
P' 
ca 
P' 
ca 
Pr 
Pr 
Pr 
P' 
P' 

3.4 
8.9 
2.5 
1.0 
1.9 
0.5 
2.9 
1.5 
2.8 
0.7 
0.65 
2.6 
5.4 
0.8 

1 6 
4.1 
4.5 
2.1 
1 a3 
1 -3 
1.1 
1.5 
0.9 
4.5 

79.2 
24.3 
13 

11 

2-85 
0.5 1 
30 
9 
7.2 
9 
7.2 
0.9 
2.0 
0.5 

32 
46 

75 
52,76 
54,75 
76 
51 
54,75 
75 
75 
54 
54 
54 
75 
54 
54 
54 
75 
54 
54 
75 
54 
54 
54 
54 
54 
54 
54 
54 
75 
75 
75 
76 
54,75 
76 
52,54 
51 
54,75 
5 4 
5 4. 
75 
75 

a 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&’s as compared to 
the amino and a linear relation generally existed between the 
pK, and the logarithm of the rate constant54. The rate of reaction 
of hydrated electrons with thc peptide bond itself was less than 
2 x lo7 l/mole scc. Peptides with side-chain amino acids, such 
as glycylaspartylglycyltyrosine, were more reactive. The rate of 
reaction of histidinylhistidine varied greatly with the pH, and thc 
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 pcptidcs with hydroxyl 
radicals. 

Compound 
10-*k2 

PH (]/mole sec) Ref. 

Glycylglycine 

Glycylalanine 

Glycylleucine 
Glycylisolcucine 
Glycylvaline 
Glycylserine 
Glycylmethionine 

Glycylphenylalanine 
Glycyltryrosine 
Glycylproline 
Histidiny lhistidine 

Glycylglycylglycine 

Triglycylgly cine 

2 
6 
7 
2 
6 
2 
2 
2 
2 
2 
5 
2 
2 
2 
6 
7 
2 
3 
6 
8.6 
2 
2.5 
6 
7.8 
9.6 

0.95 
1.3 
1.6 
1.1 
2.1 

15 
14 
7.0 
3.4 
0.65 
1.3 
5.1 

8.4 
56 

54 
31 
0.88 
1.5 
2.0 
1.1 
1.4 
2.1 
2.7 
7.1 

18 

77 
77 
78 
77 
77 
77 
77 
77 
77 
77 
77 
77 
77 
77 
77 
79 
77 
77 
77 
77 
77 
77 
77 
77 
77 
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The sin1Plest dipeptide is glycylglycine, and in early studies *O it  
llokd that this compound formed about 507’ more ammonia 011 

radiolYsis tllan glycinc, whereas diglycylglycinc gave slightly less than 
the amino acid- Glycylalanine and glycylserinc afforded 12 and 18% 
ammolliay respectively *l, and glycylleucine formed glycine (G 0.97), 
but no h c i l l e  on radiolysis in aqueous solution82. The G-, value 
for glycylglycine has been variously reported to be 4.02 at 0.2 MradE2, 
2.0 at zero doseE3, and 2.79 a t  10 ~ r a d * ~ ’ * ~ .  The  G-,value has also 
been reported to decrease with increasing dose 82.86. The GNH3 value 
for glycylglycine increased with the concentration of solute and ap- 
proached a limiting value of 3.0, when all the reactive water species 

(013, H and e;?) were The  addition of formate ion, 
which preferentially scavenges hydrogen atoms, decreased the GNH3 
value to 2-5. Since the G,, 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 chloroacctic acid was added to an oxygen- 
free solution the GNH3 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 solution 66, the following compounds were 
investigated: glycylleucine, acetylalanyl-a-aminoisobutyric acid and 
acetylglycylleucylanilide in water, and acetylphenylalanylglycine, 
acetylphenylalanylalanine, acetylphenylalanylvaline, acetylphenyl- 
alanylaminoisobutyrylamidc, acetylphenylalanylalanylanilide, and 
acetylglycyllcucylanilide 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 dipcptides liberated ammonia, suggesting 
that the compounds hydrolysed to simple amino acids, which were 
then dehydrogenated to NH=CR,-type intermediates. 

RIorc recent work has included the analysis of the products formed 
on radiolysis 87.88. The  G-M values in oxygen-free solution of Icucyl- 
glycine and glycylleucine were 2-4 and 2.9, respectively 87. Leucine 
and glycine individually had G-M values of 2.1 and 1-57, whereas when 
a mixture was radiolysed the leucinc was destroyed preferentially 

GSIJ3 1.25 and GCO2 0.15. Traces of carboxyl COmpoUnds and volatile 
acids were also formed (each G 0.1). However, the maill Products 
were monoamino- alld diaminodicarboxylic acids (G 0.7 and 0.55, 
respectively). The  monoamiiiodicarboxylic acids were identified as 

( G - ~ ~ ~  3.0, 0.9). Leucylglycylglycine showed G-, 2-2, with 
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2-amino-3-methyladipic acid (44) formcd by reaction of radical 42, 
derived from leucine, with thc glycyl radical 43, arid 2-anlino-4- 

CH3 CH3 
*I I 

I 
NH, 

HOZCCHzCHzCH i ?HCOZH __ > H02CCHzCHzCHChC02t-! 
I 
NHZ 

(42) (43) (44) 

methylpimelic acid (47) formed by reaction of the radical (45) fi-om 
leucine with thc radical 46 from glycine. The diaminodicarboxylic 

CH3 CH3 
I I 

~ H ~ C H C H ~ C H C O ~ H  + ?H,CO,H + HO~CCH~CH,CHCH~CHCO,H 
I 
NHz 

I 
N Hz 

(45) (46) (47) 

acids were diaminosuccinic acid (dimer of 43) , 2,5-diamino-3,4- 
dimethyladipic acid (48) and 2,9-diamino-4,7-dimethylscbacic acid 
(49) (dimer of 45). 

CH3 CH3 CH 3 CH3 
I I  I I 

H0,CCHCH,CHCHzCH2CHCHzCI-COzH HOLCCHCH-CHCHCOZH 
I 

NHz 
I 

NHz 
I 
NHz 

I 
NH2 

(48) (49) 

An analysis of the products formed in the radiolysis of dipeptides 
derived from glycine, alaninc and leucinc 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 iicw peptide linked by a monoaminodicarboxy- 
lic acid. Two radicals (such as 43) also recombined to fbrm a peptide 
linked by a diarninodicarboxylic acid, and this accounted for 407" of 
the products from leucylglycinc. Reductive deaminatioii of the N- 
terminal amino acid gave ammonia and a radical on the end carbon 
atom, which formed an acyl peptide, and amounted for 10% of the 
reactions. Decarboxylation of' the C-terminal amino acid also 
occurred. In  the presence of oxygen oxidative deamiriation afforded 
an imino compound, which hydroll-sed 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 

+ H z 0  > NH=CR'COR __f NH3 + Or CR'COR NHzCHRICOR - (17) 
- 2H 

RCONHCHR'COsH d RCON=CR'CO,H + RCONH, + OCR'COZH 
(18) 
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and mctllylenc groups in the side-chain were also hydroxylated. 
Thus, 3-, 4- and 5-hydroxyleucinc were found in a radiolysed solution 
of leucylglycine after hydrolysis. The  scission of the carbon chain also 
o c ~ ~ r r e d ,  since y-mcthylglutamylglycine (58) , aspartyI&cine (51) 
and homoserylglycinc (52) were formed. Terminal decarboxylation 
was a minor reaction in the prescnce of oxygen88. 

CH, 
I 

HOZCCH2CHCONHCH2C02H H02CCHCHZCHCONHCH2COZH 
I I 

NHZ NH2 

(50) (61) 

HOCH2CHZCHCONHCH2C02H 
I 

NHz 

(52) 

Glycylglycyltyrosine was found to afford 3,4-dihydroxyphenylalanine 
(dopa) on hydrolysis following radiolysis. However, glycylleucyl- 
tyrosine and leucyltyrosine did not form dopaa9. The radio- 
lysis of 0.01 M solutions of glycylrnethionine and alanylmethionine to a 
dose of 5-1 mad destroyed one half of the methionine. However, a 
dose of 7.3 Mrad was required to destroy one half of the glycine or 
alanine moiety Sulphur compounds and other amino acids also 
protected glycylglycine from radiolysis 04. 

T h e  radiolysis of frozen IM aqueous solutions of glycylglycinc, a- 
alanyl-a-alanine and P-alanyl-/3-alanine resulted in the formation of 
radicalsg1, and these had the same structure as those formed in the 
solid state 92. The radiolysis of glycylglycylglycine has also bcen 
studiedg3. The G-M value for synthetic poly-a-L-glutamic acid has 
been found to be 3-5 in oxygenated solutiong4. O n  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-alaninc 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 pcptide bond 95. 

V. HOT-ATOM REACTIONS 

The majority of recoil studies involvino a. 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(n,p)14C 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 8.107, of the 
total activity was in the form of acetic acid. This acid had 62y0 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 52y0 of its activity in the 
methyl group, and 24y0 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 40y0 of its activity in 
each methyl group. A direct replacement of nitrogen for carbon-14, 
(' knock-ony process) would have resulted in a 507, distribution. 
Labelled acetonitrile was detected as a product of radiation damagc 
prior to activation 96. 

A more detailed analysis of the products from acetamideg7 has 
given the following radiochemical yields : formaldehyde ( 1.4), acet- 
amide (3-6), acctic acid (2.0), propionamidc (5.0) propionic acid 
(1 -O), acetone (0-5), diacetamide (53) (3-0), acetylacetonc (54) (4.2), 
malonamide (6.1) and succinamide (7.1 yo). 

CH3CONHCOCH3 CH3COCH,COCH3 

(53) (54) 

I n  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-1 1 labelled compounds, via thc 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 rcplacement 
amounted to 0-5y0 of the total radioactivc products, N-methylacet- 
amide and propionamide, formed by insertion, amount to less than 
5y0 each, and 2y0 acctonc was also formed by rcplaccnient of nitrogen 
by carbon. The other radioactive products were gaseous. The re- 

total yield of radioactive products. 
*The radiochemical yield is the yield of a labelled compound based on the 
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placement of tllc carbon atoms of thc carbonyl and mcthyl groups was 
in the ratio of 65 : 35 98. 

Thc activation of propionamide afforded thc labelled parent com- 
pound (3 .37,  radiochemical yield), n-butyramide (2.1 yo), isobutyr- 
amide (1*77,) and a trace of labelled ethyl methyl kctone. The 
individual products were not degraded in order to detcrmine the extent 
of labelling in each position. However, the four products were 
formed in the ratio 4-2 : 2.1 : 2.7 : 1 .O. 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. Thc gamma radiolysis of solid 
propionamidc 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 I4C-labelled oxamide 
and is as much labelled malonamide, formed by insertion of a 14CH, 
group loo. 

Benzamide gave labelled benzoic acid (3*8y0), after hydrolysis lo’, 
with 877, of the activity in the ring compared to the theoretical 
amount of 85.77’ ($) based on a random ‘knock-on’ process. 
Another study indicated 4.1 7, benzamide and 0.707, acetophenone lo’. 

Benzanilide ( 1-57,) has also been reported as a labelled product lo3. 

Nicotinamide afforded benzoic acid (0.470), as well as the labelled 
parent compound (3.47,) 

VI. REFERENCES 

1. A. .J. Swallow, Radiation Cfiemisty of Organic Compounds, Pergamon Press, 
New York, 1960. 

John Wiley and Sons, Ncw York, 1964. 
2. J. W. T. Spinks and R. J. Woods, An Introduction to Radiation Chemistry, 

3. P. B. Ayscough, Electron Spin Resonance in Chemirty, Barnes and Noble, 
New YoEk, 1968. 

4. C. F. Luck and W. J. Gordy, J .  Am. Chem. SOC., 78, 3240 (1956). 
5. I. Miyagawa and W. Gordy, J. Am. Chem. SOC., 83, 1036 (1961). 
6. M. T. Rogers, S.  J. K. Bolte, and P. S. Rao, J .  Am. Chem. SOC., 87,1875 ( 
7. S. J. K. Bolte, Thesis, Michigan State University, 1963. 
8. R. P. Kohin, Thesis, University Maryland, 1962. 
9. R. G. Bennett, R. L. McCarthy, B. Nolin, and J. Zimmerman, J .  

,1965). 

, Chem. 
Phys., 29, 249 (1958). 



332 Owen 2. Wheeler 

10. M. Kashiwagi, .I. Cfzem. Phys., 44, 2823 (1966). 
1 1. E. J. Burrell, J .  Am. Chem. SOC., 83, 574 (1961). 
12. A. S. Fomcnko, T. M. hbramova, E. P. Dav'eva, and A. A. Galina, Khim. 

13. R. H. Schramm and G .  B. Cox, Am. Phys. Sac. Mfg., New York, 1962. 
14. M. Iwasaki, K. Toriyama, and 13. Eda, J .  Chem. Phys., 42, 63 (1965). 
15. R. J. Lontz and W. Gordy, Paramagnelic Resonance, Vol. 11, Academic Press, 

16. R. J. Lontz, J .  Cliem. Phys., 45, 1339 (1966). 
17. A. J. Restaino, R. B. Mesrobian, H. Morawetz, D. S. Ballantine, G. J. 

Dienes, and P. J. Metz, J .  Am. Chem. Sac., 7 8 ,  2939 (1956). 
18. H. Ueda and Z .  Kuri, J .  Polymer Sci., 61, 333 (1962). 
19. H. Ueda, Z .  Kuri, and S. Shida, J .  Polymer Sci., 56, 251 (1962). 
20. H. Morawetz and T. A. Fadner, Makronzol. Chem., 34, 162 (1959). 
21. T. A. Fadner and 13. Morawetz, J .  Phys. Chenz., 45, 475 (1966). 
22. G. Adler, D. Ballantine, and B. Baysal, J .  Polymer Sci., 48, 195 (1960). 
23. G. .4dler, D. Ballantine, R. Ranganthan, and T. Davis, J .  Pftys. Chem., 68, 

Vys. Energ., 1, 314 (1967). 

New York, 1963, p. 795. 

2184 11964). 
24. G. Hardy, J. Varga, G. Nagy, and A. Helez, Magy. Kern. Folyoirat,'71, 313 

25. G. Hardy, J. Varga, G. Nagy, F. Cser, and J. Eroc, Magy. Kern. Folyoirat, 
(1965). 

73 ,  55 (1967). 
26. W. Seaman, J .  Pfzys. Cfiem., 65, 2029 (1961). 
27. 1. Miyagawa, 1'. Kurita, and W. Gordy, J .  Cfiem. Phys., 33, 1599 (1960). 
28. D. K. Ghosh and D. 1% Whiffen, Mol. Phys., 2, 285 (1959). 
29. M. Katayama and W. Gordy, J .  Chem. Phys., 35, 117 (1961). 
30. W. C. Lin and C. A. LMcDowell, Mol. Phys., 4, 333 (1961). 
31. H. G. Freund, Am. Phys. SOC. Mtg., Washington, D.C., 1964. 
32. H. C. Box, H. G. Freund, and K. T. Lilga, J .  Chenz. Pfzys., 38, 2100 (1963). 
33. R. S. Mangiaracina, Radiation Res., 26, 313 (1965). 
34. J. Depireux and A. Mueller, Proc. Colloq. AMPERE,  12, 2625 (1963). 
35. B. Sanacv, K. G. Yanova, V. A. Sharpatyi, A. P. Ibragimov, D. D. 

36. W. Gordy, Rejort PB-181506, Duke Univ., Durham, N.C., 1966, p. 85. 
37. V. A. Sharpatyi, K. G. Ianova, A. V. Tuichiev, and A. P. Ibragimov, 

38. W. M. Garrison and 13. h4. Weeks, Radiation Res., 17, 341 (1962). 
39. R. Badicllo and A. Breccia, 0ztern. J .  Af$l. Radiation Isotopes, 15, 763 (1964). 
40. R. Badiello, A. Breccia, and R. Budini, ItzLenz. J .  Af~pl .  Radialion Isotoi,es, 

41. B. Rajewsky and K. Dose, Z. Nutztrfrsch., 12b, 384 (1957). 
42. K. Narayana Rao and A. 0. Allen, J .  Phgs. Clrern., 72,  2 181 (1968). 
43. N. Colebourne, E. Collinson, and F. S. Dainton, Trans. Faradag SOC., 59, 

886 (1963). 
44. N. Colebournc, E. Collinson, D. J. Curric, and F. S. Dainton, Trans.  

FararIay Sac., 59, 1357 (1963). 
45. 13. A. Armstrong, E. Collinson, and F. S. Dainton, Tmns. Faraday Sac., 

55, 1375 (1959). 
46. P. Riesz and 13. E. Burr, Radiation Res., 16, 661 (1962). 

klargolin, and U. V. Maslov, Zh. Fiz. Khim., 39, 2510 (1965). 

Dokl. Akud. Nazck SSSR, 157, 660 ( 1  964). 

17, 61 (1966). 



6. Radiation chemistry of aniides 333 

47. J. Rokach, C. H. Krauch, and D. Elad, Tetrahedron Letters, 28, 3253 (1966). 
48. I<. Okaka and K. Isawa, Kuguku Kojo, 7, 22 (1963). 
49. R. H. Wiley, R. L. S. Patterson, G. F. Chesnut, and E. Griinhut, Radialion 

50. A. J. Swallow, Photocfiem. Photobiol., 7, 682 (1968). 
51. R. L. S. Willix and W. M. Garrison, Report UCKL-16580, Lawrence 

52. R. Braams, in Pulse Radiolysis (Ed. M. Ebcrt), Academic Press, New York, 

53. R. Braams, Radiation Res., 27, 319 (1966). 
54. R. Braams, Radiation Res., 31, 8 (1967). 
55. M. Anbar and P. Neta, Intern. J .  A j f L  Radiation Isotof~es, 18, 4.93 (1967). 
56. K. Chambers, E. Collinson, F. S. Dainton, and W. Seddon, Cfiem. Conz- 

57. A. Szutka, J. K. Thomas, S. Gordon, and E. J. Hart, J .  Pfzys. Cheni., 69, 

58. h1. Anbar, D. Meyerstein, and P. Neta, Nature, 209, 131.8 (1966). 
59. M. Anbar, D. Mcycrstein, and P. Neta, J .  Chern. SOC. ( B ) ,  742 (1966). 
60. M. Anbar, D. Meyerstein, and P. Ncta, .I. Z’hgs. Chem., 70, 2660 (1966). 
6 1. 0. H. Wheeler, Photocfiem. Pfiotobiol., 7, 675 (1 968). 
62. B. M. Weeks, S. Cole, and W. R4. Garrison, Rejort UCRL-10185, 

Lawrence Rad. Lab., U. Cal., Berkeley, 1962. 
63. H. L. Atkins, W. Bennett-Corniea, and W. R4. Garrison, J .  Pfiys. Cfietn., 71, 

772 (1967). 
64. E. Hayon, Trans. Faraday SOC., 61, 723 (1965). 
65. M. A. J. Rodgers and W. M. Garrison, J .  Pfzys. Chem., 72, 758 (1968). 
66. A. J. Allen, R. E. Steiger, M. A. Magill, and R. G. Franklin, Biochem. J., 

31, 195 (1937). 
67. M. Kland-English and W. M. Garrison, Nature, 189, 302 (1961). 
68. M. Kland-English and W. M. Garrison, hruture, 197, 895 (1963). 
69. M. Kland-English and W. M. Garrison, Rejort UCRL- 16580, Lawrence 

Rad. Lab., U. Cal., Berkeley, 1965, p. 210. 
70. M. Sjostedt and L. E. Ericson, Acta Chem. Scatzd., 16, 1389 (1962). 
71. G. Stein, J .  Cfzim. Phys., 52, 634 (1955). 
72. G. Stein and A. J. Swallow, Nature, 173, 937 (1954). 
73. G. Stein and G. Stiassny, Nature, 176, 734 (1956). 
74. G. Stcin and A. J. Swallow, J .  Chern. SOC., 306 (1958). 
75. J. V. Davies, M. Ebert, and A. J. Swallow, in Pulse Radiolysis (Ed. M. 

Ebert), Academic Press, New York, 1965, p. 165. 
76. R. L. S. Willis and W. M. Garrison, Radiation Res., 32, 452 (1967). 
77. G. Scholes, P. Shaw, R. L. Wilson, and M. Ebert, in Ptrlse Radiolysis (Ed. 

78. G. E. Adams, J. W. Boag, J. Currant, and B. D. Michael, in Pulse Radiolysis 

79. D. R. Kalkwarf, FIunford Radial. Science Res. Dev., Ann. Rept., HW-81746 

80. w. i\.I. ~ ~ l ~ ,  J. \?. Davits, and C. W. Gilbert, Biocfmz. J., 45, 93 (1949). 
81. E. S. G. Barren, Ann. N. Y. /Icad. Sci., 59, 574. (1959). 
82. H. Ilatano, J .  Radiation Res. (Jakan), 1, 38 (1960). 

Res., 22, 253 (1964). 

Rad. Lab., U. Cal., Berkeley, 1965, p. 207. 

1 9 6 5 , ~ .  171. 

mun., 498 (1966). 

289 (1965). 

pvI. Ebert), Academic Press, New York, 1965, p. 151. 

(Ed. M. Ebert), Academic Press, NCIV York, 1965, p. 131. 

(1963). 



334 Owen H. Wheeler 

83. M. S. Kang, Kisul Yon Guso Pogo, 4, 46 (1965). 
84. 0. H. Wheeler, M. Santos, R. A. Ribot, and M. Castro, Radiation Res., 36, 

85. 0. H. Wheeler and D. Julian, unpublished results. 
86. 0. H. Wheeler and G. Infante, unpublished results. 
87. J. Liebster and J. Kopoldova, Nature, 203, 636 (1964). 
88. J. Liebster and J. Kopoldova, Radiation Res., 27, 162 (1966). 
89. G. L. Fletcher and S. Okada, Radiation Res., 15, 349 (1961). 
90. F. Shimazu, U. S. Kumta, and A. L. Tappel, Radiation Res., 22, 276 (1964). 
91. V. A. Sharpatyi, K. G. Yanova, A. V. Topchiev, and A. P. Ibragimov, 

Zh. Fiz. Khim., 39, 232 (1965). 
92. B. Sanzev, K. G. Yanova, V. A. Sharpatyi, A. P. Ibragimov, D. D. 

Morgolin, and B. V. Maslov, Zh. Fiz. Khim., 39, 2510 (1965). 
93. C .  A. Leone and M.-S. Kang, Radioisotopes (Tokyo) ,  14, 303 (1965). 
94. E. M. Southern and D. N. Rhodes, Radiation Preservation o f  Foods, Am. 

95. K. S. Korgaonkar and S. V. Joshi, Radiation Res., 35, 213 (1968). 
96. A. P. Wolf, C .  S. Redvanly, and R. C. Anderson, J .  Am. Chem. SOL, 79, 

97. T. W. Lapp and R. W. Kiser, J. Phys. Chem., 66, 1730 (1962). 
98. B. Diehn, Thesis, Univ. of Kansas, (1964). 
99. E. Tachikawa and G. Tsuchihashi, Bull. Chem. SOC. Japati, 34, 770 (1961). 

100. E. Tachikawa and G. Tsuchihashi, Radioisotojes, 10, 420 (196 1). 
101. A. P. Wolf, Chemical Effects of Nuclear Transformations, Vol. 11, International 

Atomic Energy Agency, Vienna, 1961, p. 3. 
102. M. Zifferero and D. Sordelli, Recerca Sci., 26, 1194 (1956). 
103. F. Caczce, L. Cieri, and M. Zifferero, Ann. Chim. (Rome), 47, 892 (1957). 
104. R. C. Anderson, E. Penna-Franca, and .4. P. Wolf, Brookhaven National 

BOl (1968). 

Chem. SOC., Monograph, Washington, (1966). 

3717 (1957). 

Lab. Quart. Progress Rept., BNL 326 (S-24), (1954). 



CHAPTER 7 

Chemistry of imidic 
CQmpOUndS 

OWEN H. WHEELER 

Puerto Rico Nuclear Center, Mayaguet, Puerto Rico 

and 
OSCAR ROSADO 

University of Puerto Rico at Mayaguez, Puerlo Rico 

I. INTRODUCTION . 
11. SYNTHESIS 

A. Synthesis from Amidcs and Amidic Acids 
B. Synthesis from Carboxylic Acids and Derivatives 
C. Synthesis from Isocyanates . 
D. Miscellaneous Methods of Synthesis 

111. PHYSICAL PROPERTIES 
A. Dipole Moments 
B. Infrared Spectra . 
C. Ultraviolet Spectra . 
D. Nuclear Magnetic Resonance Spectra 
E. Mass Spectra . 

A. Hydrolysis and Exchange . 
13. Reduction . 
C. Reactions with Grignard Reagents . 
D. N-Haloimides . 
E. Miscellaneous Reactions . 

. 

. 

. 

IV. REACTIONS 

V. REFERENCES . 

~ ~- 

335 
337 
337 
343 
347 
34.8 
352 
352 
355 
358 
360 
36 1 
362 
362 
365 
368 
369 
372 
375 

1. 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, R’ = R2 = CH,), or as 
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-CONHCO- R'CON HCOR" 

(1) (2) 

mixed imides, such as N-acetylpropionamidc (2, R1 = C,H,, R2 = 

CH,). The imide group is also present in the 4-, 5- and 6-membered 
ring compounds, malonimide ( 2,4-azetidinedioneY 3) , succinimide 
(2,5-pyrrolidinedione, 4) and glutarimide (2,6-piperidinedioneY 5) .  

co CH2-CO CH,-CO 

I NH H2C 'NH 
I / 

\CH2-C0 / 

/ / \  \ 
HaC NH 

\ C 6  CH2-CO 

(3) (4) (5 )  

The unsaturated imide, maleimide (2,5-pyrroledioneJ 6) and the 
aromatic imide, phthalimide (1,3-isoindoledione, 7) are important 
compounds. Other imides are named as derivatives of the dicar- 

(6) (7) 

boxylic acids by adding imide to the root name instead of ic. Thus 
compound 8 is cyclohexane- 1 ,Z-dicarboximide (hexahydrophthali- 
mide) and compound 9 is naphthalene 2,3-dicarboximide (2,3- 
benz[flisoindole- 1,3-dione). More complex compounds are named 

(8)  (9) (10) 

systcmatically from thc corrcsponding ring system. 
10 is 4- (4-methyl-2,6-dioxo- 1 -phcnyl-4-piperid-4-yl) butyric acid. 

of the imidic group. 

Thus, compound 

The presence of other hnctional groups can modify the properties 
The chemistry of hydantoin (11) and isocyanuric 

NH-CO NH-CO 
/ \ 

\ / 
NH-CO 

NH co 
\ 

CH2-CO 
I /NH 

(11) (12) 

acid (12) is vastly differcnt fiom tliat of the imidcs and is not con- 
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l h c  carbodiimides (13) are not iniidic com- 
Thc reactions of the isoiniides, such as N-alkylphthalisoimide 

sidered in this chapter. 
pounds. 

RN=C=NR aC% 
C' 
I1 

(13) 

N R  
(14) 

(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 maleimide Diglycollamide (15) also afforded 
diglycollimide (16) when heated. Maleamide was also converted 

(15) (16) (17) 

to maleimide by heating with zinc chloride2, and treatment of succin- 
amide with sulphur monochloride gave succinimide 3. 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 affordcd diisobutyramide 
(19) and N-(triphenylmcthy1)isobutyramide (20) 6 .  

(EtC0)2NH (i-PrC0)2NH i-PrCONHCPh3 

(18) (19) (20) 

Amides react with the acid anhydrides in two ways to form either 
imides or nitriles. The uncatalysed reaction produccs nitriles, while 
strong acid catalysis produces the imides'. Thus, the uncatalysed 
reaction of propionamide with propionic anhydride resulted in a high 
yield of propionitrile *. 

Since dipropionamide did not form propionitrile under the same 
1 2 + C.O.  A. 
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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 

I I 

+ 
RCONHZ RC=NH,-R'CO, .=. RC=NH + R'COZH 

II 
RCN + 2R'COzH 

OCOR' 

II 
H 
N+ 

I -  
0, 40 

R-C+ 'y 

C 
I 

\ RCQNHCOR' 

R' 
(22) 

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 beiizamide and acetyl chloride 
produced an imide (equation l),  while acetamide and benzoyl 
chloride gave a nitrile (equation 2). The inductive effects of the 

H 

N +  N 
I 

Ph-CQ \H Ph-CQ 'H - PhCONHCOCH, ( 1 )  I : -  - 
O,c+O I @O+-H I (25) 

CH, CH3 

(23) (24) 

H,C- c@Z\H - CH,CN + PhCOzH + H+ 
0, tz .- 

C 
I 

Ph 
(26) 

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- 
bony1 group on the tcrtiary nitrogen atoma. 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 
acid”. 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 N-acetyl- 

PhCONH, + (MeC0)20 + PhCONHCOMe 

(25) 

benzamide (25). Similarly a 52y0 yield of N-benzoyl-N-phenyl- 
acetamide (27) was obtaincd 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”jb yield. The same com- 
pound was obtained in 96ojb 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 

PhCHzCOCl 
PhCONH2 + PhCHzCOCl PhCH2CONHCOPh A PhCHzCO 

\ 

(27) 

\ 

NH 
/ 

PhCHzCO 

(28) 

from either phenylacetic anhydride or phenylacetyl chloride is evi- 

PhCHzC=O + + 
PhCONHz PhCONH2COCH2Ph T PhC=O + PhCH,CONHZ 

(29) 
+ 

PhCHzC = 0 - PhCHzCON HCOCHZPh 

(28) 

dence for the phenylacetyl carbonium ion acting as intcrrnediate, 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. 

I n  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 thc original amide (30), it follows that it is 

RCOCI 
RCONHz + RCOCI CJHGN R-C=NH - R-C=NCOR 

C,H,N If 
OCOR 

I 
OCOR 

I (30) (31) 

(RCO),N 

acylated in preference g. N-Acetylpyrrolidone (32, n = 3), N-acetyl- 
caprolactam (32, n = 5) and similar compounds were formed directly 
from the cyclic lactam and acetic anhydride lo. Succinimide, phthal- 
imide, tetrahydrophthalimide and naphthalimide have been N- 
acetylated using ketene in the presence of acetic acid in carbon 
tetrachloride I1. 

The reaction of thioacctamide with acetyl chloride in acetonitrile 
in the presence of pyridine produced N-acetylthioacetamicle (33), and 

p c = o  
( cE t ! JCOCH,  CH,CSNHCOCI-I, 

(32) (33) (34) 

phthaloyl chloride reacted with thioacctamide under similar condi- 
tions to produce N-thioacetylphthalimide (34) 12. 

The amide and carboxylic groups in amidic acids react internally 
to form cyclic imides. Thus, glutariniide can be synthesized by dis- 
tilling glutaramic acid13. Phthalamic acid (35, R = 11) also cy- 
clized to phthalimide when heated to 155 O 14, and phthalanilic acid 

(35) (36) 

(35, R = Ph) gave plithalanil (36) when melted at 17Ool5. How- 
ever, treatment of phthalanilic acid with acctyl chloride produced 
3-phenyliminophthalide (as-phthalanil, 37) 16. This compound re- 
arranged to plithalanil (36) when shaken with concentrated potassium 
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,NPh 

HCCONI-!, RCCONHR' 

HCC0,H HCC0,I-f 
II II 

carbonatel'. NIaleaInic acid (38) cyclized to maleimide I*; N-alkyl- 
maleamic acids (39, R = H) and N-alkylcitraconamic acids (30, 
R = CH,) ring-closed to the corresponding substituted maleimides19. 
N-(p-Anisy1)maleamic acid, was converted to N-(p-anisy1)maleimide 
when heated with phosphorus pentoxide in toluene zo. Similarly, 
N-phenylmaleamic acid gave N-phenylmalcimide when heated with 
phosphorus pentoxide or with sodium acetate and acetic anhydride. 
N-a-Naphthylmaleamic acid also formed the corresponding male- 
imide, but N-(pcarboxypheny1)maleamic acid (40) and N-carbeth- 
oxymaleamic acid (41) could not be cyclizedZ1. Oxanilic acid (42) 

HCO,CH= CHCONHC,H,CO,H-p HCO,CH=CHCONHCOZC,HS 

(40) (41) 

has been reported to give oxanil (43, R = C,H,) when treated with 

co ~- I \ N R  
CONHC6H5 

I 
COzH / co 

\ 
R N  /cO-cO NR 

/ co-co \ 

(42) (43) (44) 

thionyl chloridez3. However, the product was shown to be 1,4- 
diphenyl-2,3,5,6-tctrakctopipcrazine (44, R = C,H,) 24. Attempts 
to form oximide (43, R = H) also resulted in the formation of tetra- 
ketopiperazine (44, R = H)25. 

3,SDiaryl- and dialkyl-2,4-azetidinediones have been synthesized 
in a scries of reactions in which the disubstitutcd cyanoacctic esters 
(45) were partially hydrolysed with concentrated sulphuric acid to thc 
ester monoamides. These were then hydrolysed with alcoholic 
potassium hydroxide to the malonic monoamides (46) , which were 
cyclized by treating with thionyl chloride in pyridine z6. Ethyl 
cyclohexyl-n-propylcyaiioacctate (45, R = CG€Tl, ; R1 -- n-Pr; R2 = 
Et) was similarly convcrted to 3-cycloliexyl-3-n-propylmalonimide27. 
The hydrolysis of 3-carbctlioxy-2-plienylsuccinamic acid (47) with 
sodium hydroxide gave a-carkoxy-a'-phenylsuccinimide (48) 

Succinamic acid azide (49) affordcd succinimide when treated with 
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H02C 

CH-CO 
\ 

Ph-CH-CO2H 
I 
I 

CHC0,Et 

CONHZ 

\ 

CH-CO 
/ 

Ph 

(47) (48) 

0.2 N sodium hydroxide 2g. The hydrochloride of 5-cyanovaleramide 

(49) (50) (51) 

(50) gave 25Y0 adipimide and 23y0 bis(5-cyanova1er)amide (51) on 
heating to 180" for 1 hr. The hydrochloride of benzamide (52, 
R = Ph) afforded dibenzamide (53), benzonitrile and benzoic acid 

OH 

(PhCO),NH 

(52)  (53) 

on heating, and acetamide hydrochloride (52, R = CH,) formed di- 
acetamide, acetyl chloride and acetic acid 30. 

The rate of cyclization of the N-arylmaleamic acids to imides in 
the solid phase below their melting points has been studied. &(I- 
Aminopheny1)maleamic acid was 7y0 cyclized in 199 min at 214". 
The N-p-chlorophenyl compound was 967, cyclized in 40 min 
at  143", and N-(p-to1yl)malcamic acid gave 76y0 imide at 160" and 
92y0 at  205" min31. 

A number of cyclic amino acids (54, n = 2-4, 55, 56, and 57) 
could not be cyclized to bicyclic amidcs 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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C H 2-CH 9 CO-CH2 

CH-CHnC02H 
/ \- / \ 

/ \ 
N H  N H  CH(CH,),C02H 

/ 
CO-CH2 C H  2-C H 2 

\ 

B. Synthesis from Carboxylic Acids and Derivatives 

The reaction of an acid or acid derivativc with amines or ammonia 
has been extensively used in the preparation of imides. 

A comparison has been made of the yields of N-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 a t  125-175" for 3-5 hr  distilling off the water, or by azeo- 
tropic distillation of water with p - ~ y m e n e ~ ~ .  The latter method gave 
better yields. Glutaric acid formed some glutaric acid diamide, 
although no succinic diamide was formed. 

When succinic anhydride was hcated with ammonia, succinimide 
as well as succinamic acid and succinamide were formed34. Glutar- 
imide was obtained when glutaric acid and ammonium hydroxide 
were refluxcd and then heatcd to 170-180" 35. cis-Cyclohexane- 
I ,3-dicarboximide was also prepared by distilling a mixture of 
the corresponding dicarboxylic acid and ammonium hydroxide 36. 
Cyclopentane- lY2-dicarboximide was similarly prepared from the 
corresponding anhydride 37. N-(n-Dodecyl)-cis-cyclohexane-l,2-di- 
carboximide resulted from heating the anhydride with n-dodecylamine 
in xylcne 38. N-(2-Hydroxyethyl)camphorimide (58) was prepared 
by hcating camphoric anhydride with ethanolaminc. This compound 
was convcrted to the N-vinylimidc (59) by heating in a sealed tube to 
500" 39. Aniline maleate formed AT-phenylmaleimide on heating l, 
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and maleic acid and aniline formed the same compound when heated 
with phosphorus pentoxide in dioxan 22. 

Acetic anhydride formed diacetamide, and propionic anhydride 
afforded dipropionamide when heated with cyanamidc in xylene. 
A 2: l  mixture of acetic and propionic anhydrides gave 19-5x 
diacetamide and 22.5 '7, dipropionamide 40. 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 
plithalic anhydride and gaseous or aqueous ammonia to 300" 42. 

Heating phthalic acid or phthalic anhydride with ammonium car- 
bonate or urea also gave phthalimide 43. Phthalic anhydride also 
reacted with hydrazine in ethanol to form N-aminophthalimide 
(60, R = H). However, on heating with an excess ofhydrazine or on 

?* 

treatment with acid or alkali this comDound transformed to 
I 

lJ4-dihydroxyphthalazine (61) 44. Phthalic anhydride and phenyl- 
hydrazine yielded N-anilinophthalimide (60, R = C,H,) 45. 4- 
Amino-N-arylphthalimides (63) have been prepared by reacting the 
dimetliyl p-aminophthalate (62) with anilines 46. 

(62) (63) 

Disubstituted malonic acids were converted to the substituted N- 
amiiiomalonimides (64) by reaction with hydrazine or substituted 
hydrazines 47. Thus, l-amino-3,3-diethyl-2,4-azetidinedione (64, 

R co 



7. Chemistry of imidic compounds 345 

R = Et;  R1 = H) was syiitlicsized by reacting diethylmalonyl 
chloride with acetone hydrazone in methylcnc chloride in the presencc 
of triethylaminc, followed by treatment with cold hydrogen chloride 
in ethanol 48. 

Phthalic anhydride reacted with amino azides to form N-azido- 
alkylphthalimides 49. In addition, azidoacetamide (65, R = H) con- 

RCH(N3)CONHz + N3CHZCOCI d RCH(NS)CONHCOCH,N3 

(65)  (66) (67) 

densed with azidoacetyl chloride (66) in boiling xylene to form bis- 
(azidoacety1)imide (67, R = H). ‘The azidoimide was converted to 
diglycylimide (68, R = H) on reaction with hydrogen bromide in 

(68) (69) 

acetic acid and acetone. Diglycylimide rearranged on treatment with 
a trace of triethylamine in 8507, ethanol to glycylglycine (69, R = H). 
Other azidoamides (65, R = Me, i-Pr etc.) were subjected to the same 
series of reactions, and the asymmetric imides (68) rearranged to a 
mixture of dipeptides 50. 

a-N-Phthalimidoglutarimide (thalidomide, 71) has been syn- 
thesized by first reacting phthalimide with glutamic acid to form 
01-( N-phtha1imido)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 

RC H ( N H Z )  CO N H CO C H , N H RCH(NH2)CONHCHZCOZH 

Qf&; 2C H &O,H a2q oAN 
H 

(71) (70) 

A general route for the preparation of imides is the reaction of a 
This reaction, pre- 

RCN + RCOZH + (RC0)2NH (3) 

ArC0,H + RCN - F RCOZH + 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 imidcs can be synthesized 
using this reaction, and succinimide was formed from /3-cyanopropionic 

carboxylic acid with a nitrile (equation 3)”. 

12* 
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RCN + (RC0)aO - > (RCO),N 

(73) 

acid by internal a d d i t i ~ n ~ ~ * ~ ~ .  A mixture of benzyl cyanide and 
phenylacetic acid formed 1 7 Yo bis-phenylacetamide and 6-7y0 
phenylacetic anhydride on heating. Amy1 cyanide and hexanoic 
acid siniilarly afforded 9-47, dihexanoamide and 2"/, hexanoic 
anhydride 8. 

Homophthalimide (74) has been prepared by the action of acids 
on the dinitrilc, o-cyanobenzyl cyanide (73) 56. The reaction must 

(73) (74) 

involve a parthl hydration of one of the cyanide groups". 1,2- 
NH 

(75) (76) 

Dicyanoethane gave succinimide on heating with dilute sulphuric 
acid at 153-1 70" for 6 hr, and 1,3-dicyanopropane formed glutarimide 
by heating for 5-10 hr at  180-200"5*. o-Cyanobenzamide (75), how- 
ever, formed imidophthalimide (76) on heating 58,59. 

The reaction of a thiocarbonyl group with a nitrile is a general 
method for preparing cyclic irnides with a sulphur atom in the ring60-62. 
Thus, 2,4-thiazolidenedione (7'7) was synthesized by treating thio- 
cyanoacetic acid with sulphuric acid 60. /3-Thiocyanopropionic acid 
was also converted into 1,3-thiazane-2,4-dione (78) using small 
amounts of thionyl chloride, phosphorus oxychloride or aluminium 
trichloride 54. This same compound was prepared by treating ,8- 
iodopropionic acid with xanthogenamide (79) and acetic anhydride 63. 

0 
/ s-c 

I "H 

5 
I t  N HzCOCzHs 

"0 

(77) (79) 
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C. Synthesis from Isocyanates 

The reaction of a n  isocyanate with an acid anhydride has been used 
for the preparation of imides. Phthalic anhydride was found to react 
with phenyl isocyanate giving N-phenylphthalimide (80) in 71 yo 
yield. Acetic anhydride also reacted with phenyl isocyanate to yield 
N-phenyldiacetamidc 64. To explain the formation of imides, it is 

+ O N = . = .  - aC5a co 

(W 
assumed that there is an initial addition of the anhydride to the 
isocyanate. The resulting mixed anhydride 8P is unstable and 

loses carbon dioxide 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-l-14C acid libcrated un- 
labelled carbon dioxide (equation 5) 65. 

PhNCO + CH,'"C02H + PhNHCOO''COCH3 ___f PhNH''COCH3 + COz 
(5) 

Monothiophthalimides (83) and monothiohomophthalimides have 
been synthesized by the cyclization of acyl isothiocyanates (82) with 
aluminium trichloride66. Acylureas can also be preparcd by the 
reaction of isocyanates with imides (equation 6), and the substituents 

( y O N C S  _3 fJfe, 
C's 

can be alkyl or aryl  group^^'.^^. 
RNCO + R1CONH2 + RNHCONHCOR' 
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When diphenylketene (84) was reacted with methyl isocyanate (85), 
the product was N-methyldiphenylmalonimide (86), and this reac- 

Ph Ph co 
N Me 

\c/ \ 

Ph / \c6 
C=C=O + M e N C O  + \ 

/ 
Ph 

(54) (85.) (86) 

tion was used to prepare a series of malonimides69. The reaction of 
cyclohexanecarboxylic acid chloride (87) with phenyl isocyanate in 
the presence of tricthylamine in benzene gave N-phenylpentamethyl- 
enemalonimide (88), from the ketene formed in situ 70. 

(COCl + PhNCO a 

D. Miscellaneous Methods of Synthesis 

Imides have been prepared by other special methods, starting with 
hydrocarbons, or from nitrogen-containing compounds. 

Phthalimide was formcd when o-xylene was passed with air and 
ammonia over a catalyst of vanadium pcntoxide or alumina 71. 
However, o-tolunitrile and phthalonitrile were also formed 72. A tin 
vanadate catalyst has also been used73. The use of a 16% molyb- 
denum trioxide and 2 7" vanadium pentoxide on alumina catalyst 
resulted in 95.8% phthalimidc and 2.5% phthalonitrile 74. A 
phosphorus pentoxide-vanadium pentoxide catalyst afforded largely 
phthalonitrile with little phthalimide 75. Substituents ortho to thc 
methyl groups in o-xylene inhibited thc formation of phthalonitriles, 
but did not reduce the amounts of phthalimidesS6. 1-Nitronaph- 
thalene has been oxidized in the vapour phase a t  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 prcscnce of eosin gave a good yield (327") 
of the dihydromaleimide (S9), which could be oxidized to maleimide 
with manganese dioxide. N-hllcthylpyrrole similarly gave N- 
methylmaleimide 79. 2-Formylpyrrolc (90) was also oxidizcd to 
succinimide with hydrogen peroxide in thc presence of pyridine 'O. 
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H 
H O  

H 

The reaction of acrylamide with carbon monoxide at 160-180" and 
100-300 atm using Kaney nickel, cobalt salts or cobalt carbonyl as 
catalyst gave an 8 1 yo yield of succinimide. Cyclohexene- 1 -carbox- 
amide similarly formed cyclohexanc- lY2-dicarboximide, and croton- 
amide (91) yielded a mixture of 68y0 a-methylsuccinimide (92) and 
19% glutarimide 81*82. The catalytic reduction of adiponitrile over a 
nickel-magnesium oxide catalyst at  80-120" and 105-120 atm 
afforded 26y0 adipimide (93) and 41 yo adipamidee3. 

CHZ-CO CHZCHZCO 

CH3CH=CHCONH2 I 'NH I /  'NH 

C H  ,CH ,CO 
/ 

CHS-CH-CO 

(91) (92) (93) 

Lactones react with ammonium dithiocarbamate (95) to form 
imides. Thus, p-isovalerolactone (94) w-as converted to ammonium 
,B-dithiocarbamylisovalerate (96) which on hydrolysis yielded 
4-keto-6,6-dimethyl-2-thiono- 1,3-thiazone (97) 84, Five- and six- 

CH3 
(CH3),C-CH,-CO,NH, - H J n 0  

I 
S-CSNH, YNH 

(96) S 

(97) 

membered lactams (98, n = 2,3) reacted with aqueous potassium 
persulphate yielding imides (99, 11 = 2,3) as primary products8'. 

R R 

(98) (*)9) 

Phthalonitrilc and succinonitrile added ammonia to yield imidiries 
(100, l O l ) ,  which on hydrolysis formed i m i d e ~ ~ ~ . ~ ~ .  
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H3C)$ , H3cE;H 

H3C NH H3C 0 

(101) 

N-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. 

OH - 
I 
i 

CONHN-C-Ar 

~ Z N H .  + ArCHO - 

(104) 

The N-vinyl derivatives (106) of succinimide, phthalimide, cyclo- 
hexane- 1,2-dicarboximidc and diglycollimide were synthesized by 

RCO RCO 

NCHZCHZOCOCHZ - f N CH=CH2 
\ \ 

/ 
RCO 

/ 
RCO 

(105) (106) 

heating the corresponding N-p-acetoxyethylimides (105) N-a- 
Butoxyethylsuccinimide (107) also formed N-vinylsuccinimide on 
h a t i n g  with sodium bisulphate or sulphuric acidg3. 

l-Aza-7-oximinocycloheptan-2-one (108) was transformed to adipi- 
rnide or1 treatment with thionyl chloride in ether 94. Citraconyl- 
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H 3 c ~ c ~ N  N H co N H, (-jH H do 
H2C -50 I ,N-?HCH, 

(109) 
NOH 

H2C--CO OB" 

(107) (108) 

semicarbazide (109) formed 15 citraconimide on treatment with 
sodium nitrite in  acetic acidg5. 

Cycloheximide (actidione) is an antibiotic produced by strains of 
Streftomyces gl-iseus". The  structure has been shown to bc p-[2-(3,5- 
dimcthyl-2-oxocyclohexyl)-2-hydroxycthyl]glutarimide (110) 97 with 
the indicated stereochemistry 98.99. The compound has been syn- 

H 

&c' H H3c-*@ CH3 

Me.. +.x 0 

0 N ' 0  (111) 
H 

(110) (112) 

thesized in a series of reactions, which involvcd a key step of the 
addition of ,k?-gIutarimidyIacetyl chloride (111) to the double bond of 
N-( l-cyclohcxenyl-trans-4,6-dimethyl)morpho1ine (112) loo. 

Dialkyl ketones and cyclic ketones rcact with cyanoacetic ester and 
ammonia to give Guareschi's imidcs (113) (equation 7). Aryl 

R\ C=O + 2CNCHzC0,Ra + NH, - ( 7) 
/ 

CN 0 R' 

(1 13) 
alkyl ketones can react in two stagcs by first forming an arylidene- 
cyanoacetic ester (114) employing sodium acetate in acetic acid. 

Ar CN 
\ /  

ArCOCH3 + CNCHzCO2Et ---+ c=c 
/ \  

(114) 

COzEt w 

The arylidenecyanoacetic cstcrs are then rcactcd with a second equiva- 
lent of cyanoacetic ester (equation 8) in the prcsencc of sodium 
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ethoxide 101.102. 
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The Guareschi’s imides are important intermediates 

(8) 

Ph CN ‘ ,c=c ’ + CNCH,CO,Et - 
H3C ‘C0,Et 

CN 0 

for the synthesis of cyclic compounds and pharmaceuticals. 

111. 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 

R’ IZ l  R’ 

0 N O  I 0 N ‘ R  R N ‘ R  
\/ \/ NC/ \=/ \/ \/ 

I1 i l  
0 0 

I I l i  
R R 0 

I 
R 

(115) (116) (117) 

on nitrogen. However, because of resonance, the free imide group is 
essentially planar lo3. The cis-cis conformation (115) is the favoured 
conformation when R is small since the carhonyl groups are farther 
apart (5-6 A) and clectrostatic 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 a n  indication of the 
position of the two carbonyl groups. Only the cix-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 an,olcs, 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 dipolelo3. 

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 imidesa. 

Compound P (Dl 

Cyclohexane-l,3-dicarboximide 
N-Methylcyclohexane- 1 ,%dicarboximide 
Glutarimide 
N-Methylglutarimide 
Bemegride (Megimide, A) 
Glutethimide (B) 
Aminoglutethimide (C) 
Succinimide 
N-Methylsuccinimide 
Cyclohexane- 1,2-dicarbnximide 
3,6-Methano- 1,2-cyclohexanedicarboximide 

2-89 
2-88 
2-58 
2-70 
2.92 
2.83 
3.64 
1-47 
1-61 
1 -74 
2.24 

a In dioxan at 30" (ref. 103). 

HSC f& CZHs o& &p2 
0 

0 
0 

I 
H 

I 
H 

I 
H 

(4 ( B) (C) 

each other. Furthermore, the additional contribution to thc moment 
from the usual iniide resonance is not present, since the N+-O- 
dipoles are at 180" to each other. 

0 Qo.-oQo --oL>o I 

H 
I 

t i  
I 

H 

N-Acetyllactams (118, R = CH,) are in the cis-tram conformation 
and have moments of 3-0-3.2 D. The moments of six-membered 
ring N-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 N-acetyllactams by varying the angle between the car- 
bonyls group and by changing the amounts of s character in the exo- 
cyclic bond. However N-benzoyllactams (118, R = CJI,) have 
higher dipole moments than N-acetyllactams (Table 2). This is 
probably due to the increased conjugation of the benzene ring, and 
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TABLE 2. Dipole moments of substituted imides. 

Compound 

N-Benzoylpyrrolidine 
N-Benzoylpiperidine 
N-Benzoylcaprolac tam 
Phthalimidc 

N-Metliylphthalimide 
1,8-Naphthalimide 

~~ 

2.69 
3.07 
3.47 
2.9 1 
2.14 
2.24 
4,73 

104 
104 
104 
105 
106 
106 
105 

the larger ring size bcnzoyl lactam (N-benzoylcaprolactam) has a 
higher dipolc moment duc to the greater ease of conjugation with the 
phcnyl group. 

Qo - Qo- - Qo 
II 

.C 
I I 

C 
OR 'R O J i  'o/ \ R  

(118) 

Dipole moments of aromatic imides such as phthalimide (119) and 
naphthalimide arc higher than the non-aromatic imides, succinimide 
and glutarimide (Table 2), and this is duc to the increased resonance 
in the aromatic compound. lY8-Naphthalimide (120) has an addi- 
tional rcsonancc form which causes its moment to be highcr than that 

0- R I 
0 
II 

a'hJl-4 - + a > N H  - + c \ N H  ' c' \ " C' 

0 
I 

0 0- 
(119) 

of phthaiimidc (119) Io5. 

mides have been reported lo6. 
The dipole moments of substitutcd phthali- 

H oB- H -oa H -oa- H 

I 1  
I 1  I 

i. i + +  
00-0 - 1  0- 

(120) 
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Diacet- 
amide, while having the moment expected for the cis-tram conforma- 
tion in dioxan, has a much lower moment in benzene and heptane, 
suggesting hydrogen bonding in a cyclic dimer (121)lo7. The low 

7. Chemistry of imidic compounds 

N-Methyldiacetamide exists in the cis-trans conformation. 

(121) 

value of the dipole moment for N-methyldiformamide (122) is ex- 
plained as due to hydrogen bonding between the formyl hydrogen 
and the carbonyl group (122)lo7. 

H 0 
k=O....H-C / 

N-C t i  3 
/ \ 

/ \ 

I 
H 

// 

CH3-N 

C-H ....O =C 

0 

(122) 

B. Infrared Spectra 

Imides give rise to two bands due to the vibrational coupling of the 
two carbonyl groups. These bonds absorb a t  1700-1650 cm-l and 
at 1790-1710 cm-l lo*. 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. 

I n  the solid state, imides have a strong band at  1740-1670 cm-l log 

and a bonded NH band near 3250 cm-l Diacylamines (123) 
show a tram-trans conformation in the crystal form, while in non-polar 
solvent such as carbon tetrachloride their configuration inverts to the 
cis-tra?fi114. The trans-trans form is the one in which the carbonyl 
groups arc parallel and trans-trans relative to NH1I5 (see Table 3). 
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TABLE 3. Infrared spectra of imidesa. 

Type C=O stretching N-H strekhingb 

Aliphatic 1714, 1690" 
5-Membered ring 18 10-1 775, 1750-1 680d 
6-Membered ring 1800-1785, 1780-1720" 

N 342 1 
N 3426 
N 3386 

In cm-l, for CHCI, solns. 
Rcfs. 109-1 13. 
Ref. 108. 
Refs. 116, 117. 
Ref. 116. 

In non-cyclic irnidcs the C-N stretching vibration gives rise to 
bands at  1507-1053 cm-l and 1236-1167 cm-l similar to those in 
monosubstituted amides. The tram-trans configuration of acyclic 
imides is characterized by bands at 3280-3200, 1737-1733, 1505-1503, 
1230-1 167, and 739-732 cm-l, the latter band being ascribed to NH 
waggingllO*lll. A weak band is often found at  1695-1690 cm-I in 
the tram-cis conformation, which is distinguished from the trans- 
tram form by the fact that the former has an N H  band at 3245 cm-l, 
accompanied by bands at 3270 and 3190, carbonyl bands at 1700 cm-l 
with weaker companions at 1734 and 1659 cm-l and the NH wagging 
band at 836-816 cm-1110-112. 

Cyclic imides which are part of a six-membered ring, such as 
glutarimides, show carbonyl stretching bands near 1800 and 1700 cm-l 
while five-membered cyclic imides have bands at higher frequencies 
(1800 and 1770 cm-l). These compounds can only exist in the cis- 
cis conformation l16. Five-membered cyclic imides such as phthal- 
imides, have a C=O band at  1790-1 735 and 1745-1680 cm-l 116*117. 
AT-Substituted phthalimides show a doublet at  1790-1 778 and 1747- 
1721, N-substituted succininiides at 1780-1 769 and 1728-1 705 and N- 
substituted maleimides, 1780-1 770 and 1737-1 71 1 cm-l The 
lower-frcquency 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 morcp character 
to the ring carbons, which confer more s (triple-bond character) to the 
exocyclic bond. The increased strength of the carbonyl bond will be 
reflected in a higher force constant and hence in an increased ab- 
sorption. The N H  stretching vibrations in cyclic irnidcs increase with 
decreasing ring size. The cyclic imides do not have the 1505 cm-I 
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G - N  band present in non-cyclic imides. The corresponding semi- 
cyclic compounds, N-acyl- and A--benzoyllactams, which are in the 
cis-trans form, absorb a t  a higher frequency than the cis-cis cyclic 
compounds Il9. 

The two crystalline forms of diacetamide and N-deuterodiacetamide 
have different infrared spectra and appear to be conformational 
isomers. The less stable form has a trans-trans planar conformationlll. 
Higher diacylamines (123, R = Me, Et or Pr; R1 = Et or Pr) also 
have a trans-tram conforrnation in the solid statc114. 

RCONHCOR' 

(123) 

The doublet of N-substituted naphthalimides (at 1720-1 700 and 
1680-1600 cm-l) is shifted by the mesomeric and inductive effects of 
the substituents. A comparison of the carbonyl frequencies of N- 
substituted phthalimides, pyromellitic diimide (124) and nsphthalene- 
1,4,5,8-tetracarboxylic acid diimidc (125) shows that the six-membered 
ring imides absorbcd at  a lower frequency than the five-membered 
ring compounds 120. 

it 
0 

II 
0 

(124) (125) 

N-Arylmalcisoimides (126) and N-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 imides IZ1. 

Alkyl isocyanurates (alkyl isocyanatc trimers, 128a) havc a strong 

I 
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carbonyl band at 1700-1680 cm-l with a weaker shoulder near 1755 
cm-l. The aryl analogues shows carbonyl absorption at  a higher 
frequency (1 7 15-1 7 10 cm- l) . Aromatic isocyanate dimers (128b) 
show a carbonyl band at 1785-1775 cm-1122. 

The i.r. absorption spectra of N-benzoyloxyhomophthalimidcs and 
N-hydroxyhomophthalimides showed they are represented by the 
structure 129, rather than as tautomers 130 and 131123. The 

(129) (130) (131) 

colourless and yellcw crystalline forms of N-hydroxyphthalimidc have 
identical infrared spectra and the yellow colour is due to an impurity. 
The i.r. spectra confirms the structure as an N-hydroxy compound lZ4. 

C. Ultraviolet Spectra 

Simple imides absorb in the far ultraviolet near 178 mp ( e  8000) 
and this band is shifted in succinimide to about 191 m p  and in N- 
methylsuccinimide to 206 m p  lo7. N-Metliyldiacetamide has a 
maximum at 2 16 m p  in hexane, while N-methyldiformamide absorbs 
at about 207 mp. Diacetamidc does not show a band above 200 
mp. 107-125. 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 decreaselo7. 
The approximate doubling of the molar absorptivity in imides com- 
pared to amides is explained by the presence of two C(=O)N linkages 
in the former87. 

Glutarimides show a shift to longer wavelength of about 7 mp 
as compared to succinimides 87. This bathochromic shift is attributed 
to non-planarity of the imide group on the n + 7r* transition as a 
result of twisting about the C(=O)-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 7r* orbital whose 
cnergy function is a maximum at 90" from the planar configuration. 
The intensity increased with substitution on the a-carbon atom 126. 

N-Hydroxysuccinimide and N-hydroxyglu tarimide have absorption 
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maxima of high intensity a t  215 mp. This absorption is probably 
due to the presence of two chromophoric intcractions. It was sug- 
gested that this absorption was due to the presence of the hydroxy 
N-oxide (132) in equilibrium with the N-hydroxyimide form (133) in 
solution 123. A similar explanation has been given for the absorption 

7. Chemistry of imidic compounds 

I 
0 OH 

(132) W) 
of N-benzyloxyimides, such as N-benzyloxy-olY/3-dimethylglutaconimide 
(134), at about 280 mp. The ultraviolet spectra indicate that these 
compounds are ionized in ethanol giving an equilibrium mixture 12'. 

M A o .  - M ; h  N OH L - HO M e b 0  I 

OCH,Ph 
I 

OCH2Ph 

The spectrum of N-bcnzyloxysuccinimide (135) was similar to those 
of N-hydroxysuccinimide and N-pentyloxysuccinimide and confirmed 
the structure of the compound 127. N-Acetyllactams showed absorp- 

O N  
I 

(134) 

OCH,Ph 

CH2 - CH2 

C 
I 
C 

I 

// \N/ \o 
0 

I 
OCHzPh 

(135) 

tion bands a t  216-219 m p  (6 = 9,000 - 11,000), while N-benzoyl- 
lactams had bands at 228-232 mp, due to the chromophore 
C(==O)NRC(=O)104. A second band, which varied from 280 to 
268 mp present in the spectra of the five-, six- and seven-membered 
AT-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 
increased lo4. 

The high-resolution ultraviolet spectra of phthalimide has been 
reported 128. The spectra of hydroxy- and mcthoxyphthalimides and 
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N-phenylphthalimides lZ9, and of N-arylsuccinimides 130 and N-aryl- 
phthalirnides 131-133 have been measured. 

The fluorescence spectra of 4-aminophthalimide 13*, 3-amino- 
phthalimide and 3-amino-N-methylphthalimide 135, and of other 
phthalimide derivatives 136 have been studied. The fluorescence of 3- 
aminophthalimide was quenched by triethylammonium iodide137. 

D. Nuclear Magnetic Resonance Spectra 

The nuclear magnetic resonance spectra of N-methyldiacetam-ide 
show two peaks of area 2 : 1. The larger peak, 138 C.P.S. from TMS 
( 6  = 2-30 p.p.m.), corresponds to the six acetyl hydrogens while thc 
other peak, 189 C.P.S. from TMS (8 = 3-15 p.p.m.), is the absorption 
of the N-methyl hydrogenslo7. The forinyl proton in liquid N- 
methyldiformamide appears 546 C.P.S. from TMS (6 = 9.1 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=O group draws the proton away from its binding 
electron and reduces the electron density immediately around it. 

H 0 

C=O ....H-C 
I / 

I 
H 

II 
0 

(136) 

The n.m.r. spectra of N-methylsuccinimide and N-methyldithio- 
glutarimide slow that the N-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 thc increase in bond 
angle in the five-membered ring, which causes the AT-methyl group to 
deviate considerably morc from the plane of the thiocarbonyl 
The n.m.r. spectra of N-substituted succinimides and malcimides s h 0 ~ 7  
that thc protons on the carbon atoms resonate at 20 C.P.S. towards 
higher field than in the corresponding N-Substituted 
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alkyl groups do not afect the chcmical shifts of imides, but the N- 
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 elcctronegativity 
of the nitrogen138. 

E. Mass Spectra 

Whereas 
the most abundant ions in the spectra of five-membered lactams comes 
from cleavage alpha to nitrogen, in alkylated succinimidcs the most 
abundant ions involve a double hydrogen transfer from the alkyl 
chain. N-n-Butylsuccinimide showed relatively intense molecular 
ions probably represented by 137 or 138 139. Both N-alkylsuccinimidcs 

The mass spectrometry studies of imides are very recent. 

O I  Qo 
I , 

CH zCHzCHZCH3 CH,CH,CH,CH, 
a S Y  

(137) (138) 

and N-alkyl-2-pyrrolidines (where alkyl = n-propyl, n-butyl) showed 
a- and /3-cleavage7 the n-butyl analogue showing y-cleavage of the alkyl 
chain. I n  N-n-propylsuccinimide loss of a methyl group occurred to 
an extent of 60y0 by /3-clcavage. The remaining ion yield arises 
from expulsion of the a-carbon of the alkyl chain with its attached 
hydrogen and this must involvc transfcr of an ethyl radical in the 
molecular ion (139) to give thc charged species 140 and 141 139. 

Or 4Q0 
O II 

C 

- A 3  0 N o+ - 0 Qo+ II O I  mo+ 
H&’ CHCH, CHCH, 

H’ ‘CH, 
(140) (141) 

2 CH,CH,CH, 

(139) 

The base peak in the spectrum of ~\~-n-but~lsuccinimidc occurred at 
m/e = 100 ( A M  - 55) , corresponding to the loss of the alkyl chain with 
transfer of two hydrogen atoms to the cliarged entity (143) principally 
from the p-  and y-carbons of thc alkyl chain. The process involved 
intramolecular abstraction of a hydrogen atom from the y-carbon of 
the side-chain by oxygcn in the rcsonance form of the imide (142) and 
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' [OQOH +--+ 
-CH,= CH CHCH, 

I 
- H  

(142) (143) 

concomitant hydrogen transfer fi-om the /3-carbon atom to nitrogen 
with synchronous nitrogen-a-carbon bond rupture 139. 

Diacctamide undcrwent skeletal rearrangement on electron im- 
pact 140. 

IV. REACT1 0 N S 

A. Hydrolysis and Exchange 

Succinimide behaves as a moderately strong acid in butylamiiic 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 methoxidc. Phthalimide, however, cannot be titrated 
under similar conditions l4I. Succinimide was hydrolysed by aqueous 
alkali to succinamic acid, which on prolonged hydrolysis formed SUC- 

cinic acid 14'. 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 
thc saponification equivalcnts of N-alkylnaphthalimides were un- 
successful, since the imide linkagc resisted l i y d r ~ l y s i s l ~ ~ .  

The rates of saponification of diacetamidc and succinamidc were 
proportional to the fraction of ionized imidc and not to the concentra- 
tion of hydroxide ion. The ratedetermining step was the reaction of 
hydroxide ion with the unionized molecule of imide (equation 9) 144a. 

T h e  rates of saponification of other cyclic imides indicated that ring 

N - +  H,O 
H,C/'? 

H z C ~ r - 0  
1 ,NH + O H -  - (9) 

opening was not the rate-determining step. However, ring strain and 
electronic effects in the ring affected the rate of l iydr~lys is~"~.  The  
rates of hydrolysis of N-methyl- 145, AT-n-butyl- and AT-phenyl- 14G 

diacctamidc haw also been measured. The rates of alkaline hydrolysis 
of succinanil (N-phcnylsuccinimide) and methyl-substituted succin- 
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anils followed those of the corresponding anhydrides. The order 
found was unsubstituted > monomethyl > meso-dimethyl > 2,2-di- 
methyl > dl-dimethyl > trimethyl > tctramcthyl. 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 p H  8147. The a-alkyl-a-phenylsuccinimides gave a mixture of 
amidic acids on hydrolysis 148. 

The acid hydrolysis of phthalimide (145) to phthalamic acid (146) 
has been studied spectroscopically at 80-loo”, as an intcrmediate step 
in the hydrolysis of phthalamide (144) 149J50. Phthalimide and o- 
carboxyphthalimide (147) showed a normal acid-catalysed hydrolysis 

below pH 1. The hydrolysis of phthalimide abovc 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 011 the carbonyl carbon atom was hindered 15’. 

(147) + 6, 

The hydrolysis of N-phenylphthalimidc showed no ionic strength 
effect in 30’7, ethanol at pH 9-1 1 ls2. The addition of adciiinc in- 
creased the rate of hydrolysis of phtlialimide in sodium carbonate 
solution at pH 10-10.5, and this was found to be due to the formation 
of a complex1”. 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 N-n-butylphthalimide, and this increased rate was due to the 
glutarimide part of the molecule 154. 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 acid 155. 
N-(o-Aminoalky1)phthaliniides (148, R = H, CH, or C,H5; n = 2 

or 3) underwent very ready hydrolysis, and dissolvgd in base at  room 

(148) 

temperature to afford the salt of the N-substituted phthalamic acid 156. 
N-Phenacylphtlialimide (149) was rearranged by sodium methoxide 

COt?CH,COPh 
___, 

a : E C H , C O P h  U C 0 2 M e  

(149) (150) 

CONHCHCOPh 

U C 0 , M e  

to 3-bcnzoyl-4-hydrosyisocarbostyril (I  52). The mechanism suggested 
involved a base-catalysed opening of thc phthalimide ring to give an 
imide anion (150), which underwent rcarrangcment to a carbanion 
(151), followcd by ring closure. .N-Plieiiacylphtlialimidc (149) and 
mcthyl N-phenacylphthalamate (153) gave the same product and at 
the sainc ratc, indicating that the rcarrangement and cyclization 
were the slow steps. The rate of reaction was slowei. using t-butoxide 
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ion. The rates for the methoxidc-catalysed reaction of various 
phenacyl compounds (P-methyl and P-methoxy) followed a linear 

The acetyl group in N-alkyldiacetamides exchanged with the cor- 
responding group in acetic anhydride in the presence of pyridine, and 
the exchange has been studied using 14C-labelled anhydride15Q. No 
exchange occurred with N-aryldiacetarnide~~~~. The ease of trans- 
acetylation for the different alkyl groups studied was i-Pr > i-Bu > 
n-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 

(1 1) 

(12) 

(13) 

fragments so-formed then recombined giving a labelled diacetamide 
(equation 13). The rate of this recombination of the N-acetyl anion 
and acetyl cation depended on the nature of the AT-alkyl group. The 
rate of exchange was less in the absence of pyridine160. 

365 

Hammett relation, with p = 1.98157. CB 

RN(COCH3), + RtkOCH3 3- C H 3 b  

(CH3C*0),0 +. CH3C*0,- f CH3b*0 

RiCOCH3 + CH&O & RN(C*OCH3), 

6. Reduct ion 

The reduction of imides has been accomplished by many differcnt 
methods the most common being reduction with lithium aluminium 
hydride or sodium borohydride. The reduction of N-alkylsuccin- 
imides (154) to the corresponding N-alkylpyrrolidines (155) by LiAIH, 
provides a convenient laboratory method for their preparation 
relatively free from pyrrolidones l6I. The reduction of phthalimides 

(154) (155) 

has also been employcd to obtain isoindole dcrivatives lG2. N-Alkyl- 
cis-d4-tetrahydrophthalimide ( m a )  gavc the hexahydroisoindole 
dcrivative (156b) in good yicld163*164. 

Cyclopentanc-l,2-dicarboximide (157a) and I-3-dicarboximide 
(158a) have been reduced by lithium aluminium hydride to 3- 
azabicyclo[3.3.0]octanc (157b) 37*165 and 3-azabicycloC3.2. Iloctane 
(158b) 165 respectively. 
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(156a) (156b) (157a) (157b) 

CcFH co O H  
(158a) (158b) 

Hexahydroisoplithalimide similarly afforded 3-azabicyclo[3.3.1] - 
nonane 166. Reduction of N-methylglutarimide with sodium alu- 
minium hydride gave a 62”7, yield of 1-methylpiperidine, and 
3-ethyl-3-methylglutarimide was reduced in 28y0 yield to 4-ethyl-4- 
methylpiperidine 167. Bicylic imides with nitrogen as the bridge atom 
(159a) can be reduced with LiAlH, to the corresponding amines 
(159b) 168. a,a-Disubstituted succinimides and glutarimides can be 

Caj R j - - c H  
0 0  (H &kA0 
(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 
product 169. Similarly, phtlialimides can be reduced selectively with 
sodium borohydride, but phthalide (162) and o-hydroxymethyl- 
benzamides (163) often appear as by-products 170. Lithium 
aluminium hydride reduced both reactive groups in monothio- 
homophthalimide (164) to tetrahydroquinoline (165) 163. However, 

H, ,OF4 

- a C ; N R  + -I- acHzoH 
co co C O N H R  

(161) (162) (163) 

Guaresclii imides (166) could not be reduced by lithium aluminium 
hydride 171. 

Succinimide on reduction with sodium 2nd alcohol gLTve pyrroli- 
dine, but remained unchanged when shaken with hydrogen over 
p1a:inum .c;.sic?-?. Enivcver, under this condition AT-acylphthalimides 
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reduced incompletely to N-phthalimidylcarbinols172. Isoindolones 
were also produccd by the reduction of phthalimide with tin and 
hydrochloric acid ; reduction with zinc and sodium hydroxide 
affordcd phthalidc (162) and 3-hydroxyisoindolone (161, R = H) 173. 

The  distillation of' succinimidc, glutarimide and homophthalimide 
with zinc dust produced pyrrole, pyridinc and isoquinoline, rcspec- 
t i d y  174. Catalytic hydrogenation of glutarimidc gave p i p e r i ~ l i n e ~ ~ ~ .  
One  of thc carbonyls of phthalimide could be rcduced ovcr copper 
chromite to yield 1-isoindolinonc. The use of Rancy nickcl afforded 
hexahydrophthalimidc (cyclohcxane- 1,2-dicarboz;imide) 176. 

Imidcs of dibasic acids havc becn rcduced clectrolytically in acid 
solution to cyclic lactoncs and cyclic amines. Gcnerally a lead 
cathode was uscd but cadmium and amalgamated zinc have been 
employcd in somc cases176*177. Tlic product from thc rcductioii of 
only one carbonyl croup of succinimide may be isolated in mood yield, 
while electroreduction of both carbonyl aroups gave poor yields of the 
corresponding cyclic aminc. Succinimide in 507, sulphuric acid 
yielded pyrrolidone in modcrate amounts with only a trace of pyrro- 
l i d i r ~ e l ~ ~ .  

The imide of camphoric acid (167) undcrwent a similar reduction, 
thc products bcing camphidene (168) and camphidone (169) 176. 

The  clectrolytic reduction of phthalimidcs has becn uscd to prcparc 

? 3 
a. 

Pyrrolidonc is dificult to prcparc by other methods. 
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dihydroisoindolcs (isoindolines, 170) Phthalimide was elcc- 
trolytically reduccd at  1 to 8.5 atrnosphercs a t  temperatures below 49" 
to isoindolone (161, R = H) and isoindoline (170), at a lead or zinc 
amalgam clectrode. The yicld increased a t  higher pressure179. 
N-(2-Dimethylaminocthyl) tetrachloroplithalimidc (171) can be re- 
duced at a palladium cathode with a potential of -0.68 v to the 
corresponding hydroxyisoindolone (172) , which was fLirther reduced 
at a potential of - 1-19 v to N-(2-dimethylaminoethy1)tetrachloro- 
isoindoline (173) I8O.  

CI 

C. Reactions with Grignard Reagents 

N-Phenylsuccinimidc (174) reacted with ethylmagnesium bromide 
to form 2-ethyl-2-hydroxy- 1-phenyl-5-pyrrolidone (175) 181. N- 
Methylglutarimide (176) and phenylmagncsium bromide or benzyl- 

CH,Cq 
I ,NPh - 

CH,CO 
0 

,OH 

I /-NPh - 
CH,CO 

PhCO(CH,),CONHCH, 

( 1 W  

CH,CH= CHCO(CH,),CONHCH3 

(176) (178) 

magnesium bromidc afforded N-methyl-5-0~0-5-phenylpcntanamide 
(177) and A~-methyl-5-oxo-6-phenylhexanamidc, respectively lE2. 
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Thc rcaction of 176 with allylmagnesium bromide gave tru~zs-i\~- 
methyl-5-oxo-dG-octcnamide (178) lo3. N-Arylmaleimides (179) ring- 
opened with Grignard rcagcnts to givc &a-oyl-N-arylacrylamides 
(180) 

co 
ArCOCH=CHCONHAr & P A .  

(179) (180) 

N-Arylphthalimides lo5 (181, R = Aryl) and N-ethylphthalimidclo6 
(181, R = Et) reactcd with alkyl Grignard rcagcnts, similarly to 
174, to form the corresponding compounds 182. 

R' OH 
\ /  a2R- a ) R  

(181) (182) 

D. N-Haloimides 

The  acidic hydrogen atom on thc nitrogen atom of imides can bc rc- 
placed by chlorine, bromine or iodinc N-Bromosuccinimide and 
N-bromophthalimide arc prepared by adding bromine to an ice-cold 
solution of the imidc in sodium hydroxide, and Ar-chlorophthalimidc 
by passing chlorine into a suspension of phthalimide in water1**. 
N-Bromotetramethylsuccinirnide was obtained by the addition of 
bromine to tctrametliylsuccinimide in sodium bicarbonate solution 
and N-bromotctrafluorosuccinimidc from tctrafluorosuccinimide and 
bromine in trifluoroacetic o r  trifluoroacetic acid lgo in 
the prescnce of silvcr oxide. N-Bromoglutarimidc and N-iodosuccini- 
mide were prcparcd by rcactiiig the silver salt of the imide with the 
appropriate halogen 35. 

N-Bromoimidcs, particularly N-bromosuccinimidc, are used to 
introducc a lironiine atom into a position adjaccnt to a double bond 
or a benzenc ring1". This is thc Woh-Ziegler reaction and pro- 
ceeds by a radical-chain meclianism1gz~1g5. An allylic liydroxyl 
group nmy also be introduced and this resulted from hydrolysis of the 
allylic bromide Ig6.  In aqueous medium N-bromosuccinimide forms 
hypobromous acid which can convert an olcfin to a bromohydrinl". 
Reaction with N-bromosuccinirnidc in thc presence of pyridinc or 
quinolinc can rcsult in  dchydrogcnation via climination from an 

13 i C.O.A. 
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intermediate bromidclg6. An important reaction of N-bromo- and 
N-chlorosuccinimide in pyridine and t-butanol is the oxidation of car- 
binols to kctones lo6. Thc reaction apparcntly involves thc halogena- 
tion of the a-carbon atom (equation 14), since benzyl ethcr is oxidized 
to benzaldehyde by N-bromosuccinimide, and N-chlorosuccinimidc 

Owen H. Whceler and Oscar Rosado 

H X 
I 
I I 

Qc . (14) -c-OH - -C-OH ~ _ f  C=O 4- HX 

converts bcnzaldchyde to benzoyl chloride In an allied reaction, 
a-hydroxy acids (183) were oxidized to ketones and CO,  by two 

(183) 

equivalents of N-bromosuccinimide (cquation 15) IS6. Tertiary 
amines underwent cleavage of a carbon-nitrogen bond forming 
secondary amines, N-CH, bonds bcing cleaved prefer en ti all^^^^. 
Alanine gavc 50y0 acetaldcliyde with N-bromosuccinimidc and 25- 
35y0 with AT-bromophthalimide. Glycine was 25-40y0 cleaved with 
either reagentlg8. Thesc rcactions of bromination and oxidation with 
N-bromosuccinimide have bcen covcrcd in rcview a r t i c l ~ s ~ * ~ - ~ ~ ~ ,  
and only the more important rcccnt developments will be mentioned 
here. 

N-Bromosuccinimide, N-bromotetrafluorosuccinimide and N-bromo- 
tetramethylsuccinimidc showed identical sclcctivity to substituted 
tolucnes, suggcsting that the ratc-controlling stcp was the abstraction 
of a hydrogen atom by a bromine atom1*9. The rclative selectivities 
for bromination by N-bromosuccinimidc in carbon tctracliloride were 
for toluene = 1, secondary aliphatic hydrogens < 0.01 and allylic 
hydrogens = 50-100. The ratcs of bromination of tolucncs followed 
thc CT+ constants of the substitucnts, with a Hammett reaction constant 
p of - 1.381g9. In tlic case of a-substituted toluenes the ratc de- 
pended on the relative capacity of the substitucnt to stabilize the 
transition state of thc attack of a bromine atom on hydrogen, by 
electron release through resonancc 2oo-202. The yield of bcnzaldehyde 
from alkyl benzyl ethers .was insensitive to tlic alkyl group and probably 
procceded via a benzyl ether radical (cquation 16). N-Bromo- and 

(16) PhCHZOR - > PHCHOR -- > PhCH(6r)OR ---+ PhCHO + R B r  
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N-chlorosuccinimidc in sulphuric acid solution caused ionic halo- 
genations of benzene derivatives, giving 50-9570 yields of monohalo- 
genated products. Toluene formed o-, m- and p-bromotoluenc in the 
proportions 67 : 2 : 3 1 and similar proportions of chlorotoluenes. The 
proportions of bromochlorobcnzenes from chlorobenzcne were 
ortho 39.4, meta 1-5, and para 59.1 yo 204. N-Chlorosuccinimide showed 
the relative rate of chlorination of cyclohexaiie to that of toluene to 
be (3-9 k 0-3): 1 205. 

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 atoms 206. The photochemical reaction of N-bromo- 
succinimide with ( + ) - 1 -bromo-2-methylbutane gave ( - )- 1 ,2-di- 
bromo-Z-mcthylbutane in a chain reaction initiated by bromine 
atoms (equation 17) 207. The illumination of solutions of ketone and 

p:Br + HBr - C Z H  + Br, 

-0 4 0  

Br 

k 
N-bromosuccinimide in 
ketones. Thus, diethyl 

+ RH - HBr + R 

+ Br, __f RBr + Br 

carbon tetrachloride produced a-bromo- 
ketone formed 1-bromoetliyl ethyl ketone 

(184) , which was further brominated to bis( 1-bromoethyl) ketone 
(185) ' 0 8 .  

C2H,COCHBrCH3 CH3CH BrCOCHBrCH3 

(184) (185) 

N-Bromoimidcs were generally less reactive than N-bromoamides 
in the addition of bromine to styrene. N-Bromophthalimide and N- 
bromosuccinimide did not form dibromostyrcne. N-Bromoglutar- 
imide afforded a low yield of dibromide on prolonged reaction, and 
formed 66y0 3-bromocyclohexene on reaction with cyclohexenc 35. 
N-Bromosuccinimide was more reactive to olefins than N-bromo- 
phthalimide. 2,3-Dimethyl-l,3-butadiene (186) was converted to 

CH3 CH3 CH3 CH3 

BrCH,CHCH2CH2CH=CH2 
I I  
I I 

BrCH ,C-C=CH 
I I  

CHZ=C-C=CHz 
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1-bromo-2-succimido- (187, R = (CH2CO)2N) or 2-phthalimido- 
(187, R = C,H4(CO)2N)-2,3-dimethyl-3-l~utene, and biallyl formed 
1-bromo-2-succimido- (188, R = ( CH2CO)2N) and 2-phthalimido- 

(189) 

(188, R = C,H4 (CO) ,N-)-5-hexene. These reactions all proceeded 
by 1,2-addition 2oo. Cyclohexenc reacted with N-bromophthalimide 
to form trans-2-bromo-1-phthalimidocyclol~exane (189) with 5”j, of the 
cis isomer 210. 

E. Miscellaneous Reactions 

The action of hypohalite on succinimide (the Hofmann reaction) 
produced /3-alanine (190) 210 and phthalimide afforded anthranilic 
acid (191)212. The imides can be converted to the corresponding 

NHz(CHJ&OzH aNHz CO,H 

(1m) (191) 

acid amides and free acids by electrolytic oxidation. Thus the elec- 
trolysis of a solution of tlic potassium salt of succinimide yiclded 
ammonia a t  the cathode and succinic acid at  thc anode (equation 
18) 213. However, imides are gcnerally resistant to oxidation, and 

CH,CO,H 

CH,COOH CH,C02H 
I +- NH, (18) - 

For can be used as protccting agcnts for easily osidized 
examplc, glutamic acid was synthesized by first reacting phthalic 
anhydride with 3-aminocyclopentcnc. T h e  product, 192, was then 
oxidized to phthalylglutamic acid (193) with nitric acid, chromic oxide, 
potassium permanganate or ozonc 214. P-Alaninc (P95) was also 
obtained through tlic permanganate oxidation and hydrolysis of 
~-phthalimidopropioiialdcl~ydc (194) 216. 

Froups. 
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a'F-0 - ~ Z - - ~ H C O Z H  

CH,CH,CO,H co 
(192) (193) 

373 

Glutarimidc reacted with phosphorus pcntachloride to form 2,3,6- 
trichloropyridine (196) (53%), 2,6-dichloropyridine ( 3 8 x )  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 solvent 'I7. 
However, homophthalimidc was converted by phosphorus oxychloride 
to 1,3-dichloroisoquinoline (197) 'I8. The potassium salt of phthal- 
imide formed N,N-thiobiphthalimide (198) on reaction with sulphur 
monochloride 'I9. 

Diacetamide on heating with cthylene carbonate gave N-(2- 
hydroxyethy1)diacetamidc (199) , and phthalimidc similarly formed 
N- (2-hydroxycthyl) phthalimide 220. 

(CH3CO)zNCHZCHzOH 

(199) 

N,N-Diacylanilines (200) rearranged in the presence of acid to give 
4-acylaminophcnyl alkyl ketones (201). The reaction involved 
acylium ionsZ2l. 

PhN(COAr), 

(200) 

Phthalimidc reacted 
mcthylphthalimidc (302, 

(201) 

with formaldehyde to form N-hydroxy- 
R = OH), which could IIC converted to the 
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bromide (202, R = Br) with phosphorus tribromide. The bromide 
reacted with silvcr nitrite in the norinal manner to form N- 
nitromethylphthalimide (202, R = N6,) 222. Primary arylamines 
condensed with formaldchyde and succinimide to form N- (arylamino- 

Owen H. Wheeler and Oscar Rosado 

(202) (203) 

methy1)succinimides (203). The reaction may proceed via an N- 
(hydroxymethy1)succinimide or N-(hydroxymethyl) arylamine 223. 

The NH group in an imide is acidic, to a much higher degree than 
in an amide. This is because thc anion can bc stabilized by resonance, 
and the second acyl group provides a larger orbital for electron de- 

0 0 0- 0 0 0- 

RC-N-CR <-> R-C=N-C-R -> R-C-N=C-R 
I I  - II I II II I 

localization. Phthaliniide, and other imides, form potassium salts 
with aqueous potassium hydroxide. Alkyl and ally1 halides reacted 
with phthalimide in the presence of potassium bicarbonate to form 

RX + a c > H  a I R  -%% C O O H  COOH +RNH, (19) 

co 

N-alkyl- and N-allylphthalimides, which were hydrolysed to the 
corresponding primary amines (Gabriel synthesis, equation 19) 2249225. 
The hydrolysis of the N-alkylphthalimide was conveniently carried 
out using hydraziiie 224. 

The photolysis of succinimide vapour resulted in a mixture of 
products formed in four reactions; equations (20) and (21) accounted 
each for 407, of thc products and equations (22) and (23) each for 
10% 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) 

C,H, + CO + HNCO (20) 

C2Hd + CO2 + HCN (21) 

CH,=CHCN + CO + H,O (22) 

CH,CH,CN + CO, (23) 
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The pyrolysis and photolysis of N-methylsuccinimide 

Thiodiglycollimide (204) formed 1,4--thiazine (205) on passing 

predominating. 
followed equation (20) giving methyl isocyanate 226. 

over alumina on pumice at  450°227. 

1. 
2. 
3. 
4. 

5. 

6. 
7. 
8. 
9. 

10. 

11. 
12. 
13. 
14. 
15. 
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8. T h e  chemistry of thioamides 

1. GENERAL AND THEORETICAL ASPECTS OF T H E  
T H l O A M l D E  GROUP 

385 

A. Historical Remarks 

As early as 1815 Gay-Lussac obtained the first thioamidel by 
reacting hydrogen sulphide with cyanogcn. I t  was called ‘Flavean- 
wasserstoff’ (flaveanic acid) by Bcrzelius owing to its bright-yellow 
colour, and, as is well known, has the chemical structure of oxalic 
acid nitrile thioamide. 
(rubeanic acid), was prepared in 1825 by Wohler and L i ~ b i g ~ . ~  in a 
similar manner, and was investigated more accurately by Volckel 5,  

who pointed out the chemical analogy of this compound with oxamide, 
thus performing the first structural evidence in the class of thioamides. 
I n  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 Hofmann6, 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 propertics has becn 
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 vcry 
recently, and no comprehensive publication about this matter has ap- 
peared as yet. We therefore will especially concciltratc on this subject. 

Its counterpart, the red ‘ Rubeanwasserstoff’ 

8. Nomenclature 

The correct nomenclaturc of the thioamidcs conforming to the 
I.U.C. rules is discussed in detail by Hurd and DcLalMatcrll. 
Accordingly these compounds havc to be named by substituting the 
ending ‘thionamide’ for ‘-ic acid’ or ‘-oic acid’ of tlic name of the 
corresponding acid, or by using thc 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 anilidcs, toluidides etc. In  practice however thc prefixes ‘ thiol’ 
and ‘ thion’ are rarely discriminated but generally replaced b y  ‘ thio’, 
ivhich, in fact, is suficient for characterizing the functional group 
CSNR,, because thiolamides RC (NR)SH, unkno\vn as frce moleculcs, 
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should be better called imidothiolic acids, and compounds like 
HSCH,CONH, or CH,CSCH2CONH2 arc named mercaptoacet- 
amide and p-thionobutyramide, respectively. Throughout this 
chapter this simplified nomenclature will be used. Corresponding to 
the nomenclature of amides, RCSNH, is called a primary, RCSNHR 
a secondary, and RCSNR, a tertiary thioamide. 

functional group at an atom 

other than carbon (thioureas, thiocarbamic esters etc.) are not dis- 
cussed here, except in certain cases for comparison purposcs. Nor will 
we deal in general with N-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. 

Compounds bearing the -C(=S)N < 

C. Topology and Electronic Structure of the Thioamide Group 

1 .  X-ray diffraction 

The most instructive view of the arrangement of atoms within a 
molecule, though in the crystallinc 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 sp2-hybrid atomic orbitals of the ccntral carbon 
and nitrogen atoms to the thioamide molecular orbital (3a), or, in 
terms of the VB theory, strong preferencc of polar rcsonance structurcs 
like 3c, implying a partial carbon-nitrogen doublc bond. 

(3a) (3bj (9c  

In particular all 
valence anglcs at the ccntral atoms are in thc region of 120" giving 
evidencc for trigonal rather than tetrahcdral ( 109. 5") hybridization. 
The torsional anglcs 0, shown in Figurc 1, Ixtwecn the plane of the 
functional group P, and planes B, and P, of aryl rings bound to the 
C or N atom, howcvcr, arc not 0". For instance 0, = 38" in 118 
and 0, = 45" in 222. The atomic distances fall between the known 

This agrees well with the data of Table 1. 
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TABLE 1. Bond lengths and angles in thioamidcs and 
similar compounds as determined by x-ray diffraction. 

A R l  

C-N 
\ /  Bond anglcs (degrees) 

Bondlengths(A) A^CS SEN R1%C R1GR2 
R2%C Refs. 5 'R2 C-S C-N 

CH2Ph 
/ 

HCSN 

CH3CS N Hz 

(CH3CSN H,),Cu 

H,NCSCSNH, 

H 
H,NCSNH, 

n 
HN, ,NH 

C 
I I  
S 

/ C&, 
CH,C-N' 

li \ H  
so 

. .  

1.66 1.35 

1.731 1-324 

1.683 1.302 

1.665 1.336 
1.633 1.311 

1.65 1-32 

1.69 1.29 

1-68 1.39 

1.71 1-33 

1.722 1.334 

1-646 1.341 

123 122 
119 

120.7 117.7 117 

123.7 122 
116 

119.6 125.4 
120-5 124-6 

116.7 124-4 

115.5 124.3 

127 119 122 

122.2 122.2 

119.8 119.8 122.9 

117.6 118.1 126.7 
117.9 

119 14 

123 15 

16 

17 

18 

18a 

19 

20 

21 

115 22 
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values for single and double bonds: C-N 1.47 A; C=N (from oximes) 
1-27 ti2,; and C-S 1.81 A; C=S 1-60 K23*24 ,  rcspectively, indicating 
marked electron dclocalization (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 0 betwecn the various planes of the thioamide molecule. 

I.C.3, and I.C.5. The x-ray diffraction experiments show, that in the 
case of N-benzyl-N-methylthioformamide there is only one isomer 
(the so-called ‘ t r m s ’ ,  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 bonds15*18J9. We will later 
mention some effects, that considerably disturb this delineated co- 
planar arrangcment. 

2. Nuclear magnetic resonance spectroscopic evidence 

Sandstrom 25 discovered the magnetical non-equivalencc of the 
CH, groups in N,N-dimethylthiobenzamide, and explaincd 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 N,N-dimethylated 
formamide and acetaniidc by Phillips26 and later on for many other 
amides (Chapter 1). Independently Speziale and Smith 27 estab- 
lished a splitting of the CH, signal in the n.m.r. spectrum of thio- 
acetanilide, which of course is due to the presence of two different 
species, but erroneously ~ v a s  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-iram 
mixtures could he resolved into the two purc  isomer^^^-^^. 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 scparation 
of isomers. The  two forms are no longer called ‘cis’ and ‘tram’, 
because this nomenclature is ambiguous, but are designated correspond- 
ing to the suggestions of Blackwood and i.e. any con- 
formation with two substituents of higher priority (according to the 
sequence rules of Cahn and coworkers40) on oppositc sites of a molc- 
cule is called ( E )  (fi-om the German ‘entgegen’) and its counterpart 
(2) (fi-om ‘zusammen’) as is demonstrated in the examples below. 
This designation, moreover, brings about greater consistency in the 
( Z ) / ( E )  ratios than the cis-tl-am 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. 

CH, 
H\ / 

CH,Ph . - - C-N 
”\ / 

p.”” \ C-N ~ . ” ” ’  \ 
S CH3 S CH,Ph 

( E )  (formerly ‘ trans’) ( Z )  (formerly ‘ c i s ’ )  

( E )  (formerly dubious) (Z) (formerly dubious) 

The assignment of n.m.r. lines to the conformers in qucstion may 
be achieved by measuring the dependence of the chemical shifts on 
dilution with benzene, a viable method for thioamides 33-36*41*41a as 
well as for amides 42, and in thioformamidcs and thioacctamides by 
means of the different coupling constants across the partial double 
bond 30*32.41. Intercstingly, the respective coupling constants in 
secondary thioformamides are always higher than in the corresponding 
formamides 32*33. This may be explained by the increased double- 
bond charactcr of thc C-hT bond in thc 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 Abstrncts 1rzde.v too. 
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TABLE 2. Isomer ratios of unsymmetrically substituted thioamides R1CSNR2R3. 

Separation 
R' R2 K3 C(J31 Solvent of isomers Refs. 

c ( a l l  

H 
H 
H 
H 
13 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
M e  
M e  
M e  
M c  
Me 
Me 
M e  
Me  

M e  

N-Thioacctyl- 

Et 
i-C3H7 

Ph 

indoline (4)' 

t-C,H, 

fi-NOzCsH4 
2,4,6-Mc,CGHz 

H Me 
H Et 
H i-C3H7 
H i-C4H9 
H t-C,H, 
H CHzPh 
H CHMcPh 
H CHzCHzOR4e 
H CHzCHzOE t 
H CH2CHzNMez 

Me CHMePh 
Me CHpPh 

Me 
CzH, 
i-C3H7 
i-C3H7 
t-C,H, 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

Mc 
Ph 
Ph 

n 
CHzNWo 

H 

H Me 
H IvI e 
H IMC 

H CHzOH 

M e  CH,Ph 
H CHzOH 

6.9 

2.3 
2.5 
0.04 
5.2 
2.8 
3.0 
3.8 

13.3 
0.64 
0,37 
0.33 
0.64 
0.32 
0.25 
0.00 

1.5' 
1.7 
1.1' 
1.3 
1 *3 
3.2 

2.3 
5.1 

a. 1 

36 

0.82 

d 

d 

3.8' 
d 

d 

d 

d 

d 

2.1 

C6H6 
DMSO" 
CsH6 
C6Hs 
CGHG 
CoHs 
C6H6 
neat 
neat 
DMSO 
neat 
neat 
C6Hs 

C6Hs 
CsHs 
CGHG 

~ ~ € 1 ~  

CsH6 
CDCl, 
CDC13 
CDCI3 
CDCI, 
CDC13 
CDC13 

CDC13 
CDC13 

CDC13 

CDCI, 

CDCI, 

CC14 
CDCI, 
CDCI3 
CDC13 
CDC13 
CDC13 

? 

33 
32 

TLCb 31, 34 
T L C  31. 34 

34- 
TLC 31, 34 

34 
32 
32 
32 

34 
spontaneous 28, 34, 35 

T L C  30 
T L C  30 
TLC 30 

34 
purc 30 

33 
36 

36 
38 

38 

3a 
38 
3a 

38 

38 
38 

pure 32 

37 
pure 33 
pure 33 
pure 33 
pure 32 
pure 32 

fractional 29 
crystallization 

~~ ~ 

a DMSO = hcradeuterodimcthyl sulphosidc. 
b TLC = thin-layer chromatography. 
c 'The [ ( Z ) ] / [ ( E ) ]  ratio varies markcdly with incrcasing diclectric constant of the solvcnt. 

d No ( E )  isomcr could be detectcd in these compounds. 

(4) for instancc 
has ( Z ) / ( S )  = 0.75 in DhIS037. 
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dimethylthioformamidc (DMTF) ; the latter behaving analogously to 
tertiary amidcs the magnetic anisotropy of which may bc described by 
the model of Paulsen and Todt43*44. By the aid of sterically fixed 
N-thioacylpiperidines analogous models for the spheres of anisotropy 
of the thioformamide and thioacetamide systems have been de- 
veloped 41a. I t  appears that the inversion of magnetic shielding 
between DMTF and DMTA is due to steric efFects4la. 

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 i%nsiderations. Surprisingly 
enough, most secondary thioformamides behave differently: in the 
dominant isomer the N-substituent shares the same side with the 
large S atom. This finding cannot be explained by assuming chain 
association of the (2) 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.C.3). Intramolecular 
electrostatical interaction 31 as indicated in 5 can explain this 

H\ aR H H 
\ 

SP C--" "*\R ,&-"., 
(El 

(5) 
(Z> 

bchaviour. The (2) isomer is the one with the !ower total dipole 
moment, and thus the lower free energy. 

I n  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 changes 34. 

Lincar 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 CCl,) (Figure 2) 38. 

This is explained by the assumption that an increase of n-electron 
density on the benzene ring (i.e. decrease of the value) will promote 
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the orbital overlapping between the tliioamide and the aryl group. 
The  resulting more coplanar arrangement will however suffer from 
steric hindrance of tlie ortho protons and the large S atom in the (2)  
conformer, and thus the less hindered ( E )  conformer will be favoured 
in the equilibrium. 

-0.5 

FIGURE 2. Relationship between [( Z ) ] / [ ( E ) ]  and u in j-substituted thioacet- 
anilidcs 38 MeCSNIICGHIX-p(6). 

No. I 1 2 3 4 5 6  7 8 9  10 

x I N M ~ ,   OM^ MC 13 F ci Br I CN  NO^ 

The outlined interaction is also apparent from the difference of the 
chemical shifts A T  = T~ - T, between tlie ol-tho protons and meta 
protons, because the desliielding effect of the S atom increases with 
increasing coplanarity of the molecule. For instance A T  = 140 C.P.S. 

in  N-thioacetylindoline (4), which is totally coplanar in the relevant 
parts; AT = 115 C.P.S. for o-metlioxythioacetanilide (enforced co- 
planarity by stronm intramolecular hydrogen bonds), A T  = 45 C.P.S. 

for p-dimethylaminothioacetanilide (a = -0.600), and A T  = 14 
C.P.S. for p-cyanotliioacetanilide (a = + 0.660) 38. Thesc results 
show that hydrogen bonds are more effective than electronic effects in 
bringing about coplanarity, and on the other hand, the strongly 
electron-donating p-dimethylamino groups is significantly better than 
the electron-witlidrawing p-cyano group in this respect. 

? 
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The  entl1alpy differences A H  and fiee-cnthalpy c1iKirenccs d G  
hetween the (2) and ( E )  conformers of unsymmetrical thioamides 
are quite small. For instancc AG = 0.29 kcal/mole for N-benzyl- 
N-methylthioforrnarnid~~~. d G  = 1.2 kcal/molc for N-methyl- 
thioformamide 33. Loewenstein and coworkers 4 6  reported A H  = 

2.4 kcal/mole for the former compound, which unusually high value 
has to be corrected. O n  thc other hand, the energics of activation Ea 
and especially the free enthalpies of activation dG* for the (Z) - (E)  
isomcrization in sevcral cases are found in the range of 23 kcal/mole 
or cven higher, which may be takcn as thc lowcr limit for the possible 
preparativc separation of conformcrs at  room temperature. Charac- 
teristic energy values of rotation around the C-N bond as determined 
by various n.m.r. techniques (approachcd line-shapc equations and 
cquilibration measurements) are compilcd in Table 3. It is obvious 
from the table that the valucs of AG* are throughout higher for thio- 
amidcs than for amides" (see scction I.C.9 and Chapter l ) ,  which 
might be connccted with marked electron dclocalization and increascd 
double-bond character of the C--N bond. This explanation of 
course is a rather qualitative one and cannot be confirmed by quanti- 
tative computations4a (see section I.C.8). Nor can the barrier 
hcight be dircctly correlated with the resonance encrgy. Increased 
contribution of dipolar resonance formulas is also indicated by lowcred 
14N chemical shifts in thioamidcs 52 as comparcd with their oxygen 
analogues. Thioformamides show cvcn larger values of AG* than 
other thioamides, a fact not yct fully understood. In  part this may 
be due to stcric as wcll as mesomeric and inductive effects. Apart 
from this, thioamides lvith elcctron-withdrawing substituents (R1 = 
CN, C o o n )  exhibit higher barrier hcights than those with elcctron- 
releasing substituents R1 = Me and-not shown in Table ~ - O M C ~ ~ ,  
SMc40,53, NR 2 48154, C148.55). Crowding in thc ground state, for 
instance in tertiary pivalic acid thioamides (Tablc 3 ) ,  lowers the 
energy of internal rotation, whercas stcric interactions in the tran- 
sition state give rise to higher barrier heights, as in mcsitylcnc dcriva- 
tivcs (Table 3 ) .  

splitting Of the CI-1 Signal in the 
n.m.r. SpectrLlm of a,~-di-t-butyltliioacctanilide (7). It is however not 
cjuitc clear Iyhcther this phcnomcnon is d u C  to restricted rotation 
aroulld the bond56 or around the C-N bond. Restricted 

Elam and coworkers 

* dC* values rcccntly arc prcferrctl ovcr E3 values for barrier heights to 
i n t c 1 - d  rotation, on account of expcrimcntal and theoretical r c a ~ o n s ~ ~ * ~ ~ .  
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internal rotation in primary thioamides RCSNH, has bcen observed 
for benzoic and pivalic acid thioamide in dimethylsulphoxide but  not 

(7) 

in CDCI,. 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 S32*57.  The magnetic non-equivalence of the two 

U 

N-H-protons of 15N-labelled thioacetamide is also evident from the 
occurrence of two different I5NH coupling constants (91 and 94 C.P.S. 

respectively in CDCI,) 57.  

Thioform- 
amide S-oxides (9) show the ( E )  conformation exclusively 58, which 

Finally some related compounds shall be mentioned. 

R‘ H R’ S R2 

(4 (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*350 and formhydroximidothiolic esters (11) 59 each consist 
of two isomers. 

3. Infrared spectroscopic evidence 

of thioamides havc given rise to much discussion. 
Since the pioneer work of Mecke and coworkers60.61 the i.r. spectra 

The remarkable 
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differences in the interpretation and the assignment of the various 
frequencies a r k  from two facts. Firstly thc typical i.r. bands of 
thioamides fall in thc ‘fingerprint’ region of the spectra and often 
cannot be traced out unequivocally, and secondly thc vibrations of the 
-CSN= group are obscured by strong coupling with other vibrations 
of the molecule. Neverthcless some progress has been recently 
achieved in this field, especially the theoretical calculations of the 
frequencies of t h i o f ~ r m a m i d c s ~ ~ . ~ ~  and thioacctamide 64 by Suzuki, 
selective labelling of the thioacetamide molecule with ,H, I3C, and 15N 
by Walter and K ~ b e r s k y ~ ~ ,  and the extensive systematic work on 
numerous compounds, together with protonation, alkylation, complex 
formation, and selcno substitution studies by Jenscn and Nielsen 66, 

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 e l s e ~ h e r e ~ ~ , ~ ~ .  

T h e  interpretation of bands in the N H  region of thioamides is quite 
clear. I n  dilute solutions the symmctrical and the antisymmetrical 
NH, stretching vibration of primary thioamides are scarcely affected 
by clectronic effects from other parts of the molecule and occur in a 
vcry small frequency interval (cf. Table 4). More concentrated 
solutions show additional bands, which are attributed to intermolecular 

TABLE 4. N H  stretching frequencies (cm-I) 
of primary thioamides in CCI4. 

3495 
3497 
3506 
351 1 
3503 
3494 
3508 
3503 
3507 
3509 
3510 
3513 

3504 

3374 
3383 
3395 
3393 
3386 
3375 
3392 
3386 
339 1 
3392 
3395 
3397 

3387 

67 
64, 65 
68 
68 
68 
68 
68 
68 
68 
68 
68 
68 

68 
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hydrogen bonds in chloroform and to spccifical solvation via hydrogen 
bonds in acetonitrile. I n  the solid state bathochromic shifts of the 
two frequencies due to strong intermolccular association occur 65.  

I n  secondary thioamides the sharp NH bands arc split in two on 
account of ( 2 ) - ( E )  isomcrism, which was first observed by Russcll 
and Thompson69. T h c  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. spcctroscopy, 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-momcnt measurements (cf. section I.C.5) and of the typical 
beliaviour on dilution70. Both tlie (2) and the (E)  conformers show 
association frequencies at  clcvated conccntration, but the cyclic dimers 
(12) built from (E) molccules are more resistant to dissociation than 
the chain polymers (13) formed by the (2) isomcr, and tlie correspond- 

ing association bands depend differently on concentration. Recently 
the possible occurrcnce of a non-planar isomer of N-t-butylthio- 
isobutyramide in equilibrium with the predominating (2) configura- 
tion has been concluded from asymmctrics of thc NH stretching band 
of this compound71b. 

The  rclation between isonier ratios and Hammett constants mcn- 
tioned in section I.C.2 has bcen realizcd by i.r. measuremcnts too 
(p = 0.57) 38. In  thcse cxpcriments intermolccular interactions are 
practically absent due to the low coilcentrations ( M) and non- 
polar solvent (CCl,) used. 

Frequency shifts of the NH, OH, and the thioamide 'B' bands cor- 
responding to strong intramolecular hydrogcn bonds are observcd in 
salicylic acid thioanilides (14) 72. Thcsc compounds may be resolved 
into two isomers, thus exhibiting another intcrcsting example of re- 
stricted rotation about tlic Cci)-C(2) bond (cf. section I.C.2). Con- 
formations, fiscd by intramolecular NH...O=S bridges, may also be 
dcrivcd from thc i.r. spectra of tliioamidc S - o ~ i d c s ~ ~  (Table 5). 

Tlic i.r. bands occurring bctwecn 700 and lG00 cn1-l liavc bccn 
classified by Jcnsen and Nielsen 66. Their assignmcnts (Table 7) are 



TABLE 5. NH stretching frequencies (cm-l) 
of secondary thioamides and S-oxides in CCl,. 

Compound 

R H R R' 

'C--N/ 
// \H 

S // 'Rl S 

\ /  
C-N 

HCSNHMe 
HCSNHCH2Ph 
HCSNHPh 
MeCSNHMea 
MeCSNHCH2Ph 
MeCSNHPh 
MeCSNHC6H4NMez-fi 
MeCSNHC,H,OMe-fi 
MeCSNHC,H,Me-fi 
MeCSNHC6H4C1-fi 
MeCsNHC,H,F-fi 
MeCSNHC6H4N02-p 
Me3CCSNHC6H4Me-fi 

PhCSNHMea 
PhCSNHCMe3 
PhCSNHPh 
P-MeOC6&CSNHMe 
fi-MeC6H4CSNHPh" 

PhCHZCSNHPh 

y 
Me NHZa 

so 
PhCNHz 

so 
I I  

II 

II 

MeCNHPha s o  
PhCNHPh" 

3436 
3414 
3404 
3417 
3410 
3399 
3398 
3399 
3400 
340 1 
340 1 
3399 
3400 
3394 
3415 
3395 
3394 
3428 
3385 

3396 
3383 
3374 

3250 3368 
3367 
3368 
3359 
3369 
3369 
3364 

3352 

3369 

3245 

3440 

63, 68 
68 

3182 36, 70 
68, 71 
68 

3200 70 
68 
36, 68 
36,68 
68 
68 
68 
36 
68 
71 
68 
68 
68 
71 

3225 71a 

3390 3177 71a 

3196 71a 3410 

3487 3326 71 

3480 3302 71 

3242 71 

3245 71 

a In CHCI3. 
398 
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v(NH) 3325-3340 
\!(OH) 2600-2800 
\*('B') 1490-1536 

3240-3300 
3320-3430 
1518-1 555 

not always quite clear-cut but generally agree sufficiently with the 
suggestions of Suzuki 62-64, Walter and Kubersky 65, 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. Thc B band of the 
( E )  isomer is much more intense and hypsochromically shifted by ca. 
35 em-' with respect to the less polar (2) isomer, on account of in- 
creased double-bond character of the ( E )  isomer 31. 

The 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 R1CSNR2R3, in CCI4. 

R1 R' K3 r. ( 2) 1 I [ ( E )  3 A G  (kcal/mole) IZCI-s. 

H H 
H H 
H H 
H H 
Me H 
Me H 
Me H 
Me H 
Me H 
Me H 

i-C3H7 
i-C4H9 

Ph 
Ph 
Ph 
C6H4NMe2-1 
C6H40Me-j 

C6H4N02-p 

CHzPh 

C6HaCI-p 

z 10 
z 10 
z 20 

0.05 
1-5 
1-74 
0.80 
1-41 
3.26 
8.5 

22.4 32 
23.0 32 
22.6 32 

70 
69 
38 
38 
38 
38 
38 
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TABLE 7. Classification and assignment of characteristic 
i.r. frequencies of thioamidcs in the 600-2000 cm-I range (in KBr pellets)G6. 

’Tliioamide 

Class Assignmen 1” primary secondary tertiary 

A v(NH) -t- v ( C N )  16 15- 1650 
B v(CN) + b(NI-Tz) 1415-1480 1525-1565 1490-1530 
C v(CC) + V(CN) 1300-1400 1300-1400 1300-1400 

and othcrs 
D v(NCS) + r(NHz) 1200-1300 950-1 150 1000-1200 
E \V(NH2) 900- 1000 
F t + w(NH) 700-800 700-800 
G v ( C S )  700-850 700-800 850-1000 

a b = bending, r = rocking, w = wagging, t = twisting. 

the thioamide molecule. Apart from this, i.r. spectra, and cspecially 
the easily traceablc By C, and D bands, represent a very valuable tool 
for the identification and characterization of this functional group. 

4. U It rav io I et spectroscopic evidence 
The remarkable chromophoric properties of the C=S group of 

thioketones extend to the thioamides. Compounds as simple as thio- 
benzamide or acctyltliioacetamide show a bright-yellow colour 
whereas their oxygen aiialogucs are colourless. This interesting fact 
led to the early invcstigation of the u.v. and visiblc spcctra by Hantzsch 
and his school since 1930 74-76. Haiitzsch showed 75, by comparing 
the U.V. spectra of thioamides arid their S- and N-substituted dcriva- 
tives, that thcse compounds exist as thioncs rathcr than imidothiols. 
Burawoy, on thc other hand, was the first o m  to make systematic 
observations in this field 74. I lc  observcd thc characteristic long- 
wavelength, low-intcnsity ‘ R ’ band (from & Radikal ’) and the more 
intcnse & K ’ band (fi-om ‘Koiijugation ’) at shorter wavelengths. 

Hosoya, Tanaka, and Nagakura 77 tracing back to Katagiri and co- 
workers 78 and inclependcntly Jansscn 79-80, classified Burawoys & R y 

and & K’ bands according to Kasha’s terminologyQ1 as 12 --t 7 ~ *  77-80*02 

and n- -> 5-*77*70 bands respectively, on account of NO calculations, 
polarizcd U.V. absorption spectra 77,  solvcnt shifts, intcnsitics, and be- 
haviour on protonation. Latcr on, Sandstrom cspecially, supported 
these assignments in a scrics of papers 2 5 * 5 0 ~ 8 1 - Q 6 .  He studicd the spcc- 
tra of a large number of systematically substituted thioamides and their 
solvent depcndencc. Tables 8 and 9 show somc data recently ob- 
tained by various authors. 
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TABLE 8. Ultraviolet spectra of thioamidcs. 

MeCSNHz 

MeCSNHMe 

MeCSNMe, 

MecsNr'o 
U 

MeCSNHPh 

~ C S N M ~ ,  

iMeCSNHCOMc 

PhCSNHz 

Ph CS NH Me 

PhCSNMez 

PhCSN -0 
W 

14fC.O.A. 

A 
n 
A 
C 
A 
C 

A 

C 

C 

A 
C 

A 
D 

A 
D 

A 
I) 

A 
D 

327 
36 1 
32 1 
360 
330 
365 

392 

358 

429 
425 

319 
335 

310 

392 
398.5 

402 
406 

1.72 
1-38 
1.69 
1-41 
1.75 
1.61 

1-74 

1.68 

1.50 
1.58 

1.82 
1 *67 

1 *73 

1.32 
I .30 

2.13 
2,20 

266 
266.9 
26 1 
264 
269 
272 

278 

330 

277 

282 
278.5 

266.5 
2 70 

276 
28 1 

269 
265 

32 1 
315 

4-10 

4-13 
4.0G 
4.18 
4.17 

4.20 

3.49 

4-09 

4-30 
4.3G 

4.16 
4.1 7 

4.08 

4.1 1 
4.08 

4.32 
4.25 

4.57 
4.55 

A 413-5 1.40 279 4.3 1 
n 417 1.43 276 4.25 

A 
D 

A 
C 
A 

C 
A 
C 

A 

210 
231 

212 

236-5 
234 

422 2-23 33G 4-31 237 
4.75.5 1.86 330.5 4,47 237 

370 2.4 296 3.85 241 
418 2.33 298 3.81 239 
390.5 2.41 286.5 3.86 238 
402 2.48 288 3.81 237 
366 2.47 281 3.97 239 
395 2.50 284 3.93 250 

372 2.43 288 4.03 240 

3.63 79 
3.77 

79 

79 

87 

88 

50 

a3 
3-63 

85 

85 

85 

3.56 85 
3.69 

85 

3.84 85 
3.85 

3.97 25 
3.91 
4.03 25 
4,04 
3.99 25 
3.95 

4.00 87 
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T A n m  8. (Conl.) 

11 -> 7r* 7r->  57* b 

Solv- 
cnta Amax(nm) log e Amax(nm) log e Amnx(nm) log e Refs. Compound 

p-O,NC, H,CS N r‘O . w  
PhCSNHPh . 

PhCSNMePh 
PhCSNHCOMe 

PhCSNPhCOPh 

n 
PhCOCSN 

W0 

n 
PhCOCH,CSN 

W0 

A 382 3.52 310 4.09 265 4-51 87 

A 402 317 3.91 239 4.11 89 
E 429 2.43 
A 294 4.07 226 4.03 89 

c 471 2.30 

E 485 2.14 

A 480 2.18 273 3.91 22G 89 

A 467 2-21 279 237 89 

A 379 2.98 342 3.13 266 4-1 8 87 
330 3.25 25G 4.19 

A 325 3.76 282 4.17 245 4.. 1 1 87 

a Solvents: A = ethanol, u = ether, c = saturatcd hydrocarbon, D = heptanc-CI-I,Cl, 
mixtures, E = benzcnc. 
b Hosoya and coworkers’7 have attributcd this band to a sccond ii -- ?r* transition. 

One can see from Table 8 that the long-wavelength bands of simple 
thioamides show, without exception, negative solvatochromic shifts 
and low intensitics and thus unambiguously have to be assigncd to 
n --+ T* transitions. Remarkably thc high-intcnsity absorption at ca. 
270 nm shows slightly negative solvatochromism too, which has led 
Janssens0 and Sandstrom”o to thc presumption that it might IIC duc to 
an n -> CT* transition. Later on, howcver, Sandstrom d e m o n s t r a t e ~ l ~ ~  
by MO calculations that the 270 nm band of thioacetamidc should be 
bathochromically displaced in thiobenzamidc by coiljugation if it 
were a T->T* band as indccd is experimcntally found (Table 8)) 
whereas an  n -> a* band should remain unaffcctcd by this sulxtitution. 
Alkyl substituents cause reasonable hypsochromic shifts in many cases 
(Tables 8 and 9 and Figure 3).  This holds especially for N,N- 
disubstituted molccules. Sandstrom showed that this can bc ascribed 
to a steric inhibition of c o n j ~ i g a t i o n ~ ~ ~ ~ ~ .  From his MO calculations 
angles 0 of rotation between the CSNR, group and the plane of the 
adjacent group (cf. Figure I ) ,  shown in Tablc 9, may bc derived*4. 
His results agrec qualitatively with the x-ray data for dithiooxamide 
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(section I.C. 1). Sterically fixed cyclic thioamides therefore show only 
negligibly small hypsochromic or even bathochromic shifts on methyla- 
tion 85*86 .  On the other hand, N-aryl and especially N-acyl groups as 
well as corresponding a-substituents give rise to bathochromic shifts 
of both thc n --f n* and the n 3 n* bands by extcnding the conjugative 
system of the thioamidc molecule (cf. Tables 8 and 9). 

W. Walter and J. VOSS 

8 
FIGURE 3. Ultraviolet spectra of thioacetamide (-), thiobenzamide (. -), 

and N,N'-dimethylthiobenzamide (---) in h e p t a n ~ ~ ~ .  

This holds for the thioamide S-oxides too 90a, whereas imidothiolic 
esters like S-protonated thioamides in strongly acidic solution 79*82 
show no n -+ n* bands, and their 7~ --t n-* bands are hypsochromically 
shifted with respect to the parent tliioamidesDg (cf. Table 10). 

Recently characteristic differences between the U.V. maxima of (2) 
and ( E )  isomeric thioamides have bcen found31. The n+n* 

bands of secondary thioformamides arc I~athochromically shifted in the 
more polar ( E )  isomers (A,,, = 276 nm in CHCI3) relative to the 
(Z )  isomers (Amax = 266 nm). 

The frequencics of'thc 72 --> T* l~aiids of thioamides (as well as those 
of other thioncs) may be obtained from empirically dctermilled incre- 
ments in a \.cry simple manner as has bcen stated by Fabian, Viola, and 
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TABLE 10. T -+ T* bands of thioamide S-oxides9o” 
and imidothiolic esterse9. 

405 

Compound L l x  (nm) 

MeCSNH, 267 
McCSONH, 2 98 
MeC (SMe)=NH 240 
MeCSNHPh 299 
MeCSONHPh 32 1 
PhCSNHPh 317 
PhCSONHPh 355 
PhC(SMe)=NPh 296 

Mayere8. The absorption maxima calculated by means of the 
formula 

An-rn. = 104/(f iO + a, + a,) 
where the wavelength is in nm units, agree well with experimental or 
quantum mechanical values. Thioacetone ( A o  = 104/ij0 = 499 nm; 
aMo = 0) is taken as reference compound; a, and ay depend on the 
substituents X and Y in a molecule X-CS-Y. Some examples are 
given in Table 11. I t  would be worthwhile determining further 
data, especially of other N-alkyl and N-aryl groups. 

The valuable chromophoric properties of the CSNR, group give 
rise to its use for configuration studies by means of circular dichroism 
(CD) and optical rotatory dispersion (ORD) measurements. Sjoberg 
and coworkers 91 have proposed the N-phenylthioacetyl- and N- 
thiobenzoyl-a-amino acids as suitable derivatives for establishing their 

TABLE 1 1 .  Substituent-specific absorption increments, a, for the tz -> T* 

transition of thiones according to Fabian and coworkerse8. 

Substituent u (crn-l) Substitucnt u (cm-’) 

NH2 
NHMe 
NMe, 
NHPh 
N H h c  
Me 
GO 

6.8 CF3 - 1.6 
7-5 CFzCl - 1.1 
7.3 CN - 3.7 
5.5 COOEt - 5.3 
3.1 COKH, - 2.5 
0 CSNH, - 7.0 

20.05 Ph - 2.4 
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absolute configuration, since these compounds exhibit strong Cotton 
effects related to their Barrett 0 2 s g 3  and Bach and co- 
workers 94 however stated that considerable cautioX 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 ‘iT + d: transitions of the thiobenzoylamino 
acids instead of the n -F rr* bandsg5. 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 
N-terminal analysis of polypeptides can be based on it 96, except the 
location of N-terminal imino acid residues, e.g. p r o l i n ~ ~ ~ ~ .  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 n --f n-* transition of the 
corresponding N-methylthioamide 97 : (R)  ccnfigurations 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 arc considerably higher than those of thc 
corresponding amides reflecting the marked electron delocalization in 
the thioamide molecule which has becn rcpcaiedly 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 thc 
C=O 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 a n  im- 
portant role for the dipole moments ofsccondary thioamidcs. N-Alkyl 
derivatives occurring prcdorninantly in the (2) form generally exhibit 
lower values ( p  z 4-75 D) than specks present in the ( E )  form ( p  > 
5 D). This fact has becn adduccd as striking cvidence in support of the 
opinion that the prefercncc of thc ( Z )  configuration in thioamides 
might be due to clectrostatic forccs (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 N-aryl 
and the N-alkyl dipoles have invcrsc direction or that the N-aryl 

-> rr* bands. 
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TABLE 12. Dipole moments of thioamides and corresponding amides. 

HCXNHMe CCI, 
HCXNHBu-t C6H6 
HCXNHPh CC14 

CC14 
HCXNMe, C6H6 

MeCXNH, diosan 
MeCXNHMe C6H6 

CCI, 
MeCXNIlEt C6H6 

dioxan 
McCXNHPr C6HG 
MeCXNHBu-n C6H6 
MeCXNHPh CCI4 

C6H6 

MeCXNMez C6H6 

A 
MeCXNwo C6H6 

MeCXN 3 CsH6 

dioxan 
EtCXNH, CsH6 
EtCXNHMe CSE16 

cc1, 
dioxan 

EtCXNMe, c61-16 

EtCXN-0 C ~ H ~  
W 

E t c x N g  C6H6 

I-BuCXNMe, CC14 
R = 3 dioxan 

n , / C=S 4 diosan 

\ NH 5 diosan 
(CH2)" I 

6.9 4.53 
0.04 5.1 7 
0.05 3.02 
0.05 4.13 

4.74 
4.77 

36 4.76 
4-64 
4.79 

3.35 

3.86 
3-70 

3-55 

3-90 
4.80 
4.77 

1.5 4..54 

4.74 

3-85 

5.03 

3.86 
4.4.4 
3.55 
4.9 1 
4.65 

3.86 

4.93 

4.57 
0 5.07 

0 5.15 

0 4..83 

5.10 
I d  4.9 1 

4.58 

3.65 
3.74 

4-07 
3.47 

3.79 

3.83 

3.88 

3-88 
3.64 
3.80 

97a 
9 7a 
70, 100 
97a 
97a 
98b, 9gC 
97a 
1 OOa 
97a 
1 OOa 
97a 
97a 
100 
1 OOa 
97ab, 103 

101 

101 

104 
100aC, I0lb 
101 
102 
101 
101 

101 

101 

97a 
106 

106 

106 

97ab, 100aC 
97ab, 100aC 
105 



408 W. Walter and J. Voss 

TABLE 12. (Cont.) 

CGH6 0 2-78 1 -95 107 
dioxan 0 5.29 2.94 107 

CsH6 0 . 5-26 4.04 107 
dioxan 0 5-49 4.07 107 

~~ 

a cf. Tables 2 and 6. 
X = S only. 
X = 0 only. 
Determined L y  i.r. spectroscopy. 
For X = Sc: p = 4-79 D 105. 

dipole is only smaller but in thc same direction, cannot be decided 
from the present data. 

Exceptionally low values (p. < 4 D ;  cf. the table) can scarcely be 
taken as real characteristics of the molecules. They arc generally 
due to associatcd spccies, for instance hydrogen-bridged cyclic dimers 
(12) in the case of 1,2-dihydropyridin~-2-thionc~~~, as one can see 
from the influence of solvents and conccntrstions (cf. Table 13 and 
reference 97a). 

Lumbroso and coworkers 101*105 werc ablc to determine mesomeric 
moments M of thioamidc moleculcs from the formula M = X - XI, 
where X is the observcd dipolc moment and X' the u moment. 
Thcy found M(R,NCS-) = 2-45 D, Al(RNHCS-) = 1.77 D, 

M(R,NCO-) = 1-09 D, and M(RNHC0-) = 0.73 D, which further 
supports the enlarged clcctron delocalization in thioamides. The 
calculations have been done under the assumption that the N atom 
is a planar, sp2 hybrid. 

The dipole moments of PhCSNMc, and MeCSNMe, are almost 
equal, the mesonierk moment of the phenyl ring being obviously 
ncgligible, due to its rotation out of thc thioamide plane on account of 
steric hindrance lo5, which is also cvident from the above mentioned 
x-ray10 and U.V. spcctroscopic data. 

6. Mass spectra 

Thcrc is little knowledge about the mass spectra of thioamides, 
wlicreas thiourethanes 108~109 and thioureas 109*110 have bcen 
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thoroughly studied. Walter and coworkers examined the frag- 
mentation processes occurring in N-arylthioamide molecules on elcc- 
tron impact. They established the following reactions : 

r H 

R = H, D, CH, 
X = H. D, CH,, CI 

In  N-phenyldithiophthalimide a similar cyclization has been 
This cycliza- observed (see below) by Anderson and coworkers Illa. 

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 thc phenyl ring. No formation of hetero- 
cycles is indicated in thc mass spectra of formanilidelllJ1lb which is 
evidence for the pcculiarity of the sulphur atom. Another character- 
istic reaction is the elimination of SH from the CHS group of thio- 
formanilidelll, 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 
The 

14* 
aqueous systems each corresponding to transfer of two electrons. 
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half-wave potentials, E,, 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 
coworkers 114J15. 

(a) acidic medium 
H 

2e I +  ” Ph-CH2-kHR2 
PhC-NR2 Ph-C-NRZH 2 H I  

I 
SH + HS I1 

+SH 

(15) 

+ 
Ph-CHO + HZS + HZNR, 

(b) alkaline medium 
H 

I 
2e 1 

Ph-C=NR - Ph-C-NHR + 2 0 H -  2H20 

S- 
I 
S -  

Ph-CH=NR + SH- 

\-2e 

Successive products 

In  the series of thiobenzamidesp-XC,H,CSNH, (X = H, Me, OMe, 
Cl) and thiocinnamamides 360 l’appalardo and coworkers have ob- 
served linear relation between E+ and Hammett constants. They 
deduced fi-om the appropriate p &dues of the two waves, pI = 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. Thioamidc S-oxides (16) exhibit a third wave a t  lower 
E, which is attributed to reduction of the S-oxide g r ~ u p ~ ~ ~ J ~ ~ ~ .  

2e 
R-C-NR3 R-C-NR; + HZO 

II 
S 

I I  

(16) 

so 

An anodic wave is only obtained in  the polarography of primary 
This is due to formation of a mercuric and secondary thioamides112. 

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. 

PhCSNHz [PhCSNHHg+] d PhCN + HgS + H+ 

(17) 
-H+ 

The first wave in this case is due to formation of thioamide radical 
anions (18) (transfer of one electron). I t  is seen from Table 13 that 

TABLE 13. Half-wave potentials, E), of the polarographic reduction of 
thioamides in acetonitrile117 a*b. 

X McCSX P-MCOC~H~CSX PhCSX 

1 -62 1-53 
1 -64 
1-63 1 -35 

1-25 
1 a60 

1-20 
1 -62 

1-09 
1 -52 1 -00 

1.9 1.44 1.68 

1-75 1.23 1-66 
1-72 1.21 1-58 

1-14 
1 -70 1.11 1-53 (18) 

1-10 1.7 (20) 
1.67 1.01 1.52 (17) 
1.70 0.92 1-60 

1.40 1.7 

a E )  in volts. 
* Related to internal Ag elcctrodc rather than calomel electrode. 

Et decreases with the clectronegativity 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 (duc to transfer of 1-2 electrons), which so 
far are unexplained since no product analyses have been undertakcn. 

The occurrence of 18 has been proved by e.p.r. spectroscopy118. 
From the high g values of the particular e.p.r. signals (PhCSNMe,: 

!1H) 

g = 2.0059; PhCSNPh, (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 unpaircd electron to the adjacent aryl group 
but scarcely to N-substituents is evident from the observed hyperfine 
structure. The equivalence of the two ortho protons in the anion 19, 
as deduced from thcir equal coupling constants, indicates twisting of 
the phenyl ring to an extent of approximately 90" in the radical anion. 

[...a 3.4 I 
\ 

NPh, 

(19) 

8. Quantum mechanical calculations 

First quantum mechanical calculations in the field of thioamidcs 
dealt with U.V. bands 78. The assignation and theoretical evaluation 
of absorption frequencies has remained the main purpose of application 
of the MO theory25'77.83.86.88.90 (section I.C.4). Usually semi- 
empirical LCAO-MO calculations are carried out according to Naga- 
kura's iteration proccdure I 2 O  in order to account for the particular 
charges on the hcteroatoms of the thioamide molecule, although 
Mehlhorn and Fabian119 recently have pointcd 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 nevcr been taken into consideration in this conncxion. 

Janssen121, and Sandstrom and coworkers 25,50.83.84 have evaluated 
resonance energies and chargc distributions of the thioamide systems 
as well as the n -+ m* and T + m* transition cnergics which generally 
agree well with observed data. Since thermodynamic values arc not 
available, the resonance energies are not very substantial but yet they 
evidence stabilization of the thioamide group by clcctron dclocaliza- 
tion and the possibility of conjugation with othcr m-electron systems 
(Table 14). Neithcr can thc molecular diagrams of Table 14 be dis- 
cussed on thcir own merit. For instance no significancc may be 
attached to the higher negative chargc on the N atom with respect to 
the S atom becausc the increasc of clcctron release from S to N is thc 
basis for thc choice of parameters introduccd into thc computation. 
Ncvertheless the results arc supported by indepcndcnt cvidencc such as 
bond lengths from x-ray data (section I.C.l) or dipolc moments 
(section I.C.5)) and may servc for comparison of propcrties of similar 
compounds. 

Sandstrom could not find a correlation bctwecn the C-N m-bond 
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T A B L E  14. m-Electron distributions, bond orders, and 
stabi l izat ion energies of thioamides. 
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Charge densitiesn a n d  bond orders Resonance energies 
(underlined) (8 units) Refs. 

- 0.785/ 

-C 0440 
\ 
- 0.597\ / 

\ 
N 1.695 

NH, 1.690 

s 1445 = 
0.72 I// 0.963 1.004 - 

.s 1.449 

o c <  NMe, 

- 1 *06b 12 1 

- 1.04 

- 2.436‘ 

- 4.1 Ogd 

- 3.924d, 

25, 121a 

25 

25 

25 

( - 0.206)’ 84 

Charge densities calculated from the net charges given by JanssenlZ1. 
The amide group exhibits -0.562 P O 4 .  
Acrylic acid thioarnide has not yet been prepared. 

= 0.5 BCc on account of steric hindrance. 

electron energies of the two parts joined by the C-C bond. 

d -28 included (resonance energy of the benzene ring). 

‘Excess stabilization energy’, i.c. total n-electron cncrgy of the molecule minus the n- 
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orders of N,N-dimcthylthiobenzamiclc and other dimethylthiocarba- 
moyl compounds with the frcc eiiergics of activation dF* for the 
internal rotation of thc dimethylamino but the relation be- 
tween the loss of n-electron energy which occurs when the dimethyl- 
amino group is rotated out of conjugation, and dFS is more defined48. 

Finally, attempts to cstimatc dipole moments from MO parameters 
may be mentioned. Janssen and Sandstrom122 have calculated the 
dipole moments of N,N-dimetliylthioacetamide among other thiones 
from 7r-electron densities obtained by means of the w technique 123. 
They employed constant CJ moments and a simplified geometry of the 
molecule but could not generate a set of parameters of general validity. 
The differences dp between the dipole moments of thiones and of their 
oxygen analogues may be treated quantum mechanically in a more 
satisfactory way 12,. Fairly good agreement between experimental 
and theoretical dipole moments may also be achieved by using three 
empirical parametcrs in the calculations 

9. Conclusion: comparison between the amide, thioamide, and 
selenoamide groups 

The most important element of the geometrical structure, namely 
the planar arrangement of the hnctional group, occurs in thioamides 
as well as in amides (and in selcnoamidcs). Therefore differences in 
thc physical properties of these 'isologous ' species generally arc only 
gradual, although this does not hold for their chemical behaviour. 
The observed quantitativc 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 caiises an increased radius of covalency 
(0: 0-74 A; S: 1.04 decreased tendency to form p ,  - p,  double 
bonds, large polarizability, etc. 

The main consequences of this situation may be summarized as 
follows : 

(a) The energy of activation Ea for rotating the NR, group out of 
the plane of the R-CX-NR, molecule, i.e. the double-bond charac- 
ter of the central C--N bond, increases in going from X = 0 to X = S 
and X = Se (although there are nosignificant changes in bond lengths). 
This is likely to be due to non-bonded repulsion forces 123b. Example51 : 

PhCXNMe,_ s = o  s = s  x = s c  
Ea (kcal/mole) 7.5 15.4 21.5 
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(b) The preference for the (2) 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 : 

8. The chemistry of thioamides 

[( Z)l/[ (E)1 
X Bu-t 
\ /  x = o  2.34 

0.04 C-N x = s  
H / ‘H 

X CHzPh 
\ /  x = o  0.85 

0-64 / \  
C-N x = s  

Me H 

(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 THIOAMIBES 

Six revicws concerned with the formation of thioamides have appeared 
since 19499J1-13J24*357, and the reader is refcrred to these for more 
detailcd accounts of the literature bcfore 1965. 

A. Thiolysis of Carboxylic Acid Derivatives 

1. Thiolysis of nitriles 

The long-known addition of hydrogen sulphide to a nitrile 
g r ~ u p l . ~ . ~  (reaction 1) is still widely used in many variations (cf. 

section 1.A). 
The reaction may proceed according to 

equation (2). M + OF1 - including ion exchangers 125, M +OR-, 

The reaction is catalysed by bases and acids. 
a. Base-catalysed addition. 

NHz 
/ 

R-CEN <-> M +  - > R-C 

\S 

(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 solventlZ6. 

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 

- 
RC=C=N- 

- I  RCH2-CSNHZ (3) 
H 

RCHzCN ---+ 

observation that optically active hydratropanitrile (21) with am- 

PhCHCN 

Me 
I 

(21) 

monium bisulphide a t  60" afforded a completely racemic thioamide 07. 
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 
R ~ i m a n o w s k i ~ ~ ~  got aliphatic thioamides in yields of 19-50y0 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 showcd that a secondary amine may enter 
into the reaction productlZ8 (reaction 4). This is formally in line 

(4) RCN + Me,NH,+Me,NCS; - RCSNMe, 

with the experience of Kindler, that reaction of hydrogen sulphide 
and primary amine with nitriles affords secondary t h i o a m i d ~ s ~ ~ ~  
(reaction 5). With ammonium cyanide thioformamides are obtained 
in good yields (reaction 5, R = H) 130*131*361 with sodium cyanide 

RCN + R'NH, + HZS __j RCSNHR' (5) 

dithiooxamides, when cupric tetrammine is used as a catalyst (reaction 
5a) 362. From DL-aminonitriles, e.g. R2CH (NHz) CN, the corres- 

(54 

Benzene 

ponding thioamides are obtained according to reaction (5) 132. An 
interesting deviation from this behaviour was recently observed for 
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pentachlorobenzonitrile 132a, where the CN group remained un- 
affected, but substitution of C1 by SH occurred in the 4-position. 

6. Acid-catalyxed 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 t h i ~ a c e t a m i d e l ~ ~  (reaction 6). Thc diimidoyl sulphide 

RCN + MeCSNH2 & RCSNHz + MeCN (6) 

22 is regarded as an intermediate, the equilibrium being shifted by 

HCI 

cst 
RC-S-CMe 

k H  ISH 

(22) 

distillation of acetonitrile, the lowcst boiling cornponcnt 133. 

The addition of 0,O'-diethyl dithiophosphate (23) (readily obtained 
from ethanol and phosphorus pentasulphide) to nitrilcs is preparatively 
useful (reaction 7) and affords a route to thioamidcs which are not 

S N H  S S 
I I  I I  HCI II 

> RC-S-P(OEt)z __f RCSNH, + CI-P(OEt)o RCN + HS-P(OEt)Z - I 1  

(23) (24) (7) 

The intermcdiate 24, which is ana- available by other methods13. 
logous to 22, is cleaved by hydrogen chloride134. 

2. Thiolysis of imidoyl halogenides 
An intercsting example of reaction (8) (R1 = S0,Ar) has bccn 

published by Dubina and Burmistrov134a. 
There is some relationship bctween the rcactions dealt with in the 

preceding section and the thiolysis of imidoyl chloride (25) (reaction 8), 

RC=NR' + H Z S  - > RCSNHR' + HX 
I (8) 

(25) 

as is shown by the reaction of nitriles with thiocarboxylic acids and 
hydrogen chloride 135 (reaction 9). Thcreforc it is not surprising that 

X 

- 

RCSNHz + R'COCI (9) 
(26) 
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23 is able to convert 25 (X = C1, Br; R1 = H) to thioamides in a 
preparatively useful manner 136. 

The thiolysis may be extended to immonium chlorides (27) to afford 
N,N-disubstituted thioamides 137 (reaction 10). Compound 27 is 

R-C=NR, CI- t- HzS + R-C-NR2 + 2 HCI (10) 
+ 

II 
S 

I 

(27) 

CI 

easily obtained from N,N-disubstituted amides and phosgene 137 or 
from enamides with hydrogen chloride27. 

3. Thiolysis of amidines and imidic esters 

(reaction 11). 
Amidines and imidic esters are conveniently prepared from nitriles 

As the latter are themselves able to react with hydrogen 

HzS R l N H z  RCN R-C-NHZ + R-C-NHR' i- Pyridinc R-C-NHR' <- 

RlOH 
HX I HX 

II 
NH 

II 
S 

I1 
S 

c 

I1 
NH 

R-C-OR' (11) 

sulphide, amidines and imidic esters have to show sonic advantage 
over nitriles as starting materials. Rccently it has been shown that 
aliphatic thioamides are obtained in better yields when prepared 
according to equation (1 1) 138a rather than ( l ) ,  even if the latter is 
improved as indicated by Gilbert and Rumanowski 127. 

When ammonia, primary, or secondary amines are uscd 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- 
phide138a*138d, whereas the proportion of 28 and 29 depends on the 
basicity of R'NH,, when R1 is aromatic as shown in Table 15138d. 

TABLE 15. Thiolysis of acctamidines (R= Me) according to reaction ( 1  1). 

4-60 
5.09 
5.29 
3.99 
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N, N-Diethylamidines yield 28 cxclusively when reacted with 
hydrogen sulphide, presumably duc to steric reasons 130b (reaction 12). 

Et R-C=S 

(12) 

This means that probably mechanisms of different type are operative 
in reactions (4) and (12). 

4. Thionation" of amides 

sulphur is phosphorus pentasulphide (reaction 13). 

I / 'Et ---+ NH2 

/ > [ R-(-<] (28) 

R-C-N 

H2N S H  
I I  \ Pyridine 
NH E t  

The most useful reagent for replacing the oxygen of amides by 
The polarity of 

(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 

P4s10 RCONH, + R C S N H 2  

R C S N  H R' 
Pyridine Pyridinc 

RCOX + R'NH2 ___ > RCONHR' 
p4s10 > (14) 

conventional two-step reaction. In  xylene it is possible to obtain 
optically active thioarnides 97 and in benzene a-amino-/I-thiolactams 
(31) 140 from the appropriate amides. 

H Ph 
I I  
I I  

HZN-C-C -H 

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 sulphide 141 (reaction 15) suggests an analogous course for the 

* Interconversion of a carbonyl group into a thiocarbonyl group by means of 
P,Slo will be called ' thionation ' rather than ' sulphuration' (introduction of 
sulphur into the molecule by means of the element). 
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(15) 
PhS02CI H2 S R-C-NHR ~yridinc- R-C=NR __f R-C-NHR 

I 1  
S 

I 
OSOzPh 

I1 
0 

reaction with phosphorus pentasulphide 142 (reaction 16). Reaction of 

(16) 
+ 

R-CzNH-R’ 4 R-C-NHR’ + R-C-NHR‘ + O=P- / 
II \ 

A-P-s- 0’ ‘s S 

‘P/ 
/ I \  

/ I \  
salicylamide with phosphorus pentasulphide in pyridine (reaction 17) 
afforded 32 which is in favour of reaction (16) 13. 

B. 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-CI + NHZR’ + R-C-NHR’ + HCI (18) 
I 1  
S 

II 
S 

R-C-0-acyl + HzNR1 + R-C-NHRl + HOacyl (19) 
I1 
S 

I I  
S 

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- 

(20) 
Ether R-C-OEt + R’NHZ - > R-C-NHR’ + EtOH 

! II 
S 
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The interference of reaction (reaction 2 1) leading to a m i d i n ~ s ~ ~ ~ ~ .  

NR' 

+ HzS + HOEt (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 

I I  
s (22) 

when tetrahydrofuran is used as s o l v c ~ i t ~ ~ ~ ~ ~ ~ ~ ~ ;  and the best results 
are obtained when 2 moles of 33 arc employed. With 0-ethyl 
thioformate which is easily prepared from e-chyl orthoformate and 
hydrogen sulphide (reaction 23)143, no activation of the amine is 

(23) 

// 
\ 

R-C-OEt + ZR'NHZ R-C 

NHRl 
I1 
S 

R-C-OEt + R'NHMgX 4 R-C-NHR' + EtOMgX 
II 
S 

(33) 

neccssary. This is the best method for preparing thioformamide 
(yield 90%) 144. 

Up to now thioacylation with thionocarboxylates is the best 
available method of connecting two amino acids by a thiopeptide link145 
(reaction 24). 

NH 

> [OEts j + BFr - // HzS 

R 

ZNHCH-C-NHZ NEt3 ZNHCH-C 

OEt 
I \  I II 

R O  

S HzNCHCOOH 
I 

z ZNHCH-C-NHCHCOOH 
// R 1  

ZNHCH-C 

R 
I R I R l  OEt 

I \  

2. Dithiocarboxylic acids 

While thiocarboxylic acids produce amides when reacted with 
amines, thioamides arc obtained from dithiocarboxylic acids (rcaction 
25) or their morc stable alkali saltsll. Aromatic dithioacids arc less 

RCSSH + RlNH, + RCNHR' (25) 
II 
S 
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reactive than aliphatic ones. 
conversion to ‘Grignard reagents ’ (33) is sometimes advisable 146. 

3. Dithiocarboxylates 

Thioamides may be obtained by means of alkyl dithiocarboxylates 
from amines containing other labile functional groups, c.g. tryptamine, 
in reaction (26) 147. 

W. Waltcr and J. Voss 

Therefore activation of the amines by 

+ RCSSEt - flNHCSR (26) QPH2 H H 

For thioacylation of amino acids the carboxymethyl dithiocarboxy- 
lates introduced by Holmberg 148 have gaincd considerablc import- 
ance149J50 (reaction 27). The configuration of the assymetric 
carbon atom of the amino acid is retained in this reaction”. 

HOOCCHNHs + RCSSCHzCOOH + HOOCCHNH-CR + HSCH,COOH 

(27) 
II 
S 

I 
R 

I 
R 

4. Thioamides 

As in the case of alkyl dithiocarboxylates, thioacylation may be 
achieved by ordinary thioamides (reaction 28) I5l, or by activated 
thioamides (reaction 29) 152. Reaction 28 is catalysed by acids; even 
CO, is feasible (reaction 28a) 270*363. 

2RNH2 + HZN-C-C-NH2 - RNH-C-C-NHR + 2NH3 
I1 I I  (28) s s  I1 I 1  s s  
(34) 

(284 
CO2 

C4HSNH2 + (CH3)ZNCHS d CaHSNHCS + HN(CH,)2 

0 
It 

ArCSNH, + ClCOCH2CHzCOCl - ArCS -N, R’NH> Arc-NR2 (29) 
II “1 C I I  S 

0 

Recently it has bcen found that the azolide mcthod, familiar for the 
synthcses of carboxylic acid dcrivativcs, can be extcnded to the 
preparation of thioamides 153 (reaction 30), and that N-thioaroyl- 
benzoxazolones are good thioacylating agents 153a (reaction 30a). 
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II 
S 

THF 
x=co,s 
- 

S Ar 
NC/ 

(304 s I 
a : > O  + HNR1R2 - a ' > O  4- Ar-C-NR1R2 II 

0 

5. Thioketenes 

thiolesters with amines (reaction 3 1) 1 5 4 * 1 5 5 * 3 6 4 9 3 6 5  

Thioketenes are rcgarded as intermediates in the reaction of acetylene 
Recently thio- 

(+ CH,CONR:) 

[R-CH=C=S] ____+ R-CH,-C-NRi 

R-CEC-SLi 7, t-BuBr +LiBr + CH,=C 

RkNH 

I I  
S 

\ 'cH31 CH, (31) 

R-CEC-SCOCH, 

R-CGC-Li A 

kctenes have been actually obtaincd and promise to become valuable 
reagents for the synthesis of thioamides 56 (reaction 32). 

P J l O  

PhNH 
(t-Bu),C=C=S (t-Bu),HCC-NHPh (32j 

I I  ---I--+ S 

& NZ2,  & s - p ~ ~ i  & (33) 

(t- B u) ,C = C =O 

P A 0  J (t-BU),CHCOCI 

A derivative of thioketenc is u-(dimcrcaptomethylenc)camplior, 
which is obtained as disodium salt from the sodium compound of 
camphor with carbon disulphide. It forms a thioamidc on rcactioii 
with amines155a (reaction 33). 

C-NRZ 
II  

S-Nar S 

/ 

c\ 
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C. Thiolysis and Arnmonolysis of Halogenated Hydrocurbons 

e O n  reaction of chloroform with primary or secondary amines and 
Yydrogen sulphide in alkaline solution thioformamides are obtained, 
presumably via dichlorocarbene (reaction 34). Whether the amine 

(34) 

(reaction 35) or the hydrogen sulphide anion (reaction 36) is the first 

CHClB + B- + HB + CCIs ----+ CCIZ + CI- 

- +  SH - 
CC12 + RzNH - > CIZC-NHRZ - > CIzCHNR2 HC-NRz (35) 

I 1  
S 

(36) 

R'CHC12 + 5 + HNR2R3 d R'C-NR"R3 

! 
to attack the dichlorocarbene is an open question2*. If elevated 
temperatures and pressure are applicd, carbon tetrachloride and 
other halogen compounds may be used in the reaction as source of the 
thiof~rmylcarbon~~~,~~~~. From hexachloroethane, dithiooxamides 
(34) are obtained156. Dichloromethane and its alkyl derivatives are 
converted to thioamides by sulphur in the prcsence of amines, in- 
volving oxidative processes 156a (reaction 36a). 

D. Addition of Nucleophiles to Isothiocyanates 

ion, generated from NaBH, to form tliioformamides157. 

(reaction 37), which havc been rcviewed e l ~ e w h e r e ~ . ~ ~ .  

R R R 

Isothiocyanates react with the simplest nuclcophilc, the hydridc 

Most versatile is the reaction of isothiocyanates with CH acids 
An intcrest- 

\ \ -  HX \ 
R'-C-Na+ + R3NCS ---+ R1-C-CNR3Na+ __f R1-C-C-NHR" (37) 

R2 
/ !  

R2 / !  R2 
/ 

ing new example of the mcthod is the conversion of disulphonyl- 
methanes to thioamides15B (reaction 37, R = H, R1 = R2 = 
ArS02). The reaction with aromatic systems has been extended to 
pseudoaromatic systems such as azulenc 159 (reaction 38). Ally1 
isothiocyanatc has bcen found to be more rcactive than phenyl 
isocyanate towards methyliminodiacetonitrile 160 (reaction 39). 



8. The  chemistry of thioamides 425 

RS0,NCS + 

QCH3 

CH3 

( 3 3 C H 3  

(38) 
20’ 

(ether) ’ 
/ 
I 

RSO~NH-C I 
I I  CH3 
S 

NCCH2NCHzCN + CH2=CHCH2NCS ---+ 
I 

Me 
CN CN 
I I 

I 
CHz=CHCH2NHC-CH-N-CH-CCNHCHZCH=CHz (39) 

I I  
S Me 

I I  
S 

Enamines (35) are useful partners in reactions with isothiocyanates 
(reaction 40) in which j3-aminoalkenc thioamides (36) are formed 13. 

R1 R2 R3 R1 R2 R3 R1 R2 
1 1 / R5NCS I 1 / H30+ I 1  

H - k C - N  R5NHC-C=C-N + R5NHC-CH-C=O (40) 
I1 
S 

\ 
R4 

I I  
S 

\ 
R4 

(35) (36) 

These vinylogous thioureas may be readily hydrolysed to /3-0x0- 
thioamides. 

With R3 = H, 35 is a n  enolizcd imine, which may likewise react 
at the imino nitrogen. Such an ambivalence was found indeed with 
N-alkylcyclohexylideneamines (37), which form cyclohexenylthioureas 
(38) on reaction with isothiocyanate. A ready rearrangement to 
thioamides (39) takes place when 38 arises from aryl isothiocyanates 161 

S 
II 

NR NHR RNC-NHAr NHR 0 - - 6 Benzene ArNCS, 6 A , &\-N??kl, bSNHAr (41 1 

(37) (38) (39) 
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(reaction 41), so that thioamides form directly when reaction (41) is 
carried out at elevated temperatures. 

E. Electrophilic Reaction of Thiocarbamoyl Chlorides 

N,N-Disubstituted thiocarbamoyl chlorides react with homo- or 
heteroaromatic compounds under Friedel-Crafts conditions to form 
N, N-disubstituted thioamides (reaction 42) 162. For lack of sufficient 

AIC13 orSnClz 
(CH&NCCI + HAr ____j (CH&NCAr 

II 
S 

activity benzene does not react according to (42), a yellow product 
is obtained instead, for which structure 40 seems to be most 
probable162 -163. 

R' R' 

(40) (40a) 

Instead of the thiourethanes normally produced by solvolysis of 
thiocarbamoyl chlorides, sodium isopropoxide in propan-2-01 may 
form thioformamides, if R1 and R2 are bulky (reaction 42a)366. 

N-CHS + NaCl + (CH,),CO 
R'\ 

(42a) <;< , OCH(CHJ2 

CI 
R'\ / 

N-C +- - O-CH(CHJ, 
/ NS 

,N-C\ 
R2 

R2 S 

I n  some cases the yellow bis-thiocarbamoyl sulphides (40a) were 
isolated as by-products fi-om the residues of distillation 366, cf. ref. 367). 

F. The Willgerodt-Kindler Reaction 

Alkyl aryl ketones are converted to w-aryl thioamides by the Will- 
gerodt-Kindler rcaction, 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 

> ArCH2CH2CNR2 ArCOCHnMe 130" HNRz.58 
(43) 
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in boiling morpholine, frequently used as the amine in reaction (43) ; 
its wide range of variation may bc 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 dimethylformamide (reaction 
43b) 369. 

R1 R' R' 
\ S \ 
/ 

NH + CH,O --+ N-CH,OH + N-C-H (4%) 
\ 

/ / !  
R2 R2 R2 

S,HCON(CH3)2 
ArCH,-C-N(CH3), 

II 175" 
ArCH=CH2 

5 

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 a t  20°165 (reaction 44), 

(44) 
S8.20" 

RC=CH2 RCH-C-NR; 
I I  
S 

I 
N Rh 

led Mayer to propose a simple and convincing mechanism for one of 
the main steps of this reaction (equation 45). This involves genera- 

ArCOCH,CH3 + HNR, ArC=CI-ICH, -- ArCH,C=CH, 
>loo' 5 8  58 

I 
NR, 

I 
N R* 

(45) 

- ArCH,-CH2-C=S 
I 

NR, 

tion of an enamine a t  elevated temperature followed by reaction with 
sulphur leading to isomerization and thiolysis 166. 

On the other hand it is difficult to formulate an enamine inter- 
mediate in reaction (46) 16'. In this case initial thiolation seems more 

(46) 
S N I i a  

PhMe PhC-NH2 

! 
likely, as was suggested for the action of sulphur and cyclic amines 168 
(reaction 47), although this reaction might well proceed via an 
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(CHdn [y2'n N (-7;:LSH N - <As . (47) 

R R R 

n =  1,2 

enamine. An investigation of this possibility seems worthwhile as well 
as for the conversion of a Mannich base to a thioamide lci9 (reaction 48). 

(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 

/-7 
PhCOCH, PhCOCSN 

W0 
(42) 

SH 
S' 

PhCOCH,S-N \p - 

(49) 

n A 
I I  u PhCOC-N 0 + PhCOC-N 0 + H,S + H2S' 

5 
I1 w 
5' 

(43) (42) 

has been obtained by Asinger Ici4 from phcnacylsulphenylmorpholide 
(reaction 50). The reaction has been carried out with radioactive 
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sulphur and 50y0 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 Bcckmann re- 
arrangement when hydrogen sulphide is present, and the resulting 
imidosulphonates (cf. section II.A.4) easily form thioamides in situ 171 

(reaction 51). The steps subsequent to the esterification come close 

R R 

R' R 

C=N HzS > R1-C-NHR (51) 

S 

\ /  

/ I I  
PhOoSO 

to the area of the Willgerodt-Kindler reaction. The conversion of 
benzaldoxime esters to t h i o a m i d e ~ l ~ ~  (reaction 52) affords an in- 
teresting analogue to reaction (51) in the aldehyde series. 

HzS 
ArC=NOCR Arc-NHz 

! I 11 
H O  

(5'4 

H. Cleavage of Heterocyclic Compounds 

Notwithstanding the ability of thioamides to be starting materials 
for the synthesis of sulphur hcterocycles there arc hcterocyclic com- 
pounds obtained by other routes, which afford thioamidcs on thiolytic, 
ammonolytic, hydrolytic or pyrolytic cleavage. 

1. Thiolysis 

The hetcro ring of hr-ethylbenzisoxazolium cation (44) is opcncd by 
bases to a keto keteiiimine (45), which resembles the alkylation pro- 
ducts of nitriles. Intermediatc 45 adds nucleophilcs such as hydrogen 
sulphidc gencrating thioamides 173 (rcaction 53). 

d 2-Oxazolincs are cleaved to thioamides under analogous con- 
ditions 174 (reaction 54). 
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(45) (53) 

,,,,l> + HzS - PhC-NHCH,CH,OH (54) I I  
S 

2. Ammonolysis 

There is an interesting differcnce between the reaction of l-thioiso- 
cumarin (46, X = 0) and 1,2-dithioisocumarin (46, X = S) with 
primary aliphatic amines: whereas the ring of the former is cleaved 

CH,COPh 

C-NHR 
II WPh S RNH22 cx s 

(55) 

(46) 

(reaction 55) that of the latter remains closed forming 47. An 

NR N A r  

(47) (48) 

analogous compound (48) is obtained from 1-thioisocumarin (46, 

S S 

R N h ,  &NHR (R = Me, CH,Ph, CMe,) 

NH-CS-CMe, 
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X = 0) with aromatic a1nines~7~, whereas the benzothiazine-thione 
(48a) yields the bis-thioamide (48b) on reaction with a m i n e ~ ~ ~ l .  

The  pyrimidine ring of 3-methyl-4-thiouracil is cleaved by di- 
methylamine and methanol to form tra~2s-/3-dimethylaminothioacrylic 
acid methylamideI7" (reactions 56). 

S S -  

H 

(56a) 

S 
._ I 1  y-H3)2 

/c, + 
CH,NH CH O=C-NH, I 1  

CHN(CH3)z 

Many heterocycles containing more than one sulphur atom are 
Reactions (57) and (58) niay cleaved by amines to form thioamides. 

qh 
PhCO, 

Ph/ 
CHCNHPr-n (57) PhCOCPh + CS, - 

I I  
NZ 

HNA0 f7 
(58) 

u S 
Ar-C-SH - [Arc:;>] CI- - Ar-C-N 

S 
I 1  
S 

serve as examples, the first one involving a cyclic ketenedithio- 
keta11T7 (cf. scction 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-H) -oxazole-5-oneY with thio- 

acetic acid results in the corresponding thiazolone (49) which is 
cleaved by dilute sodium hydroxide to form the thioamide (reaction 
59) 179. 



432 W. Walter and J. Voss 

0 
II PhCH=C-N 

CH2C- SH NaOH PhCHZC- N 
I \ \  PhCH=CNHCPh (59) 

I I I  
HOOC S o&c\ 0 ,c, Ph Ph 

(49) 

Imidazolidine-4-thiones (50) easily prepared from aliphatic ketones, 
sulphur, and ammcjnia 180 are split to amino acid thioamides by dilute 
acids lal (reaction 60). 

CH, S 
I I I  
I 

S-C-NH 
I \  ~ N H C I  

acetone 

(50) (9070) 

H,C-C\ /C-CH, CH3-c-c-NHz (60) 

H,C’ 1 ‘CH, NHz.HCI 

4. Pyrolysis 
Malononitrile and geminal dithiols form 1,3-dithiins (51) which 

decompose to thioketones and thioamides when heated above their 
melting pointsle2 (reaction 61). 

/CH* 

(CH,)n j 

C ,CHz 

c=s \ 
SH I I  + 

+ CH,(CN), - 
s.. /s 

H&( I (CHz)n 1 
(CH& \C=C-CNH, 

(6’ 1 

I I1 
(51) CN S 

1. 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 nitrilele3 (reaction 62). 

H +  RC-XR1 HzN0CH3t NaOH R-C=NOCH, - R-C-NHOCH3 t 

II 
S 

I 
S - N a +  

II 
S 

(54) 

R-C-NHz -t RCN (62) 
II x =  0 , s  S 
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111. ANALYTICAL CHARACTERISTICS O F  THlOAMlDES 

43 3 

A. QuaJitative Determination 

The i.r. spectra of thioamides are not as easily analysed as those of 
the amidcs but their B, C, and D bandsG6 (section I.C.3) are specific 
enough for identification. 1.1.. spectroscopy in the 3000 cm-l  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-dichlorobenzoquinonechlorimine Ie4) , though not 
very specific, yields bluish colours and spots on cliromatograms1~5. 
Grote's reagent (a solution of sodium nitroprussiate, hydroxylamine, 
and bromine in bicarbonate buffer) rcacts 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(II1) aquopentamminc, 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 011 a blue background 
(formation of benzidine bluc is inhibited) A very sensitive proof' 
is the decolouration of iodine-sodium azide in solution and on chroma- 
tograms, which is effected by the catalytic activity of thioamides 1***189, 
and of other bivalent sulphur compounds. The deficient specificity of 
this valuable method may be ovcrcome by combining it with oxidation 
of the thioamides to their S-oxides, and formation of the characteristi- 
cally coloured iron c o m p l e x e ~ ~ ~ ~ * ~ ~ ~ ,  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 thionesle6. However, only chemical and electrochemical 
methods have been extensively applied for this purpose so far. 

Kitamura has oxidizcd thioamidcs with hydrogen peroxide in the 
presence of sodium hydroxide and gravimetrically determined the 
amount of sulphate Ig2. Eis procedure has been simplified by 
Wojahnlg3, who titrated the sulpliuric acid. This may be used for 
determination of thioamide S-oxides, too Io4. Thioacetamide may bc 
titrated iodometrically, thc end-point being detected visually, 
ampkrometrically, or by back titrating cxccss of iodinc with thio- 
sulphate lg5. Indirect iodomctric methods have been applied by 

15 -I- c.o.~\. 
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Jacob and Nairl", and by Sarwar and Thibcrt lg7, who used clilor- 
amine T and N-bromosuccinimidc as rcagcnts for the quantitative 
oxidation of thioacctamide. Vanadomctric determination of thio- 
acetamidc (oxidation by excess vanadate(v)) has been managed by 
Nair and coworkers lg8. A chelatometric titration has been achieved 
by Washizuka lgg. He reacted thioacetamide with mercuric ethylene- 
diaminetetraacetate and determined the free complexing agent with 
zinc. 

Ampcrometric 
titration of thioacetamide may bc conducted by silver(1) *'O or 
 copper(^) ions 201. Coulometric titration of thioacetamide with 
electrogeneratcd silvcr, combined with potentiometric detection of 
thc end-point, has been recommended by King and EatonZo2. 
Finally, Kane has detcrmined polarographically 2-ethylisonicotinic 
acid thioamide as well as its S-oxide in human and rabbit serum 115a. 

Several electrochemical procedurcs arc available. 

IV. PROTOTROPIC AND C H E L A T I N G  PROPERTIES 

A. T h e  Thionamide-Thiolimide Equilibrium 

Two tautomcric forms of primary and secondary thioamides, 53a 
and 53b, have been suggested by Laar 203. Chemical propcrties, 
mainly increased acidity as compared with amides (section IV.B), 
and attack of nucleophiles at the S atom (section V),  havc led to the 
opinion that the imidothiol form 53b is markedly favoured. It is, 

S SH 

(53a) (53b) 

however, impossible to decide Ixtwcen these structures by chemical 
evidencc of this type, since, (a) no information about a tautomeric 
equilibrium can be obtaincd from 'static' acidity204, and (b) thio- 
amide rnolccules, 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 
f i r  thc respectivc reaction '03. Thercforc only physical methods, such 
as those mentioned alrcady in section I, can provide a rcliable solution 
of the problem. 

X-ray diffraction15s18 as wcll as x-ray fluorcsccncezo6 studies show 



8. Tlic chemistry of thioamides 

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 Smith 27 obviously being misinter- 
preted. The i.r. spectra of thioamides, even N-acetylthioaccta- 
amide 83, likewise cxhibit only N-H rather than S--H hands (Tables 
4 and 5). 

The  problem of thiono-thiol tautomerism has been investigated by 
i.r. spectroscopy especially by Bacon and c o w o r k ~ r s ~ ~ ~ .  No exceptions 
to the prevalence of the 53a form in solution have been reported. These 
results apparently have been supported by x-ray fluorcscence lines of 
two N-arylthiocarbamoylpyridincsZoG. Walter and coworkers, however, 
have recently proved that the meiitioncd compounds exist exclusively 
in the thioamide form in solution as well as in the solid state. T h e  
questionable shifts are duc to especially strong hydrogen bonds be- 
tween the NH, group and the nitrogen atom of the pyridinc nucleus 
and the so-called SH bonds represent overtones or combination 
bands 372. 

The U.V. spectra of methyl imidothiolates arc quite different from 
those of the isomeric N-metliylthioaniides. The latter have spectra 
which resemble closely those of unsubstituted thioamides. This 
observation was the earliest physical evidence for the existence of the 
thioiie form in t h i o a m i C I e ~ ~ ~ * ~ ~ ~ .  Infrared bands in the 2600 cm- l  and 
3100 cm- l  regions and characteristic shifts of other bands have 
been observed in solid thionicotine and thioisonicotine amides by 
Jensen and Nielsen66 and Sohfir 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 thioliniide 
tautomer is prescnt in solutions of thiobenzoylamino 

At any rate, the proportion of 53b in the equilibrium is bclow the 
limit of detection even in 1,2-dihydro-2-pyridinethione 210 and similar 
compounds, ofwhich 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 conccption, 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 tlic course of a reaction. 

The  tautomerism phenomena may, however, be complicated by 
hydrogen bonds of difkrent typcs (intramolecular as well as inter- 
molecular, cyclic and open-chain ones) as has Ixcn explained above. 
Nuclear magnetic and infrared211" studies suggest that 
the N-H group of the thioamides is a stronger proton donor and the 

435 
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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 p-ketothio- 
amides (54) in which only N--H and 0-H groups are traceable212. 

R-C=CH-C-NHR’ R-C-CH2-C-NHR’ 
II 
S 

II 
0 

It 
S 

I 
OH 

(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 NC SH 

(543) (54b) 

B. Acidity and Basicity 

anions 5% and cations 551) by bascs and acids. 
Thioamides are amphoteric compounds and are converted to 

The salts of 55a213 

S s SH 
,<. tl a /.- H’ A. 

L ~. - R-C.: ~. - R-C:.+ 

(554 (55) (55bj 

R-C’:’- - 
N R  N H R  ‘+N H R 

and 55b185*214 may even be prepared in the pure state. Although the 
solubility in alkaline solutions to form anioiis is a well-known property 
of thioamides pK, values for the deprotoiiation have bcen deter- 
mined only very (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 pkL, values of thioformanilides, thio- 
acetanilides, and thiobenzanilides (56) conform well to the Hammett 

From the pronounced influence of B groups 
( p  = 1-74) in 56 as conipared to the influence of A groups ( p  = 1.16) 
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TABLE 16. p K  valuesa of thioamides and thc corresponding amides. 

Compound 

RCXNHR + RCXNR- + H +  0 RCXNRZ + H +  + RCXNHRZb*' 

x = o  x = s  x = o  x = s  
- 

(E)-HCXNHCH2CMe3 

HCXNHPh 
DCXNHPh 

HCXNHCsH4Me-fi 
HCXNMeC,HS 
HCXNMe, 
MeCXNHz 

( Z)-HCXNHCH~CMC, 

HCXNHCGH,NO,-fi 

MeCXhTHPh 

MeCXNMc, 
EtCXNMe, 
Me3CCXNMe2 

0 s  
PhCXNH2 

13.6 

11.86 
13.7 
13.8 

13.8 

13.8 

13.8 

13.7 

16.2' 
15.6' 
1 1 -44 
11-50 
10.1 1 
1 1 -64 
12-8 

13.4 
13-4h 
1 1-56 

12.85 

10.60 
9.23 

1 1.03 
13.05 
11-84 

( - 634) 

(-628) . 
( - 523) 
- 0.7Od 
- 0.6f 

( - 533) 
+ 0.9' 

(-  588) 
1-0.1" 

- 0.3' 

+ 0.6' 

+- 0.3' 

- 1.74f 
( - 592) 
( - 64.5) 

( - 522) 
( - 520) 
( - 600) 
( - 508) 
( - 4.53) 
- 2.54" 
- 1.76' 

( - 480) 

( - 545) 
- 1.53" 
- 1.5" 
- 1.51' 

- 2.0k 

- 1.4' 

- 1.6' 

(-516) 
(-610) 

( - 588) 

(-591) 
( - 495) 

a Values are  taken from references 215 and 215a unless otherwise indicatcd. 
Numbers in brackets denote potentials (mv) of half neutralization ( i n  acetic anhydride-perchloric acid) 

Increasing basicity is denoted by dccrcase of the which cannot be related quantitatively to pic values21". 
absolute value of these (negative) potentials. 

For site of protonation see Chapter 3. 
Reference 2 16. 
Reference 2 17. 
Reference 2 18. 

g Reference 2 19. 
Reference 220. 
Refcrcnce 22 1. 
Reference 222. 

I; Reference 223. 
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 ofA215. 

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 57 77*225, the latter, by 

// 

\ 

(57)  

the way, lacking stabilization by conjugation. The pK, 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 CH,CO + 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, too 215. 

S 

R-C 

NHpR 
+ 

C. Complex Formution 

The formation of adducts of N,N-dimcthylthioacetamide (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 dimethylacetamidc (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 

Thioamides form complexes of the composition [M -RCSNHR1], 
[M- (RCSNHII1),], and "1. (RCSNHR1),] with various metal ions 
(M) 11,66. The derivatives ol' ditliiooxaniide which are used in 
analytical chemistry (section VI.C.Z), dithiomalonamides (58) 22*, 
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and /I-ketothioamides (59) 229 are especially stabilized on account of 
cyclic resonance. 

Two copper complcxes of thioamides have been investigated by 
x-ray diffraction. Tetrahedral symmetry and coordination via the 
S atom have bccn found in [CU(M~CSNH,) , ]~~;  a planar structure 
has been supported in the thiopicolinic acid anilide chelate (60) by 
e.p.r. spectroscopy 230. 

( C l 0 ~ ) ~ .  Very marked differences in the chemical shifts of thc pro- 
Hexacoordination occurs in [Ni(DI\/ITA) 6]2 

(60) 

tons of the three mcthyl groups present in the DMTA ligand h a w  
been found in this complex231. This fact has becn used for thc assig- 
nation of the n.m.r. signals of thc respectivc methyl groups. Mixcd 
carbonyl or nitrosyl complcxes of thioamides with rnangancse, rhenium 
and iron have been prepared by Hieber and and by 
Alper and Edward379. 

V. CHEMICAL REACTIONS 

A. Nucleophiiic Attack at the Thioamide Group 

1. Hydrolysis 

Complete hydrolysis of thioamidcs yields carboxylic acids, hydrogen 
sulphide, and ammonia or an amineg*ll. In  many cases, however, 
nitriles, heterocycles, or products of oxidativc dcgradation are 
formedll in a complicated reaction path. 

Thioamides may, under certain conditions, especially in alkaline 
medium, be more dificult to hydrolysc than arnidesll. This does not 
hold, however, for thioacctaniide, the mechanism of its hydrolysis 
having been thoroughly investigated. In acidic incdium (equation 
62a) the protonated species is attacked by water and the tetrahedral 
intermediate is cleaved forming hydrogen sulphidc and amide 232 

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 intcrmcdiatc is the rclatively stablc thiocarboxylate anionZ33 
rathcr than the a r n i d ~ ~ ~ ~ .  The  free thioacid may even he isolated in 
special These results do not imply the occurrcnce of the 

S 
4 
\ 

R-C 
NHR' 

R-C, Ho + I i 2 S  1- H+ 

'N H R' (622) 

\ 
/ R-c02H 
0 (.. 

\;.. 
s 

R-C? - + H,NR' (62b) 

thiol form of the thioamidc in eithcr case as has becn assumedz1g*234. 
Ammonia as base probably yiclds an amidine as intermediate in the 
hydrolysis 235. 

Monothiosuccinimidcs in water undergo hydrolysis to the corres- 
ponding imidcs. AT-Alkyl derivatives react more slowly than N-aryl 
compounds, and the reaction rates of the latter show good correlation 
with Hammett constants. From thc value p = +0.348 onc can 
deducc the rate-determining step of the reaction to be thc nucleo- 
philic attack of a water moleculc a t  the thiocarbonyl carbon atom236. 

Hydrolysis of thiolimidic cstcrs, which generally yields thiolesters 

(O3j 

NR: 

rather than amides (equation 63), takes place much morc easily 
than hydrolysis of thioamides Recently kinetic evidence has becn 
obtained which supports mechanism (63) where h-, is ratc determining 
and k,  > k3. In  strong alkali a sidc-reaction (64) occurs337. 

SR 
/' 

\ 
Me-C -t OH- -> Me-CN + RS- + H,O (64) 

N H  
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2. Substitution by other nucleophiles 

Ammonia and amines may react with thioamides in a number of 
ways9*11. Both the substitution of onc amino group by another one 
(cf. equation 28, section II.B.4) to form a modified thioamide, and the 
replacenient 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. 

NOH 
RC< + H,S 

(65) 

4 RC' + NHR: 
\S 

Amidrazones (hydrazidines) result from thioamides and hydrazines 
Formation of thiohydroxamic acids or thiohydrazides (equation 66). 

NNH, 
RC< + H,S 

(66) 

NHNH, 1 RC:Ri + NHR: 

RCSNR: + H2NNH, 

\S 

(equations 65 and 66) have not yet been observed; for one exception 
see Chapter 9, section II.A.4. 

N,N-Dimethylbcnzamide dialkylmercaptoles (61) are obtained 
from sodium cthanethiolate and the imidothiolic ester salt 62238a*b. 

SR 
/ 

\ +  \ 
1 -  + EtSNa - Ph-C-SEt 

/SR 
Ph-C 

NMe, NM e2 

(62. R = Me, Et) (61) 

35S-Labelled thioacetamide of 9670 specific activity may be prepared 
by isotope exchange with elemental s u l p h ~ i r ~ ~ ~ .  

3. Reduction 

reduction of amidesg*ll. 
Reduction of thioamides (equation 67) is generally easier than 

I t  may be achicvcd with several reagents: 
* 
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(aj zinc or iron in acidic solution, (11) sodium, or better aluminium 
amalgam, (c) lithium hydridc or  lithium alanate12, (d) Raney nickel, 
and (e) electrolytically. The reduction probably proceeds via a- 
aminothiols and aldimiiies yielding amines as products. I n  many 

R’CH,NR’R’ + H,S 

cases by-products of thc type RCH,-NR1-CH2R2 are gcneratcd in 
side-reactions of the intcrmcdiatcs. Aldimine may yield benzalde- 
hyde during the rcduction of thiobcnzamide with zinc in potassium 
hydroxide ll. Recently the Clemmcnsen reduction of thioamides 
has been invcstigatcd. The easc with which thc 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 elcctrochcmical reduction may also 
be prepared by thc reaction of potassium mctal with the thioamide 
in dimethoxyethane l18. 

No true catalytic hydrogenation of a thioamide has been reported 
so far, as would be expected with regard to poisoning of the catalyst. 
The  rcduction of N-methyl-/3-dimethylaniiiioacrylic acid thioamide 
carried out by Watanabe and coworkers176 needs large amoufits of 
Rancy nickel but no hydrogen, and thus cannot be called 
Remarkably, tin in hydrochloric acid does not reduce the thioamide 
group (cf. however, section V.D). 

B. Electrophilic Attack at the Thioarnide Group 

I. Al kylation 

Reaction of thioamides with alkyl halides or sulphates generally 
occurs at the S atom yielding imidothiolic esters 9J1*12,239*240. This 
holds for tertiary thioamides, too, which form salts of N,N-disubstitutcd 
imidothiolic ester cations 11*150. S-Alkylation of thioamidcs is the 
most suitable method for thc preparation of imidothiolic esters, be- 
sides thc reaction of thiols with imidic ester chlorides 241*242, and the 
synthesis from alkyl thiocyanates and polyphcnols 243. 

There are, on the othcr hand, a number of examples of N-alkylation 
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TABLE 17. Alkylation at the N atom of thioamides. 

Substrate Reagcn to Product Refs. 

PhCSNH, 
RCSNHzd 
QrCSNH, 

H2NCSCSNH, 
HCSNHPh 
MeCSNH, 
Me C S NH, 
MeCSNH, 
PhCSNH, 
PhCSNH, 
PhCSNH, 
PhCSNHz 
PhCSNHMe 
PhCSNHPh 

IIZNCSCSNHz 

RIXb 

An,CIIClC 
Ph3CCI 
XanOH" 
Ph,CCI 
XanOH" 
XanOH" 
XanOW 
AnzCHOHC 
h4s,CHOHf 
An,CHOHC 
AnCH(Ph) OHc 
Ph,CHOH 
Ms,CHOHf 
XanOII" 
XanOH" 

PhCSNHCHAn, 
RCSNHCPh, 
ArCSNI-IXan 
Ph,CNIICSCSNHCPh, 
XanNHCSCSNHXan 
HCSN(Ph) Xan 
MeCSNHXan 
McCSNHCHAn, 
MeCSNHCHh4sz 
PhCSNHCHAn, 
PhCSNHCH (Ph)An 
PhCSNHCHPh," 
PhCSNHCHMs, 
PhCSN(Me)Xan 
PhCSN( Ph) Xan 

2 4 1  

245 
246 
245, 247 

248 
245 
2 45 
2 45 
245 
245 
245 
245 
245 
245 

2 4.8 

2 1.5 

(I T h c  first two reactions are carricd o u t  in alkalinc, all others in acidic medium. 
R' = alkyl or aralkyl. 
An = P-methoxyphenyl (anisyl). 
R = M e ,  CH,Ph, aryl, b u t  not H249. 

' )<an = xanthydryl: &D 
f Ms = 2,4,6-trimethylphcnyl (nicsityl). 
9 Only traccs of this product were dctectcd by  thin-laycr chromatography. 

compiled in Table 17. I n  most cases the unusual N-alkylation ob- 
viously occurs under conditions that favour formation of carhonium 
ions, or as in the first item of Table 17, a t  thioamides with electro- 
negative substituents. The  reaction might well procced via a kineti- 
cally controlled S-alkylation followed by rearrangement under suit- 
able conditions. This mechanism (equation 68) has been supportcd 
reccntly by Walter and K r ~ h n ~ ~ ~  who found that the N-aralkyl- 
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 solvcnts. 
Cross-reactions have provcd this rearrangement to bc intermolecular. 
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SCHAr, 
CI - 

/ 
R-C. 

\\ 4. 

NH, 

(6h) 
, 

H,OjH + HCI/Etner I t  R-CS-N H, 

\ 

K,CO, 

SCHAr, \ R-C / 

\ 
NHCHAr, 

W b )  

T h e  hydrochloride 63a on the othcr hand, may bc reprecipitatcd by 
treating 63b with hydrogcn chloride in ether. Reaction (68) may 
provide a suitable tool for the preparation of N-alkylatcd thioamides 
of the type 63b. 

Reaction of thioamides, especially dithiooxamides with aldehydcs, 
alone or together with amincs, yields aminals 9J1. N-(Hydroxy- 
methyl) thioamides (65) are formed from thioamides and formalde- 
hyde (equation 69) 250. 65 is converted to N-aminomcthyl (66) 250.251, 

N-alkoxymethyl (67) 251, or N-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. 

HNR; 
P,CSNH -CHzN R i  

(66) 

(57 ) 
(69) 

RCSNH-CH,OR’ 

RCSNH-CH,CI E (68) 

RCSNHz + CH20 - RCSNH-CH,OH 

(65) 

SOCI, 

Finally, methylation by means of diazomethane shall be mentioned. 
N-Arylthioamides of aromatic carboxylic acids are methylated at the S 
atom (equation 70) 252. Thioamides of minor ‘dynamic’ acidity 

SMe 
// 

\ 
ArCSNHArl + CHzNz + Arc (’i0) 

N A r l  

as thiobcnzamide or its N-alkyl derivativcs do not react with diazo- 
methane a t  all194 whereas thcir S-oxides which obviously cxhibit in- 
creased dynamic acidity are attackcd at  the N atom (cquation 71) Ig4. 
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so so 
(7 1) 

Arylation of cyanothioformanilide by mcans of aryl diazonium salts 
occurs at  the S atom (equation 71a)381. 

S SAr 
/ + NaOH + ArN2 __f N=C-C 

NHPh \NPh 

/ 

\ 
N r C - C  

2. Acylation 

a. Carboxylic and carbonic acid derivatives. Early reports about the 
acylation of thioamides have not provided a uniform understanding 
of this important reaction 9J1J2.213.253. 

Bredereck and coworkers have observed the formation of S-benzoyl- 
formimidothiolic ester hydrochloride (69) from thioformamide 

S-COPh 

(72) 

(69) 

(equation 72) 249 which has remained the only unequivocal example 
of an S-acylation in the thioamide series. All other rccent investiga- 
tions, especially those of Gocrdeler and coworkers, have establishcd 
the exclusive formation of N-acylthioamides by the various acylating 
agents shown in Table 18. The mechanism of thc reaction has not 
been studied in detail but it seems likely that primarily attack upon 
the S atom occurs which is followed by rearrangemcnt. 

Acylation of thioamides may be achieved by N-functional derivatives 
of carboxylic acids, too. Reaction of imidoyl chlorides with primary 
thioamidcs yields secondary thioamides by transfer of sulphur 
(equation 73, sec also equation 8 in section II.A.2). The alkali salts 
of secondary thioamides form N-thioacylamidines (70, equation 74) 253. 

70 (Arl = Ar3 = Ph; Ar2 = Ar4 = a-naphthyl) is rearranged to the 
isomeric diimidoyl sulphide (71) on heating 253. Diimidoyl sulphides 
may be also obtained by reaction of amidines on thioamides l2 
(equation 76). N-Thioacylamidines of type 72 are the products of 
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TABLE 18. Formation of N-acylthioamides. 

Substrate apcylating agent Product Refs. 

MeCSNH, 
MeCSNH, 
McCSNH, 

MeCSNH, 

kleCSNH, 

MeCSNH, 
ArCSNH, 
ArCSNH, 

ArCSNHz 

PhCSNHCHzPh 
ArCSNHArl 
RrCSNH2 
ArCSNHArl 

~~~ ~ 

( M e C 0 ) 2 0  MeCSNI-I-COMe 
RCO-C1 MeCSNH-COR 
CI-CO(CH~),,CO-CI" McCSNHCO(CH~),,CONH- 

COMe 
ArCO-C1 MeCSNH-COAr 

MeC( SO)NH2 McCSNH-COMe 
RCO-C1 ArCSNH-COR 
CI-CO (CHz),,CO-Cla ArCSNHCO ( C1&JflCONH- 

CSAr 
/co- 

C1-CO(CH2),,CO-Clb ArCSfi (CH,). 
\co- 

PhCO-C1 PhCSN( CH2Ph)-COPh 
McCO-Cl ArCSN (Ar')--CONIe 
C H z = C = O  ArCSNH-COMe 
CHz= C =  0 ArCSN(Arl)-COMe 

83, 254 
255 
255 

255 

255 

254 
256,257 
152 

152, 257 

258 
259 
259 
259 

i l l 2  = 3,4. 
b l l  = 2,3. 

NPh NPh NHPh 
/ 

-> R'CN + R2C 
-HCI 

\s 
R'CS-NHZ + R2C 

CI 
\ 

(73) 

S NAr4 S NAr' 

Ar1C=..NAr2 N a +  + ArT-CI  ---+ Ar1C-N-CAr3 (74) 
l -  I I  II I1 

I 

(70) 

Ar2 

s N A r 4  NAr? NAr4 

z Ar1C-S-CAr3 Ar1C-N-CAr3 - 
II I t  

(75) 
1 1  Heat It 

I 
Ar2 

(70) (71) 
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N H  N H  N H  
I I  I I  

-t R-C-S-C-R' 
// 

\ 
RCS-NH2 + R ' C  

NHP 

thc acid-catalysed reaction between thioamides and nitrilcs (equation 
77) which has been cxtensively investigated by Ishikawa (sec reference 
1 l) ,  and reccntly by Goerdeler and Porrmann260. Reaction (77) 

S N H 2  S 0 
HCI 1 1  I H z O  11 II 

RCS-NH2 + R'CN - t RC-N=CR' - t R C e N H - C R '  (77) 

( i 2 )  

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 N-acylthioamides that are not always obtain- 
able by other means 261. 

Alkyl cyanates ROCN 262 and cyanamidc H2NCN11 abstract 
hydrogen sulphide from thioamides forming thione carbamates or 
thiourea. 

Chlorothioformates (73) yield A~-tliioacylthionccarbamates (74) 
when they react with the anions of thioamides 263, whcrcas chloro- 
formamidines (75) form S-imidoylthioureas ('76) which undergo re- 
arrangement to the N-imidoylthioureas (77a) , or thioacylguanidines 
(77b) (equation 79) 264. 

Phenyl isocyanate yields degradation products only in reactions with 
thioamides but AT-thiobenzoyl-N'-benzoylurea (75) is readily formed 
from thiobenzamidc and benzoyl isocyanate 265 .  

Bcnzcncsulphinyl chloride 266 and bcnzene- 
sulphonyl chloride, as well as S2C12, SOCl,, and S02C1, yicld imidoyl- 
thioamides of the types 70-72, heterocycles, and oxidation products 
rather than compounds that contain the residue of the attacking 
reagent 9J1. N-(Arylsulphonyl) thiobenzamidcs may, however, be ob- 
tained indirectly by thiolysis of AT- (arylsulphonyl) imido chlorides 
according to equation (78) 266a. Sulphenyl chlorides, howevcr, 

b. Sulphenyl chlorides. 

with secondary thioamides readily form iniinomcthanc 
(79) 267*268,  rather than N-thioacylsulphenamides ( S O ) .  

(78) 

disulphides 
This has 
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S S 
II I I  

Ar'-C-N -C -OR 
I 
I 

Ar" 

(74) 

1 ;  
CI-C-OR 

(? 
Arl-C..- Na+  \.. 

NAr2 

NPh RI 
11 / 

CI-C-N, 
Ph 

(75) 

II 

'Ph \ (R1= Me) 
1 

NAP NPh 
II 

Arl-C-S-C-N 

(76) 
(R'= Et) 

S NPh 
II II ,Me 

\ 
Arl-C-N-C-N 

N A P  5 / 
II I I  ,Et 

I Ph Ph Ar2 
\ 

Arl-C-~-C-N 

dh 
(774 (77b) 

0 S 0 0 
II I I  II II 

S 
II 

Ph-C-NHz + Ph-C-N=C=O - Ph-C-NH-C-NH-C-Ph 

been proved by chemical and physical methods (i.r. spectroscopy of 
15N-labelled PhC(NPh)SSPh 267). From unsubstituted thicbenz- 
amide only the hydrochloride of 79 (R1 = R3 = Ph; R2 = H) may 
be obtained, the free base being unstable 268. 

s 
// 
\ 

+ R3SCI R'C 

NHR2 
R1 = Me Ph,C, Ar, RCO.CN 
R2 = Et, Ar, RCO 
KJ = PhCH,. Ar 

N 
\ 

5 KJ 
(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 a t  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( III), mercuric oxide, 
N,N-dichlorocarbamates, and epoxides to form sulphur-free products 
and heterocycles has been reviewed formerly 9.11J2. Recently the 
oxidative desulphuration of thioacetamide by alkaline hexacyano- 
ferratc(rr~) 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 disulphidcs (81) may be achieved 
by selective oxidation of thioamides. Hydrogen peroxide 270, 

hexacyanoferrate(III) 271, lead t e t r a a ~ e t a t e ~ ~ ~ ,  phosgene o ~ i m e ~ ~ O ,  
N-chlorosuccinimide 270, dibenzoyl peroxide 273, and 2-bromo-2-nitro- 
propane-lY3-diol 274 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 sulphidcs 82 with 
elimination of sulphur 275. 

2R1CS-NHR2 
Heat 

[01 z RlC-S-S-CRl ---+ R'C-S-CR' + S 
I 1  I I  
NRZ N R 2  

I1 
N RZ 

I1 
N R" 

(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- 
amura 276 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- 
workcrs"""7 -189-191.194.277, however, have proved the oxidation 
products to be real S-oxicles (83a). The isomeric structure 84 ( t b -  
llydroxamic acid) has been excluded too. Besides x-ray22 and i-r- 
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S so S-OH 
/ 

\ \ 

(83a) (83b) 

(80) R’C // W 2 >  R’C N -  .- R’C 

N R2 NHR2 NHR2 
\ 

~pectroscopicH~~ results the structure 83 can be deduced from chemical 
evidence shown in equations (81) 101*278, (82)lg1, and (83) 191-104. 

so so (81) 
H2°Z // PhNHz phc/ 

PhCS--NHPh + PhC <- 

CI 
\ HzS 

‘NHPh 
m.p. 149” 

S 

F PhC // Ph 
PhNHOH 

PhCSZCHzCOzH 
\ /  
\ 

N 

OH 
m.p. 101” 

(84) 

S so so 
Arc 

/ 
Ar lC Ar2 +--- 

CHzN? HzOz // 
Ar2 Ar’C 

N 
\ / Hzs 

ArlC 
(83) 

\N/ 
\ 

‘N’ N 

H 
\ 

Me 
\ 

Me 

Although numerous thioamide S-oxides-primary 180J90*279, sec- 
~ n d a r y ~ ~ J ~ ~ J ~ ~ * ~ ~ ~ ~ ~ ~ ~ ,  tertiarylgl*l”, aliphatic, aromatic, and hetero- 
cyclic190*280-282~371 as well as bifunctional o n e ~ ~ ~ ~ * ~ ~ * - a r e  known: only 
a few specific chemical reactions of this class of compounds have been 
detected so far. Acylating properties and the N-methylation with 
diazomethane285 have been already mentioned (Tables 17, 18). I t  is 
noteworthy that diazomcthanc attacks 2-t-butylquinazolinethione 
4-S-oxide (85) on its 0 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. 

S-OMe 
I 
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S S-NH2 
/ 

(84) + NH2Cl ---+ PhC 

NHPh \NPh 

// 
\ 

PhC 

(87) 

No formation of S-dioxides as in the case of thioureas has been 
observed as yet in the thioamide 

Demethylation of N,N-dimethylthiopicolinamide (88) and N, N- 
dimethylpyrazinethiocarboxamide (89) occurs by oxidation with 
sulphur, the corresponding N-monomethyl derivative being formed 

CSNMc, CSNHMe 

CSNHMe 

(85b) 

(89) 

(equations 85a and 85b) 287. High-temperature chlorination of hT- 
methylthiobenzamide yields the dichloride of the corresponding iso- 
cyanate according to equation (85c) 287a. 

(854 
Clz 

PhCSNHMe PhCCI2N=CCl2 

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. 

1. Five-membered rings 
2-Aminothiophenes 

(90) are obtained from phenacyl bromides and tertiary thioamides 2Q8 
(equation 86). Formation of tetrahydrothiophenes has been 

a. Heterocycles containing only sulphur in the ring. 
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mcntioned by R ~ h e m a n i i ~ * ~ ,  Hurd and DeLaiLIater 11, and recently 
by Barnikow and coworkers 290*201 (equation 87). 

Ar'CO-CH,Br + Ar2CH,-CSNR, - H20 *'i"' 
(86) 

' s  NR, 

(90) 

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 
89) 283,293,294- 

6. Heterocycles conlainitzg only nitrogen in the ring. Formation of isatin, 
imidazolincs, oxazolincs, and tetrazoles has been reviewed formerly ll. 
h4 ercaptoimidazoles (93) can be prepared from a-acylaminothio- 
amides (equation 90a) 11> a-ketothioamides (equation 90b) 295, or by 

S \ C-NH, //HR2 / 
I f N  

R3 N 
I 
R' 
(93) 



453 8. 'The chemistry of thioamides 

simultaneous reaction of carbonyl compounds and ammonia with 
a-ketothioamides 295a*b. Similarly the known syntheses of isoxazoles 
(94) 11, and pyrazoles (95) from phenylpropiolic acid thioamides 
(equations 91c and 92a) may now be achieved by different routes 
(equations 91b296 and 92b290.297). 94 and 95 may be obtained from 

NHR2 

(9 1 a> 

(9 1b) 

NH20H R1CS-CH2-CS-NHR2 ---+ 

R" 

I 
R3 \ N HZ N H // R3 (95) 

NHR2 

(924 

dithiomalonic amides via a dithiolium system (equations 91a and 92c) 
with yields even better than by the direct route 29*. 2,5,5-Trimethyl- 
4-oxoisoxazole-3-thione (96) results from 97 and acetone279. Regitz 

cs2 0-5 
Me lo, N - Me 
Me 

fl0,C-CS-"HMe + Me-CO-Me 

(97) (96) 

and Liedhegcner have prepared the 1,2,3-triazole (98) by reacting 
tosyl azide with a-acylthioacetamides212. 

p-MeCsH4S02N3 
RCO-CH, -CS-NHR~ HS 

N-R1 

RCO - C --CS- NHR' 1- RCO /QN 

@a) (98) 
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c. Heterocycles containing nitrogen and sulphur. For the synthesis of 
thiazolines (99) from various aY/3-bifunctional molecules of the type 
XCRzCR2Y (X,Y = halogen, OH, SHY NH,) and thioamides, as 
well as for the preparation of thiazoles from compounds of the type 
RCOCRzX, see ref. 1 1. Compound 99 is also formed by ring expan- 
sion of the unstable intermediate AT-thioacylaziridines ( 100)290. O n  
the other hand, 1QO (R1 = aryl, R2 = H) may undergo spontaneous or 
base-catalysed polymcrization to form polyiminothioesters (10Ba) 298a. 
The thiazolidinediones 99a and 99b are obtained respectively 

from aromatic or aliphatic thioamides and oxalyl ~ h l o r i d e ~ ~ ~ * ~ ” ~ * ~ ~ ~ .  
Compound 99a is of special interest because it is rcadily decarbonylated 
to form thioacyl isocyanates (101) 299 which cannot lie prepared other- 
wise. The manifold reactions of 101, gencrated in silu from 99a, 

leading to heterocyclcs are discussed in the publications of Gocrdelcr 
and coworkers300. 

A pendant of the well-known ‘Jacobson rcaction’ (oxidation of 
thioanilides to benzothiazoles 102) 9.11 would bc the formation of 
2,l-benzoisothiazolcs (103) from o-aminothiobenzamides, and it has 
been found recently301. 

The prcparation of lY2,4-thiadiazolcs by oxidation of thioamidcs, 
cspecially by means of iodine (‘Hofniann reaction’) is onc or the 
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S 

longest known reactions of thioamides 9J1.302. 1 ,3,4-Thiadiazoles 
(104) are produced by 1,3-dipolar addition of thioamides to N-phenyl- 
ni trileimines 303. 

Ph 
/ 

N - i - P h  
It / Ph - y-p 

/c+ s=c Ph NMe, \ 

(104) 
NMe, Ph 

(9Ba) (105) 

The diazo compound 98a may be cyclizcd 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 N-phenyl-N’-thiobcnzoylthiourea too 

/NH, CI, 
Ph-C + c=o - 

\ S CIS’ Ph 

(105a) 

,NH, CI, 

\s CIS 

Ph’ \s 

Ph-C + ,C=NPh \ 

HN-C-NHPh 
I I I  
c s  

(93) 
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(equation 93) 268. Formation of the isomeric 1,3,4-dithiazolc (107) 
from thiobenzamide and thiophosgene in a complicated rcaction (94) 
has been reported by Behringer and Deichmann 304. 

W. Walter and J. Voss 

Ph 

(107) 

2. Six-membered rings 

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 - d i k e t o n e ~ ~ ~ ~ ,  
or by cyclization of o-phenacylthioben~amides~’~ (equation 96). 
Derivatives of P-aminoacrylic acid thioamide (110) or anthranilic acid 

a. Heterocycles containing only nitrogen in the ring. 

?H OH 

R3 
I 
C R2?kN CN 

/ 
RZ-HC’ *o CHz -2H,O 

0 / \  

I + I 
R1-C\ C 5 

I 
R’ 

H,N s 
H 

(109b) 

thioamide may be cyclized to form pyrimidinethiones (lll), or quin- 
azolinethiones, Formation of 110 and 111 
may be achieved in one step fi-om suitable p r e c ~ ~ r s o r s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
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The formation of 1 ,2,4-triazines and dihydro- 1 ,ZY4,5-tetrazines has 
been treated forrnerlyll. 

s 

=!?% R3fJ 

R' R ~ c s N H c o R 1  NHR2 R2 
R4 R' 

(110) (111) 

b. Heterocycles containing nitrogen and sulphur. The 5,6-dihydro-! ,3,4- 
thiazines (112) may be synthesized from thioamides and y-halo- 
amines 11, by ring expansion of N-thioacylacetidines (113; equation 
97)312 analogously to the formation of 99 from 100, or 4-hydroxy 

N El 
/ 

Ph-C 

s Ph 
B (97) 

(113) (112) 

derivatives (114) from vinyl ketones (equation 98) 313 .  Acylation of 
thioamides by means of malonyl chloride152 or carbon suboxide314 

yields lY3-thiazinones (115) (or tautomeric forms). 2,6-Diphenyl- 
lY3,5-thiadiazine (116) is formed on oxidation of methylenebis- 
thiobenzamide (117) 2Q3. 1,3,5-Thiadiazines of type 118 are the 

:: 
o=C=c=C=O or 

Ar-cs-NNHz + CICOCH,COCI ' 
HO Ar 

N"-N 
CH, 

HN' 'NH 

Ph Ph 
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products of spontaneous dimerization of the thioacyl isocyaiiates 
(101) readily obtainable from thioamides via 99a 209. 

D. Reactions of Thioamides not Involving the Functional Group 

In view of the reactivity of thioamides (equation 101)318 i t  is worth- 
while dealing with reactions on other parts of the molecule, leaving the 
thioamide group more or less unaffected. 

1. Electrophilic substitution of t h e  thioformyl proton 
Tertiary and secondary thioformamides are chlorinated by reagents 

such as SCI, 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. Dimc- 

H-CSNR'R2 4- SCI, (99) 

t CI-CSNR'R' 

thylthioformamide may be converted aftcr Vilsmeycr-Haack into N,N- 
dimethylglyoxylic acid thioamide ( l19)316. 

+ + 
> HCOCSNMe, HCSNMe, + Me2N=CHCI __f Me,N=CHCSNMe, - HzO 

(119) 

2. Reactions involving the activated a-position 

The a-position of thioamides, and particularly, imidothiolic esters 

is quite reactive. The -C(SR)=NMe, group especially, activates 
an a-hydrogcn atom for proton transfer to OH- ioii about 2 x lo4 
times better than the COSR group238. 

4- 
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Thioacetamides readily undergo aldol condensations forming cin- 
namic acid thioamides (equation 100) 317. Acetoacetic acid Ghio- 

( 100) ArCHO + MeCSNR, --+- ArCH=CHCSNR, 

anilides react with aromatic or aliphatic arnines to form /?-amino- 
acrylic acid thioanilides (equation 101) 318. 

(101) MeCOCH,CSNHAr + RNHz --+ MeC=CHCSNHAr 

Ketene S,N-acetals (120) are formed from thioamides by alkylation 
Similarly the 

I 
NHR 

and reaction with bases (B-) (equation 102)319-321*384. 

S R3 
B - ,  R3X / 

\ 
RiCHCSNRi - 3 RaC=C 

N Rz 
(120) 

S,N-acetals of o-quinone (121, X = O), p-quinone (122, X = 0), or 
quinoneimine arc built from h y d r o ~ y - ~ ~ ~ . ~ ~ ~  or aminotlii~benzamides~~~ 

ax“ - 
CSNR, 

F3-, ax ,SMe (Io3) 

N R, 
c\ \ 

N R, 
(121) 

XH $ + A +  
CSNRz C C 

R,N’ Y M ~  RzN’ ‘SMe 
(122) 

(equations 103 and 104; X = 0, NH), and o-quinodimethane S,N- 
acctals (123) from the C-H active thioamides 124325. The S- 

R R / 

(I) Me1 ~ a c k N  
(2) B- ,SMe 

N Me, 
CS- NMe, c\ 
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ally1 kctene S,N-acetal 125 undergoes Claiscn 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- 

5 ( I ) B -  CH-CH, 

s----------, / (2)R;C=CHCH,Br // \ 
/ \ 

\ 

R’CHZ-C > R:C 

N Rz RICH=C 

N R% 
p 5 )  (105) 

S 
/ 

\ 
CHZ=CH-CR:-CHR’-C 

N Rz 

garded as another example of the liberation of a latent thioamide 
group (cf. section 11.1). 

Finally, the aromatization of polyhalogenated cycloaliphatic thio- 
amides to form thiobenzamides (equation 106) 327 may be mentioned. 

(126) 

3. Preparation of hydroxy and amino thioarrrides 

Thioamides containing sensitive functional groups can hardly be 
prepared by the usual methods reported in section 11. There are, 
however, suitable protecting groups which may be easily removed after 
the formation of the thioamide group. Hydroxy groups may be accty- 
latcd, 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) 331,332. Amino groups may be blocked by carbo- 

i 
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a-CO,Et* 0 p,s, d -  

benzoxylation, the protecting group being removed by hydrogen 
bromide in acetic acid 333. Interestingly p-aminothiobenzamides may 
be obtained by reduction of the corresponding nitro compound with 
stannous chloride (cf. section V.A.3) or hydrogen sulphide lg0 which 
leave the thioamide group unchanged. 

VI. SPECIAL TOPICS 

A. Natural Occurrence of Thioamides 

Real thioamides as defined in section 1.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 E. coli and S. t y p h i m ~ r i u r n ~ ~ ~ .  The non-enzymatic degradation 
of some sulphur-containing glucosides yields, however, real open- 
chain thioamides 334a*334b. For instance /3-hydroxy-p-phenylpropionic 
acid thioamide (128b) is obtained from glucobarbarine (128a) 334a. 

L 

Ph/L'CHL '\\N-OSO,O- K *  

(128a) 
H., ,OH H.. ,OH 

'C + ' c  + Glucose 

Ph' 'CH,CSNH, Ph' 'CH,CN 

(128b) 

5. Physiological Activity 

logical activity. 
I t  is well known that thioacetamide (TAA) possesses marked physio- 

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 which exhibits a specific physio- 
logical activity itself337. 2-Ethylisonicotinic acid thioamide (130, 
‘ ethionamide’) is converted in uiuo to its S-oxide too 115a*338. a-Phcnyl- 
a-(2-pyridyl) thioacetamide (131, ‘ antigastrin ’) inhibits the gastric 
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(129) (130) (131) 

response to gastrin, and thus has anti-ulcer p r o p e r t i ~ s ~ ~ ~ - ~ ~ ~ .  
benzamides of type 131a are strong antidiabetics305. 

‘Thio- 
The physio- 

(131a) 

logical activity of thioamides has caused many attempts to use them 
for pharmaceutical applications as discussed in the next section. 

C. Applications 

1. Pharmaceutical applications 

Gardner 344, and Meltzer 345 have dealt with the activity of several 
thioamides against M. tuberculosis. I t  was Liberman and coworkers 
who succeeded in finding the first thioamide of sufficient in uiuo activity 
and low toxicity (1956), namely ‘ethionamide’ (130) which could be 
used as a human medicament (relevant references are cited by Sey- 
del 346). 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 thioamidcs such as U.V. and i.r. spectra, hydrolysis rates, 
and substituent effects have been studied 317*346-349. I t  seems, how- 

Early investigations by the groups of Bavin 342, 
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ever, that no thioamide or increased suitability with respect to 130 has 
been obtained so far. 

Activity of thioamides against bacteria other than M. tuberculosis has 
been found by WeuKen and coworkers 350, the substihied thiobenz- 
amide 132 being especially effective. Salicylic acid thioanilide (133) 

6 c5-w --Q- a ~ c s -  rw a 
OH OH 

(132) (1331 

has fungistatic activity 351. 
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 DeLaMater I1. Pyridinethiocarboxamides 354 and thiocaprolac- 
tam 355.356 are suitable for the photometric determination of FeIL, 
or BPI, 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 N-terminal amino acid 
residue of the original peptide (equation 108)386. 

Pept ide  - PhCSNHCHRICONHCHRz .... 

Secondary dithiooxamides are amoebi- 

/CF3COZH 
V 

N-CHR' 
+ H , N + C H R 2 C 0  ..... 

Ph 
PhNH. I 

PhCSNHCHR'CONHPh 

(134) 
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1. GENERAL R E M A R K S  

Whereas thc thioamides have attracted great attention for a long time 
the chemistry of the closely related thiohydrazides is relatively young. 
Dificulties 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 Lopic. A review on the subject has 
not as yet been published. Only compounds ofthe general formula 1 

(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 II1.A). 

Great differences as to easc of synthesis, physical properties and 
chemical rcactions are to be expected for the various types ofsubstituted 
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 
thc close relation between both classes of compounds concerning a 
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numbcr of physical as well as chcmical properties is well established. 
An object of special interest will thercfore be the qucstion as to whether 
there arc generally only minor differences or if profound ones are also 
to be found between the two classes. 

The first to our knowlcdge to report the synthesis of thiohydrazides 
was Sakurada l. As hc has givcn neither yiclds nor physical properties 
of any kind except an  analytical value for sulphur content these first 
results seem of little value. A systematic invcstigation of methods of 
preparation, physical properties and chemical reactions of thio- 
hydrazidcs began in 1929 with the work of Wuyts and his school2. 

11. T H E  FORMATION O F  THIOHYDRAZIDES 

A. Thioacylation of Hydrazines 

1. Thioacylation with dithioacids 

The reaction of hydrazine and some substituted hydrazincs with 
dithioacids was first rcported by Wuyts and coworkcrs2-8 and was 
latcr reexamined by Jcnsen and c o w o r k ~ r s ~ - ~ ~ .  If a dithioacid 2 is 
added to a n  ethercal solution of a hydrazinc at low tcmperature a 
salt is formed which in somc cases can be i ~ o l a t c d ~ , ~ .  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 thc substitution in the acid and the hydrazine as well as on the 
reaction conditions. 

Thc thiohydrazidc (reaction 1) is prcdominantly formcd by thc 
reaction of aliphatic dithioacids (R1 = alkyl) on 1-methyl- 1 -phenyl- 
hydrazine (R2 = Me; R3 = Ph) if there is no cxccss of base and if 
a polar non-basic solvent is used 4 9 5 .  With aromatic dithioacids 
(R1 = aryl) 1 -methyl- 1 -phenylhydrazine yields hydrazones (rcaction 
2) as main products" and ivith phenylliydrazine (R2 = 13; R3 = Ph) 
mixtures of thiohydrazidc and hydrazonc arc formed 2*3. Whether 
the formation of hydrazone involves the rcduction of primarily formcd 
thiohydrazide or whether another mcchanism is operativc cannot be 
dccidcd by the given facts. Reactions (1) and (2) may bc rcgarded as 
thc principal reactions. Anothcr complication arises if unsalxtitutcd 
hydrazine is reacted with an aromatic dithioacid undcr these condi- 
tions, for thcn a sccond thioacylation on N2 and dimination of hydro- 
gcn sulphidc might rcsult in thiadiazolcs (reaction 5)7 though in soinc 
cases good yields of thiohydrazidcs were rcported 9. According to 
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R'-C\ /H H\ @C-R' 

N-N 
Rl  - 

/ 

reactions (3), (8), and (9) azines, dihydrotetrazines or diamidrazones 
might be obtained from aromatic dithioacids and hydrazinc hydrate a. 
If reactions (1) and (2) proceed on the same molccule of hydrazinc 
(reaction 4) as is the case with methylhydrazine and aromatic dithio- 
acids, thioacylated hydrazones are formed 7*13. 

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 N2-substituted thiohydrazides with carbonyl compounds lead 
to dihydrothiadiazoles (section 1V.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*G. No thiohydra- 
zides could be obtained by thc reaction of aliphatic dithioacids with 
unsubstitutcd hydrazinclO.ll, 3-6-dialkylclihydrotetrazines are oh- 
tained instead (reaction 8) 11,12. 

The more stable metal salts of dithioacids may be reacted with 

Reactions (2), (3), and (4.) involve reduction of the dithioacid. 
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hydrazin~sl~-~ ' ,  too. This method is most useful when the potassium 
or sodium salts of dithioacids may easily be obtained from trichloro- 
mcthyl derivatives, e.g. potassium dithioformate from c h l ~ r o f o r r n l ~ - ~ ~  
and potassium salt of dithioisonicotinic acid fi-om p-trichloromethyl- 
p ~ r i d i n e l ~ . ~ ~ .  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 phcnylhydrazinc, potassium dithioformatc is 
reported to give the products of reaction (1) with phenylhydrazine or 
othcr m~noary lhydraz ines~~-~~ ,  and to produce a 1,3,4-thiadiazole 
with unsubstituted hydrazinc according to reaction (5)12. 

2. Thioacylation with dithioacid esters 

Less complex is the reaction of dithioacid csters with hydrazines. 
Whereas the reaction with methyl and cthyl esters of dithioacids with 
hydrazine often leads to thiohydrazides in good yields '*lga, the higher 
alkyl csters react slowly or not at alllo. Thiadiazolcs arc obtained in 
some cases, presumably due to a second thioacylation and elimination 
of hydrogen sulphide (cf. reaction 49) lga. 

With monosubstituted hydrazines mixturcs of N1- and N2-thio- 
acylated products are obtained, e.g. reaction of methyl dithiobenzonate 
with benzylhydrazine yielded 23% of N1- and 72'7, of N2-thiobenzoyl- 
benzylhydrazine20 (reactions 10 and 11). 

H 
/ 
\ 

S 

+ H,N-N 

S-CH, CH,Ph 

/ 
Ph-C 

\ 

H 
/ 
\ 

S 

+ H,N-N 

S-CH, CH,Ph 

/ 
Ph-C 

\ 

From /3-carbonyldithioacid esters on reaction with hydrazine or 
phenylhydrazinc no thiohydrazidcs were isolatcd and diazoles were 
formed instcad (equation 12) 21. 

Best results are obtaincd with the activated carboxymcthyl csters 
of dithioacids which wcre first introduced as tliioacylating reagcnts 
by Holmberg22 and later were further investigated by Jcnsen and 
coworkcrs The reaction of unsubstitutcd hydrazinc with 
carboxymcthyl cstcrs (4) of aromatic dithioacids produccs satisfactory 
yields of unsubstituted thiohydrazides (5 )  10.24,25 (cquation 13). 
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+ H,NNH, - 2 
R-C 

\ 
S-CH,COOH 

(4) 

S 
/ 

+ R-C 
‘NHNH, 

The formation of tliioaldehydc, hydrazone or thioacylhydrazone has 
not been observed, whereas thiadiazoles or dihydrotetrazincs have 
sometimes been isolated as main products (analogous to reactions 5 or 
8 ) l O ~ ~ ~ .  This proves that Wuyts and Lacourt6 arc probably right 
when they assume that reactions (2) to (4) are due to the reduction of 
dithioacid or thiohydrazide by hydrogen sulphidc formed in thc pre- 
liminary reaction (1) ; in the reaction lvith carboxyniethyl dithioates 
(4), thioglycolic acid and not hydrogen sulphidc is eliminated and 
hence no reduction occurs; the formation of thiadiazolcs or dihydro- 
tetrazines is possibly due to thc decomposition of primarily formed 
thiohydrazide. No thiohydrazide (5) \vas formed in the reaction 
of m-nitrothiobenzoylthioglycolic acid nor from most aliphatic car- 
boxymcthyl dithioates. The  only aliphatic N-unsubstitutcd thio- 
hydrazidc obtained by this method is thiopivalic acid hydrazide (5, 
R = t-Bu), N1,N2-dithioacylated hydrazines (6) wcre obtained only 
with (R = o-C,H,OBu-i and o-C,H,OC,H,,-n). In all other 
cases excess of 4 led to the thiacliazolc lo (rcaction 49, scction 1V.F. 1 .a). 

nT-h4onosubstituted hydrazines react with carhoxymethyl dithioates 
(4) to yicld mixtures of N1-  and AT2-thioacylated products, by reactions 
similar to (1 0) and (1 1) .  Thc ratio of the two isomers dcpcnds largcly 
on the steric requircmcnts. With n-alkylhydrazincs the N1-thio- 
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acylatioii prevails, with t-alkyl as well as with phcnyl- or (substituted 
pheny1)-hydrazincs only the N2-thioacylated product is formed. 

The influence of the substitucnt of the carboxymethyl dithioate 
seems to be much less important. With N,N-disubstituted hydrazines 
the reaction proceeds well irrespcctive of the nature of the alkyl sub- 
stituent on the hydrazine though in some cases with rather low yields 
(2-370 for N,N-dimethylthiopivaiic acid hydrazide) 23.  

Only 
N1,N2-primary alkyl or benzyl-substituted thiohydrazidcs are ob- 
tainable. No reaction could be observed with N1,N2-diphenyl- 
hydrazine (hydrazobenzene) 23. 

3. Thioacylation with thionoacid esters 

There is some controversy about the thioacylation of hydrazines 
with thionoacid esters. Sakuradal reported the synthesis of some N2- 
phenylthiohydrazides from phenylhydrazine and thionoacid esters 
together with the analogous reaction of amincs to yield thioamides. 
Whereas the latter reaction has been critically reexamined and checked 
(Chapter 8, section 1I.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 reported lo 

that the reaction of ethyl thionobenzoate with hydrazine failed to give 
the corrcsponding thiohydrazide but that diphenyldihydrotetrazine 
and diphenyltriazole were isolated (reaction 15). 

N1,N2-Disubstituted hydrazincs show a different behaviour. 

Recently a nuinber of dialkylthioformohydrazides have been pre- 
pared using ethyl thionoformate as thioacylating The 
reaction of ethyl thionoformate with phenylhydrazine resulted in a 
complex mixture of products, and with 1 -methyl- 1 -phenylhydrazinc 
N1,N3-dimethyl-N1,N3-diplienylformamidrazone 6c, and 6s 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 tcmpcra- 
ture the thiohydrazide is the main product, whereas 6b predominates 
when the reaction is carried out in ethanol at low temperature. 

W. Walter and K. J. Reubke 
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4. Thioacylation with thioamides 

In a Japanese patentgg the synthesis of 2,6-dichlorothiobenzoyl- 
hydrazones from 2,6-dichlorothiobenzamide, hydrazine hydrate and 
ketones according to cquation (16a) is described. This reaction is of 
special interest since it represents the thioacylation of hydrazinc or 
hydrazone by a thioamide. 

B. Thiolysis of Hydrezide Derivatives 

1. Thiohydrazides from hydrazides 

a. Phosphoms pentasulphide method. Amides are easily converted to 
thioamides with pliosphorus pentasulphide in many cases (Chapter 
8, section 1I.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 coworkers lo could 
not prcpare thionicotinic or thioisonicotinic hydrazide by this proce- 
dure and only a small amount (67 , )  of thiobenzohydrazide was 
isolated from benzohydrazide. 

Bredereck and coworkers31 synthesized N,N-cliethyl- and N,N-di- 
jsopropylthioformoh ydrazide from the corresponding formohydrazides 
with phosphorus pentasulphide in benzene solution, in satisfactory 
yields (61 and 37’7, respectively) ; N2-alkylthiohydrazidcs were prc- 
pared from the oxygen analoguesG7 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 N1,N2-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 2H-pyridaz-3-thi0ne~~ (7) (reaction 17) ; or 

0 S 

(8) 

pyrido-[2,3-d]-2H-pyridaz-3-thionc (8) 35. 

Diacylhydrazines arc convcrted into thiadiazoles by phosphorus 
pentasulphide. The first step in this reaction presumably is the 
formation of acyl thiohydrazides 36 (reaction 18) (cf. section 1V.F. 1 .a). 

(18) II - 9 !I 
RCNHNHCR RCN H N H C R 

b. Thioacylhydyazones j o m  hydrazides. Thiohydrazidcs were ofien 
prepared in ordcr to be condensed with aldehydes to thioacyl- 
hydrazones9. The latter werc supposed to exhibit interesting physio- 
logical properties (section V). A method for preparing certain of 
these compounds in one step from hetcrocyclic methyl compounds, 
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hydrazides and sulphur according to equation (19) has been presentcd 
in a patent 37. 

c. Thioformohydrazides )-om Jwmohydrazides via N-isocyanodialkyl- 
amines. An elegant method for preparing dialkylthioformohydrazides 
is the acid-catalysed addition of hydrogen sulphide to N-iso- 
cyanodialkylamines, with excellent yields (reaction 20). Since N- 

I I  -H - I1 (20) 

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. 

0 S 

% HCNHNRz HCNHNR~ ---% C&NR~ 

2. Thiohydrazides from amidrazones and related compounds 

The substitution of the imido group of acetaniidrazone failed to 
give thioacetohydrazide as reported by Jcnsen and coworkers10. 
This may bc due to the instability of N-unsubstituted thioaceto- 
hydrazide which is still unknown in spite of a patent l9 claiming to give 
a method for preparing this compound. 

The N2-benzoylhydrazone of X,N-dimethylformamide (9) was con- 
verted by hydrogen sulphide into N2-thioformylbenzohydrazide 36 

(reaction 2 1). 

NH-N 0 S 

(9) 

The conversion of amidrazones to thiohydrazides by hydrogen 
sulphide at  pressures of several atmospheres was possible in the per- 
fluoroalkyl series3* (reaction 22). Reaction conditions had to be 
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carefully tested in every case in ordcr to prevent side-reactions due to 
solvolytic or reductive propertics of hydrogen sulphidc. 

Fonnai%nes of aldonic acids have been converted into thiohydra- 
zides according to equation (23) 39*40. 

H 2 

HO-CH HO-CH Ph 

2 N-NH-Ph 

(23) 
/ 

C C” H S  

I‘N=N-Ph EtoH J‘NH-N, 

I I 
.r 

3, Thiohydrazides from hydrazidic halides 

bromides41. 
hyde hydra zone^^^**^ (reaction 24). 

Thiohydrazides can in some cases be prepared from hydrazidic 
The latter are easily obtained by hromination of alde- 

The hydrazidic bromides need 

l-i B r  S 

(24) 

not be isolated but are reacted with hydrogen sulphide solution im- 
mediately after adding in succession bromine and triethylamine to the 
hydrazone. Thc method has as yet been tried only fbr dialkyl- 
hydrazones of benzaldehyde and nitro-substituted benzaldehydes. 

The  reaction of o-nitrophenylazochloroacetic acid with potassium 
sulphide yields thiooxalic acid N2-o-nitrophenylhydrazide as de- 
scribed in reaction (25)44. 10 is formulated merely to clarify the 

I Brz 1 Has 11 
PhC=NNRZ + PhC=NNRZ + PhCNHNRz 

COOH 

cOOH1-=> 

/ 
o-NO,C,H,-N=N--CH - O-NOZC,H.~--NH-N=C 

‘Cl ‘Cl 
(10) 

COOH 

’ -[ 
(25) 

/ 
O-NO~CGH ,i-N H-NH-C 

\s 

analogy of the overall proccss to reaction (24) and is not believed to be 
a reaction intermediate. 

I n  cyclic compounds the thiohydrazide group may be formed by 
substitution of chlorine as in 3,6-dichloropyridazinc converted to 6- 
mercapto-2I-I-pyridazine-3-thione (11) by potassium hydrogen sul- 
phide (reaction 26) 45. 

Instead of hydrogen sulphide, thiourea can be used in some cases 
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CI S 

@Y N i.-Cc" -HCI 

CI SH 

(11) 

to substitute sulphur for chlorine in pyridazine derivatives as in 
thieno-[2,3-d]-pyridazine (12) 46 and furo-[2,3-d]-pyridazine (13) 47 

derivatives (reactions 27a,b). 

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. 

1. Thiohydrazides from oxadiazolium salts 

Recently i t  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). 

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 N1,  N2-diacylhydrazine. 
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2. Thiohydrazides from isosydnones and sydnones 

Closely related to reaction (28) is the ring opening of isosydnones 
(15) by hydrogen sulphide to yield N2-substituted thiohydrazides * O .  

Ph\  Ph\ 

Ph 0 \s 

N-NH, 
/ ,(?Ao- - HzS Ph-C 

N-N 

(29) 

(15) 

Reaction (29) is of some interest as it allows the preparation of N1-  
substituted isomers in those cases where thioacylation yields only the 
N2-isomer (section II.A.2). N1-Phenylthiobeiizoliydrazide was pre- 
viously unknown(cf. ref. 32). 

N-Phenylsydnone (16) reacts with 4,~-dimetboxythiobenzophenone 
in a 1,3-dipolar addition. The bicyclic intermediate is transformed 
into the thioformylhydrazone 17 50 (reaction 30). 

Ph s 
// 

At- 

Ph’ At- 

\\J-N=C, / 

111. 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 Structure 18 
differs from the earlier discussed 19 2*51 by the position of the hydrogen 
atom. Wuyts and LacourtS1 cited the solubility in alkali, the easy 
formation of disulphides and the reaction with carbonyl compounds 
as evidence for the existencc of a tautomeric ‘mercapto’ form of 
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thiohydrazides. I n  the light of modern theory the argument is less 
convincing. 

Brown and concluded from i.r. spectroscopic evidence 
(cf. section 111.B.2) that in some perfluoroalkylthiohydrazides the 
proton might best be represented as situated between S and N2. 
Nuclear rnagnctic resonance spectroscopic evidence (cf. section III.B.4) 
allowed thc distinction between zwittcrionic (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 a t  70.5-71-5", the othcr at 81-82". Both forms were con- 
verted into one another. The melting point for N2-phenylthioformo- 
hydrazide was given by Baker and as 39.5-41 O and as 102" 
by Sat0 and Ohta14. Finally Brcdercck and coworkers31 obtaincd 
diethylthioformohydrazide with melting point 108-1 1 Oo*, whereas 
Walter and R e ~ l b k e ~ ~  prepared an isomeric compound ivith 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 isomcr can correctly be called a thionohydrazide of structure 1. 

Very recently some wcll-known thiohydrazides such as dimcthyl- 
thiobenzohydrazide and N2,N2-dimcthyl-m-nitrothiobenzohydrazide 
proved to have zwitterionic s t r u ~ t u r c ~ ~ .  As the possibility of such a 
structure has previously not been taken into account some of the older 
assignment of physical propcrtics will have to be critically revised. 

I n  many cases it is not obvious whether the examined thiohydrazide 
has zwitterionic or thionohydrazide structure or whether mixtures of 
both forms are involved. 

6. Molecular and Electronic Structure of Tbiohydrazides 

1. X-ray diffraction 

chain thiohydl-aziclcs. 
There are as yct no s-l-q' difli-action data available for any opcn- 

Only thc structures of 2H-pyridaz-3-thioiie 

:!: I!wdcrcck and C O W O I . ~ C ~ S ~ ~  s;ivc tlic m.p. 102-105": clric: probably to a 
small amount of thc  othcr isomer, not detcctablc by  ainlysis  and not easily 
removed by recrystallization. 



9. Thc chemistry of the thiohydrazidc group 49 1 

(7) 52 and of thc copper complcx of dimethylthioformohydrazide 53 
(cf. section 1V.C) have been clucidated. Even though in 2H-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 cxists 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 he t e r~cyc le~~ .  Bond lengths 
and anglcs of the true thionohydrazides arc comparable to those of 
thioamides (cf. Chapter 8). 

(7) 

2. Infrared spectroscopic evidence 
No publication completcly 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 articlc on the i.r. spectra of 
tliioamides and selenoamides Jeiisen and Nielseii 54  (cf. Chapter 8) 
report that the A band duc 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 NH, group is not directly attached to the 
C-S group. The B band (1400-1600 cm-l) is rcported to be prescnt 
in all, the C band (1200-1400 cm-l) in most thiohydrazides, nothing 
being said about the D (1000-1200 cm-l), E, I;, and G bands in thesc 
compounds. 

Infrared spectra of N-unsubstituted thiohydrazides of eight aromatic 
acids (thiobenzohydrazide of m.p. 70-71") cf. section 1II.A) have been 
reported by Rao and coworkers55. Three bands were given as 
Characteristic for these compounds: I (1545-1495 cm-l), I1 (1325- 
1300 cm-l), and I11 (1050-1000 cm-l) which correspond to the 13, C, 
and D bands ofJensen and N i e l ~ e n ~ ~ .  I t  was infcrred from the spectra 
that 110 tautomerism with the thiolimidic form as discussed for thio- 
amides (cf. Chapter 8) occurrcd, all of the compounds exhibiting 
characteristic N-H absorption. For the same reason Lieber 56,  too, 
assigncd the thionohydrazide structure to these compounds. 

In  N2-acylthiohydrazides and N1,N2-dithioacylhydrazines the 
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simultaneous resonance in amidic and thioamidic, or in botll thion- 
amidic groupings respectively is not favoured because of the adjacent- 
charge rule (dication effect 5 7 ) .  The thiolimidic form is therefore more 
likely to be encountered in these compounds. No data are available 
on the few dithioacylhydrazincs known. Some acylthiohydrazides 
have been studied by Sandstrom and from the presence of two bands 
in the stretching region of associ2ted N-H, a strong carbonyl 
absorption, and the absence of absorption assignable to S-H stretch- 
ing Vibration, a n  amidic-thionamidic structure (20) was assigned. 

S 0 

R'-C-NH-NH- -R2 ! II 

(20) 

A splitting of the N-FI absorption due to the presence of cis-tram 
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 
diethylthioformohydrazide 59 (cf. ref. 99). 

Only in 6-mercapto-2H-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 half 57. Structure 11 is analogous 
to the one found for the oxygen analogue, cyclic maleic hydrazide. 
The S-H stretching vibration for 11 is reportedG0 at  2360 cm-l. 

Whereas the i.r. spectrum of heptafluorothiobutyrohydrazide 
shows strong N-H absorption in the spectrum of its N2,N2-dimethyl 
derivative no such absorption is observed, but instead strong bands 
appear at 2530-2570 cm-l 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 abscncc of N-H absorption and a 
band at 2776 cm-l  (in sodium bromide) in the spectrum of the one 
isomer of N2, N2-diethylthioformohydrazide led Bredereck and co- 
workers 31 to the assumption that a thiolimide tautomer was present. 
As the band a t  2776 cm-I 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 R e ~ b k e ~ ~ * ~ ~ ,  therefore, assigned structure 18 (R1 = H; 
R2 = R3 = C,H,) to this compound. The band under discussion is 
then to be ascribed to ihc ammonium hydrogen in agreemcnt with 
data on ammoniumG1 and hydrazonium salts 62. Recently Anthoni 
and coworkersG3 deduced a similar structure for the closely related 
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thiosemicarbazide derivative 21 which shows relatively wcak and 
broad bands in the 2500-2900 cm-l region ascribed to the ammonium 
group. 

(21) 

3. Ultraviolet spectroscopic evidence 

Ultraviolet spectra of some thiohydraxides have been recorded and 
discussed by Sandstrom and coworkcrs 64-66. Thc n -> ST* and 
ST --z ST* transitions in N-unsubstitutcd and N-alkyl-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. T h e  shifts are much larger than expected from simplc 
LCAO-MO calculations. I t  is concludcd that the effect is not purely 
inductive but that a strong electron repulsion is operative. Thc 
absorption maximum of ' 3-mcrcapto-pyridazinc' (7) is found in the 
same region (bands at  282 and 355 nm) showing, that it is no mercapto 
compound but has the thionaniidic structure also in solution and 
therefore is better called 2H-pyridaz-3-thionc 67. Somewhat more 
complex are the results for 6-mercapto-2H-pyridazin-3-tliione (11) 67 
because of the conjugation with the ring double bonds. The observed 
absorptions are in good agreement with thc assigned structure 11. 

I n  accord with structure 18 proposed for one isomer of diethyl- 
thioformohydrazide the 7r 3 ST* 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 heptafluorothiobutyrohydrazidc, apparcntly a true thiohydra- 
zide (section III.B.2), the absorption maximum is found at 284 11m3*. 
It is shifted to 276 nm in the N2,N2-dimethylatcd derivative, which most 
certainly has zwitterionic structure. It is assumcd that the ST->T* 

transition is aided by the elcctron-withdrawing pcrfluoroalkyl groups. 
For N2-phenylthiohydrazidcs the strong absorption due to the ST 4- 

ST* transition is shifted to thc red compared with the corresponding 
thioamides, 287-333 nm (PhCH,CSNHNHPh and PhCSNHNHPh), 
the same holding for the N2-acyltliiohydi~~icles 58  in  good agreement 
with theoretical predictions, indicating that somc intcr;Lction iS in- 
vol\rcd bctween the amide and the thioamidc half of the molccult . 
The red shift of thc  ST-+^* band actually increases with increasing 
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conjugation. In  thioacylhydrazones the corresponding band is 
found at  312.5 nm (PhCSNHN=C(CH,),) to 365 nm (PhCSNHN= 
CHCH=CHPh) 65. n -> r* transitions are not easily detected in the 
spectra of these compounds, thc T --f 7 ~ *  transitions causing broad 
and strong bands. 

4. Nuclear magnetic resonance spectroscopic evidence 

Nuclear magnctic 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 a t  
7 = - 1.5 to - 1 .O p.p.m., the exact position depending on the solvcnt. 
The broadening indicates the position on a n  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 T = 6.72 p.p.m.21. 
Furthcrmorc a coupling (4 to 6 Hz) of the N-H proton with the 
a-hydrogens of the N2-alkyl groups confirms the assignment. The 
spectrum of N,N-dimethyl-nz-nitrothiobenzohydrazide is given as an 
example (Figurc 1). The splitting ofthe 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), N,N-dimethylthiobenzohydrazide (4 Hz) , 
and N,N-dimethyl-p-nitrothiobenzohydrazide (5 Hz). T h e  splitting 
of the methyl signal disappears on addition of a polar solvent as well as 
on d ~ u t e r a t i o n ~ ~ .  

From the presence of two C-H and N-H signals, apart from those 
for the zwittcrionic form in the n.m.r. spectrum of an equilibrium 
mixture of diethylthioformohydrazide at low temperature, the occur- 
rence of two rotational isomers was i ~ i f c r r c d ~ ~ .  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 othcr, i.e. 2la". 

5 

C " H 
/ \ /  

H N 

N 
/ \  

( W L )  

E t  E t  
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5. Mass spectrometry of thiohydrazides 

Recently two AT2-phenylthiohydrazides and two thioacylhydrazones 
were included in an investigation concerning the mass spectra of 
thiocarbonyl compounds 68. I n  the spectra of N2-phenylthiobenzo- 
hydrazide and N2-phenylthiophenylacetohydrazide there appear 
(apart from strong molecular ion peaks) peaks due to loss of hydrogen 
sulphide with considerable intcnsity leading to a fragment formulated 
as 22. An ion of m/e 125 in the spectra of both compounds is ascribed 

W. Walter and K. J. Reubke 

+ 
R-C-N 

"/ 
I 

Ph 

(22) 

to loss of RCN accompanied by a skeletal rearrangement according 
to equation (3 1). An unexpected elision of CGH,S leads to a fragment 
that may be represented as 23. 

+. 
NH tlS-NH 

+ 
S-H R-C-NH 

"/ + Phj 
I 

N-N H Ph H 

(23) 

In  the spectra of benzaldehyde N-methyl-N-thiobenzoylhydrazonc 
and acetone N-thiobenzoylhydrazone intensive peaks for loss of phcnyl 
and methyl radicals arc obscrvcd. The corresponding fragment is 
formulated as 24. 

5 CH3 
II / 

Ph-C-N 
\ +  

NEC-H 

(24) 

Thc strongest peak in the inass spectrum of N2-benzylidene-N'- 
methylthiobcnzohydrazide is found at nz/e 12 1 corresponding to the 
fiagmentation reaction (32). 
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CH, 

As only a few thiohydrazides, which arc 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 
t hio h yd razides 

I t  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. I n  some cases onc compound can be isolated in 
both forms, or the less stable tautomer can be detected in solution by 
physical methods. The  thiolimidic form has nevcr been detected 
except for cyclic compounds (3 and 11). The preference of the thiono- 
liydrszidc over the thiolimidic h r m  is probably due to re,, cnnance 
stabilization in  the N-C=S group (cf. Chapter 8). Resonance is 
possible only if the N-N-C=S aroup is planar or nearly planar. 
If therefore N1 is trigonally hybridized hindered rotation about the 
C-N1 bond is to lie expected as is the case for thioamides. Izidica- 
tions for cis-hans isomerism have been found by i.r. and n.m.r. 
spectroscopy (sections III.B.2 and 4). For the one thionohydrazidc 
invcstipted to some extent, dietliylthioformohydrazide, 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 (3 bond moments: 

? 

H S/NEt, 
\ ,+-" \ 

Proton migration to N2 is possible in these compounds wliereby the 
It is en- zwittcrion is formcd if tlic basicity of N2 is great enough. 

hanced by resonance and by hydrogen bonding : 

17-C.O.A. 
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Littlc is known about tlic elcctronic structure of thiohydrazides. 
The close rcsemblancc of the ultraviolet spectra of thiohydrazides and 
tliioamides secmcd to justify thc application of thc simplc Lcho-hio 

method for the calculation of bond orders and electronic transitions 
of thiohydrazides (cf. Chapter 8). Such a calculation has been 
performed for N2-phenylthioacetohydrazide and for some alkyli- 
denethiohydra~ides~~>~~*~~. T h c  results did not agree well with 
experimcntal values and are therefore not reported here in dctail. 
Apparently the influence of tlie 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  Thiok ydrazides 

Thiohydrazides are mostly colourless solids with sharp melting 
points but i t  is oftcn quite difficult to obtain purc products. All 
thiohydrazides with hydrogcn a t  N1 are rcadily soluble in alkali 
(section 1V.B). 

Thiohy- 
drazides of aliphatic acids are quite unstable. Many attempts to 
prepare 1V-unsubstitutcd thiohydrazides Failed and only one compound 
of this class is known (section 1I.A). Even a t  -30" the reaction of 
I-hexyn-I-yl thiolacetate (25) with hydrazinc hydrate resulted in tlie 
formation of 3,6-di-n-pentyldihydrotetrazine instead of the thio- 
hydrazide, which most probably is an intcrnicdiate in the rcaction, 
whereas reaction of 25 with amines leads to thioamides (cf. Chaptcr 
8) 12. 

Most thiohydrazides are sensitive to light and heat23. 

0 
1 1  N2H4 [ i ] -20" 

n-BuCrCSCCH, + CH3CONHNH2 + n-BuCH,CNHNH, + 
(25)  

NH-N 

In  the pel-fiuoroalkyl scrics tlic AT-unsubstitutcd tliiohydrazides are 
more stable, but upon storage at room temperature they decomposc 
with loss ofhydrogcn sulphide and sulphur, the latter bcing duc to the 
Wuyts rcductioii (reaction 2). 
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Thiohydrazidcs can bc dctcctcd on chromatoplates by tlic iocline- 
azidc reaction (cf. Chapter 8). A special tcst for N2-monosubstituted 
thiohyclrazidcs is the Wuyts rcaction. From these compounds and 
benzaldehydc, dihydrothiadiazoles arc formed (scction IV.D, reaction 
54). Upon addition of hydrogen p c r o ~ i d e ~ ~ . ~ ~  or sodium nitrite7I in 
conccnti-ated sulphuric acid solution the presence of thiadiazolincs is 
indicated by a blue or green colour. As in thioainides compared to 
amides, the sulphur atom in thiohydrazides has far greater nucleo- 
philicity than the oxygen atom in hydrazides. Therefore a numbcr of 
analogies between thioamides and thiohydrazides are observed in 
their reactions. On the other hand, the prescncc of another centre for 
clectrophilic attack in the thiohydrazide molecule brings about a 
number of differences bctwcen both classes. I n  many cases electro- 
philic attack on thiohydrazidc seems to be equally or almost equally 
easy at  the sulphur and the N2 atom. 

B. Acidity and Basicity of Thiohydrazides 

Acidity constants arc of great importance for tlic decision as to 
whether formation of a zwitterionic form is possible at all. O n  the 
other hand it is reasonably safe to supposc that the two isomeric forms 

TAELE 1. Equilibrium constants for protonation and deprotonation of 
thiohydrazides. 

HCSNHNEt, thiono form 

fl: thiono form 

bctaine form 

N' 

CGH5CSNHNHCHZC6H5 
C6H5CHzCSNHNI-ICHzC6H5 

Alkyl-CSNHNH-aryl 
A1 k yl-C S N 13 NII- a 1 k y 1 
Aryl-CSNHNH-a1 kyl 
Aryl-CSNHNH-aryl 
RCSNHNR; 

RCSNHNHZ 

RCSNR'NT-To 

243 
3.4 

- 2.68 

5.0-6'0 
4.4-4.7 
5.6-6.2 
4.9-5.7 
4.. 2-4.. 3 
6.5-6.7 
7.2-7.5 

10.4 
11.7 

8-30 

7.63" 
8.7b 

10.2- 1 1.4 
9.3-1 0.1 

10.7-1 1.1 
9.9- 10-4 
9.2-9.6 

27 
27 

66 

20 
G4 
23 
23 
23 
23 
23 
23 
23 
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of a given thiohydrazide will show diflcrcnt pK, values, as was found 
for diethylthioformohydrazide 27. I n  Table 1 pK, values of thio- 
hydrazidcs are listed. The ranges givcn in tlic lowcr part are those 
rcportcd by Jensen and coworkers23 for classcs of compounds. The 
data show that the basicity ranges from pK,, = 2-68 to 7-5, the 
acidity from pKa2 = 7-63 to 11.7. There are as yct insufficient data 
available for individual thiohydrazides of known structure to explain 
these rather large differences. 

C. ComplexWormation of Thiohydrazides 

HolmbergV2 prepared a numbcr of complcx salts of thiobenzo- 
hydrazide with transition metal ions. Latcr Jeiisen and Miquel 73 
assigned tlic N2-methylthiohydrazidc structure to thc ligand of the 
nickel complex of a methylated thiobenzol~ydrazide, for it was then 
thought that only compounds able to cnolize to an imidothiol form 
could form complcxcs. Later Ilolmberg l3 demonstrated that the 
ligand in this complcx was actually the N1 isomer. Holmbcrg13 also 
synthcsized thc N2 isomer. Thc latter, too, forms a nickel complcx as 
was reported by B9hr and S c h l ~ i t z c r ~ ~  who assigned the structures 
26a and 26b to the isomcric complexes. 

olive green 

P6b)  

Diethylthioformohydrazide is reportcd to yicld copper complexes 
of the thionohydrazide and thc zwitterionic tautoiner forms, 27a and 
27b re~pect ively~~.  The formation of the complex of the thiono- 
hydrazidc tautomcr was oiily dcduccd from the ultraviolet spectrum, 
the other complcx was isolated. Whereas structure 27a was derived 

(2ia; (2%;; 
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from ultraviolet spcctral analogy with complexes of' thioamictcs, 
assignmcnt of structure 27b was basccl on llic close rcscniblance of all 
physical propcrtics of the isolated complcx with tlic coppcr complcx of' 
dimctliylthioformoliydrazide, for which the structure was determined 
by x-ray d i f l r a ~ t i o n ~ ~ .  As in space group P21,c there are four general 
positions in the unit cell h i t  only two niolcculcs of the N2,N2-di- 
mcthylthioformohydrazide coppcr complcx are found in it, the molc- 
cule must posscss ccntral symmetry. The bond lengths Cu-S 
(2.24 A) and C-N1 (1.29 A) as well as the angle at  N2 (1 14") indicate 
trigonal hybridization of N1 and a practically localized C-N double 
bond. 

D. Alkylation of Thiohydrazides and Addition t0 Double Bonds 

1. Alkylation of Thiohydrazides 

Whcreas thc question whether 0-alkylation of hydrazides is possible 
scems not to be settled (cf. Chapter 10) S-alkylation of thiohydrazidcs 
is the general reaction, N-alkylation bcing the exception. If N-un- 
substitutcd thioliydrazidcs are treatcd with alkyl halides in alkaline 
solution S-alkylation produces unstable a-hydrazono sulphides which 
are convcrted into dihydrotetrazines with elision of mcrcaptan (cf. 
reaction 64). Only in tlic perfluoroalkylthiohydrazidc series h7- 

unsubstituted a-hydrazono sulphidc (25) was obtained 38 (rcaction 
34). Upon heating in hydrochloric acid solution 25 was dccomposcd 

S SCH3 
HCI.A 

> RI.CIi,SCH, (34) 
I1 -HI 1 

RFCNHNHZ + CHSI __f R&=NNHZ 

(28) (29) 

with loss of nitrogcn to form the sulphide 2938, tlic rcaction being 
analogous to tlic Wolff-IGschncr reduction. 

The S-alkylation products of N2-substituted thiohydrazides seem to 
bc more stablc. Sato and Ohta75 reported the formation of ethyl 
phenylhydrazonomcthyl sulphiclc from N2-phcnylthioformohyctrazide 
and ethyl iodidc in sodiuni ethoxidc solution (rcaction 35) .  

S S E t  

(35) 

S-Alkylation is probably the first stcp in the formation of thiadi- 
azines from N-monosubstituted or h7-unsubstituted thiohydrazides 
and a-chlorocarbonyl compounds (cf. rcactions 61 and 62). As in 

NaOEt 1 > HC=NNHPh HCNHNHPh + E t l  - I1 
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the case ol' N2-p1ienylthiohydrazides open-chin S-alkylated products 
are f ~ r r n e d ~ ~ , ~ ~  (reaction 36) .  In stronger alkaline solution hen- 

COPh 

zoylhydrazones of ethoxycarbonylmcthyl thiolcarboxylates (31) are ob- 
tained from 30 with t h i ~ h y d r a z i d e s ~ ~  (reaction 37). In an acid- 

S-CH,CO,Et 

,COPh (37) 
/ // 

\ \\ 

S 

N I iN  t i  P h (30) N-N, 

+ PhCOCHCIC0,Et R1-C R'-C 

Ph 

(31) 

catalysed reaction, compounds 31 are converted to 
(reaction 38). 

CH,CO,Et 

Two isomeric S-methyl derivatives (32 and 33) were obtained by 
methylation of thc two isomers of diethylthioformohydrazide in sodium 
ethoxide s o l ~ i t i o n ~ ~  (reactions 39 and 40). The isomers 32 and 33 

\ 
E t  

(33) 

have diflcrent boiling points and different i.r. and 1i.m.r. spcctra. 
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In  sodium cthoxide solution slow intcrconvcrsion of both into an 
equilibrium mixture is observed which becomes fast upon heating. 

N1-Methylthiobenzohydrazide is also S-methylated to give com- 
pound 34 which may bc formulatcd as a salt. This dccornposes in 
hot aqueous solution with loss of methylhydrazinium iodidc to form 
methyl thiolben~oatel~ (reaction 41). In  no case has N-alkylation of 

(41) 
0 

S-CK 

+ + H,CNH,--NH, I- 
// 
\ 

Ph-C 

an open-chain thiohydrazide been reported. In the cyclic series 
S-alkylation dominates as well. The reaction of thieno-[2,3-d]-di- 
hydropyridazthiones 46 (35, X = S) and of furo-[2,3-d]-diliydro- 
p y r i d a ~ t h i o n e s ~ ~  (35, X = 0) with chloroacetic acid produces 
carboxymethylthio derivatives (reaction 42). 

Only the reaction of acetobromoglucose (36) with the cyclic thio- 
hydrazides 3-mercaptophtlialazine (37a), dihydropyridaz-3-thione 
(7)78, and cinnol-3-tliione (37b)79 yields mixtures of S- and N- 
alkylated products. 

CH,OAc 

AcO &hr OAc dKH 
(36) (374 (37h) 

Aminomethylation or hydroxymethylation of 11 is possible at  both 
one sulphur atom and at nitrogena1 (reactions 43 and 44). 
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I -  

SH 

c K - C H 2 0 H  S 

(443 

I 

S - CH,OH 

2. Addition of thiohydrazides to double bonds 

3-Mercaptodihydropyridaz-6-thione (11) reacts a t  the mercapto 
site with quiiioiie 8o  and acrylonitrile6' to yield compounds 38 and 
39 respectively. 

S S CIH + CH2=CHCN ---+ (45b) 

I 
SH 

(11) 

I 
8- CH,CH,CN 

(39 j 

E. Oxidation Reactions of Thiohydrazides 

Already in 1939 Wuyts and L a c o ~ i r t ~ ~  reported that N2-phcnyl- 
thiobenzohydrazidc is oxidized by iodine to the corresponding di- 
sulphide 40. The constitution of this compound, an orange-red 

S Ph Ph 
I/  I I  

(40) 

2PhCNIi N H  Ph i> Ph N H N=CSSC:N N H Ph (46) 

solid of m.p. 14.9", was pro\.ccl b y  rcduction to tliiohydrazide with 
stannous chloride (reaction 4,7) and by rcaction with methyl iodide to 



9. Thc chcmistry of thc thiohydrazide group 505 

The n1.p. of40 was later given yield the S-methylated compound 41. 

S 
SnCln I1 

40 + Ph-C-NHNHPh 

SCH3 
Mcl I 

40 - > PhC=NNHPh 

(41) 

(47) 

by I-lolmberg82 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 P a t ~ r ~ ~ .  The  reaction 
proceeds with great ease with hydrogen peroxide or iodine. Even 
N-unsubstituted hcptaRuorotliiobutyroliydrazide yielded a disulphide 
stable at  room temperature. Only upon heating in acid medium 
was the latter compound converted into the corresponding 1,3,4- 
tliiadiazole (section 1V.F). The U.V. absorption maxima of these 
disulphides are reported at 300-389, 247-291, and 232-238 nm. 

Holmbcrg 82-6'1: also isolated disulphides upon oxidation of thio- 
hydrazides but only in a few cases, the. most common oxidation 
products being heterocyclic compounds (section 1V.F). 

I n  connexion with a study concerning MO calculations of phenyl- 
azocarboxylic acid derivatives, Bock and coworkers 85 oxidized 
phenylthiobenzohydrazide with hypobromite. They obtained an  
orange-red solid of m.p. 136" for which they givc the formula 
(C,H,N=NCSC,H,) 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 a t  
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 thiohydrazidc 
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 .  Su I p hu r-contai n i ng heterocycles 

a. Thiadiazoles and Lhiadiazolines. Tlic formation of thiadiazolcs 
from compounds containing thc tliiohydrazide group has been uscd 
preparativcly long before a thiohydrazide was isolated, for it is quite 
certain that StollC’s 86,87 thiadiazole synthcsis proceeds via an acyl- 
thiohydrazide intermcdiate that can not bc 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 arc formed in excellcnt yields 36 
(reaction 49). 

W. Waltcr and I<. J. Reubke 

x.= 0 , s  

The reaction of dithioacids with unsubstitutcd hydrazine (rcaction 
5) 7p11, as well as the rcaction of N-unsubstitutcd thiohydrazides with 
carboxymethyldithioates 9*11 to yicld thiadiazoles, is completcly 
analogous to reaction (49). 

Nucleophilic attack of sulphur on the hydrazone carbon atom of an 
aldehyde N-thioacylhydrazone under oxidative conditions also leads 
to thiadiazolcs 83 (reaction 50). 

Another mechanism scems to 
disubstituted thiadiazolcs from 
heating, or upon o x i d a t i ~ i i ~ ~ ’ ~ ~  

be operative in the formation of 2,5- 
N-unsubstituted thiohydrazides upon 
(rcaction 51). 

.H 1 
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Similarly Brown and Pater 30 found that bis(u-hydrazonohepta- 
fluorobutyl) disulphide (42) is converted to the thiadiazole in acid 
solution (reaction 52). 

n 

(42) 

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). 

CI 
I - HCI 

s 
// 

\ I 
+ R2N=C-N-RR3 - NEt, 

R1-C 

NH-NH, COCH, 

- HCI I + R2N=C-N-RR3 - //- 

\ I NEt, 
R1-C 

NH-NH, COCH, 

N--N ' ' C  R3 (53) 

S Rl/c\ \ / 
R1-C 

N\ 
N COCH, 

COCH, 
I (44) 

(43) 

Nuclcophilic attack of both the N2 and the S at a carbon atom is 
involved in the formation of dihydrothiadiazoles 13*71*89 from N2-  
substituted thioliydrazides and aldehydes or ketoncs (reaction 54). 

The formation of dihydrothiadiazolcs in thc reaction of dithioacid 
and substituted hydrazines6 (reaction 7, scction 1I.A. 1) may be formu- 
lated accordingly with thioaldchyde instcad of the. 0-analogue of 
rcaction (54), as thioaldchydes arc formcd by reduction of dithioacids 
by hydrogcn sulpliidc (cf. reaction 6). 
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I f  on the other hand an N1-alkylated thiohydrazidc is rcactcd with 
aldehyde, no thiadiazoline is formed. N1-Metliylthiobcnzohydrazide, 
for example, reacts with formaldehyde to yield thc opcn-chain com- 
pound 4513 (reaction 55). 

S S S 
I1 I1 I I  

2 PhCN(CH3)NHz + CHpO + PhCN(CH3)NHCH2NHN(CIi3)CPh (55) 

(45) 

The action of thioliydrazides on orthoestcrsg0 (reaction 56) to yield 
thiadiazole appears to take place in the same way as that ofcarboxylic 
acid hydrazides. 

N-N 

5 

OEt 
I S 

4 
\ I 

R-C R-C, //I ,C-H (56) + H-C-OEt 

NH-NH, OEt 

The  reaction betwecn thiobcnzoiiyclrazidc and carbon disulphiclc 
gives 5-mercapt0-2-phenyl- 1,3,4-thiadiazole (46) (reaction 57). 

With the more reactive phosgcnc 3 2 . 4 9 9 g 1 * 0 2  or thiophosgcne 91 meso- 
ionic 1,3,4-thiadiazoles 47 can be obtained fi-om N1-monosubstituted 
thiohydrazides (reaction 58). 

6. Thiatl-inzoles. Whcn N-unsubstituted ary110*11*24*25.56 or  per- 
fluoroalkylthiohydrazides 38 arc treated with nitrous acid, tliiatriazoles 
(48) and not the isomeric thioacid azidcs (49) are fornicd (reaction 
59). The same products are obtained from carboxynicthyl dithioates 
and sodium a z i d ~ ~ * v ~ ~  (reaction 60). Reaction (59) is analogous to 
the well-known formation of 4-aminothiatriazolc from thiosemicar- 
bazide and nitrous acidg3. The cyclic character of thesc compounds 
has been establishcd unequivocally by i.r. spectroscopy. 
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,59) 

\ 
N3 

(49) 

c. Thadiazines. Reactions of thiohydrazidcs with cr-halogeno- 
carbonyl compounds leading to the thiadiazine ring system are closcly 
related to the analogous reactions of thioscmicarbazides 94. Thio- 
benxohydrazidc reacts with a-halogcnoacyl chlorides to yield 2- 
phenyl- 1,3,4-thiadiazin-5-one 72 (50) (reaction 6 1). 

N-NH 
/s-icHz\ / / \  

Ph-C ,,/-C=O Ph-C\ /c=O 
S-CH, \ I NH-NHZ c? 
(50) 

In thc reaction of a-halogcnokctones with thiohydrazides, e.g., 
reaction (62), formation of the tliiadiazine ring system 51 has been 
obscrved 77. Tlic thiacliazines undergo ring contraction (cf. reaction 
66) and werc not isolatcd in all cases. 

S 0 N- N\H,P h - H.,O 

NH-NH, S-c? O H  
1- Ph-CHCI-CO-Ph - Ph-C, C 

// 
\ I\ 

Ph-C 

N-N 
// \\ 

Ph-C, F - P h  
S-CH 

\ 
Ph 

(51; 
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Thc same ring system is formed by the reaction of ethyl benzoyl- 
chloroacctate (30) with N-unsubstitutcd 0 s  N2-benzyltliiohydrazides, 
whereas the N2-phenylthiohydsazides are S-alkylated to give open- 
chain derivatives (cf. reaction 36). In all these cases the stable end 
product is a pyrazole (cf. reaction 66). 

2. Sul phur-free heterocycles 

The formation of tetrazine in the reaction of hydra- 
zinc with dithioacids was mentioned above in section II.A.1. 1,4- 
Diphenyldihydrotetrazine (52) can be prcparcd from thc N2-phcnyl- 
thioformohydrazide by the action of cold sodium ethoxidc (reaction 
63). 

a. Tehazines. 

Ph Ph 
I \ iJ HN-HN H N-N 

1 %  ' / Cold NaOEt 

H N H - ~ H  N-N 
\ 

H-C C-H (63) /'<--/ FA'\. -2H2S ' \ \ /  

Ph 
I 

Ph 
(52) 

If an N-unsubstitutcd thiohydrazide is treated with alkyl halide in 
alkaline medium S-alkylation and elimination of niercaptide (section 
1V.D. 1) leads to dihydrotetrazines which arc easily oxidized to 
tetrazines 11*72 (reaction 64). 

N-N N-N 
'c-R1 Oxidant+ R I < O ) -  Rl 
/ 

R'- C,, 

N-N N-N 
\ 
H 

b. Tnkzoles. If ItT2-p1icnylthioforniohydrazidc is treated with hot 
sodium ethoxidc the triazole is formed via the dihydrotetrazinc I G .  

Under the same rcaction conditions 1,4-diplienyldiIiydrotetraziiie 
(52) is converted into 1 -plieiiyl-3-pIiciiylaniirio- 1,2,4-triazolc (53) with 
ring contraction (reaction 65). 



9. l 'he  chemistry of thc thiohydmzidc group 51 1 

c. Pyrazoles. Thioliy-drazides oftcn rcact with a-halogenocarbonyl 
compounds to yield pyrazoles. The reaction proceeds via thiadiazincs 
(cf. reactions 61 and 62) which rearrange with loss of sulphur0g 
(reaction 66). The ring contraction with loss of sulphur is familiar, 

N-N N-N 
// \\ - S  > ph-c, /c-X --> 'I \' 

Reaction (GI) 

Reaction (62) ph/ c c  \ ' \ 
S-CH CH X 

I 
R 

I 
R 

too, for thiadiazincs prepared from thioscmicarbazides 04, thiocarb- 
azidcsS5, and dithiocarbazic acid esters 96. 

V. APPLICATIONS OF THIQHYDRAZIDES 

Although a number of invcstigations on thiohydrazides werc undcr- 
taken with the aim of obtaining substanccs of pharmacological 
use 9*39*44*s7, these compounds seem to havc no advantage over known 
compounds in thcir physiological activity, so that they have not been 
introduced as pharmaceutics, in contrast to thioscmicarbazides. 

A nunibcr of patcnts is conccrned with thiohydrazidcs as pesti- 
c i d e ~ ~ ~ * " * ~ ~ .  Their application in this field, however, secms to be not 
very wide. 

Thiohydrazides are of incrcasing importance in thc synthesis of 
heterocycles as was shown above. 
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1. INTRODUCTION 

In view of thcir high reactivity, hydrazides arc important starting 
materials and intermediates in  the synthesis of certain amines, alde- 
hydcs, and heterocyclic compounds that are othcrwise diEcult to 
prepare. Many hydrazides, and in particular variously modified 
aromatic carboxylic acid hydrazidcs, havc becn tcstcd for physio- 
logical effects since isonicotinic acid hydrazide (isoniazid) was found 
to be tubcrculostatic. I n  analytical organic chemistry, hydrazides 
arc used to identify carboxylic acids and to detect carbonyl compounds 
that form acylhydraxones. 

The chemistry of hydrazides which is summarizcd in several books 
of a general nature1-4, is described in the present work from the view- 
point of rcaction mechanisms and related theoretical considerations. 
Carbonic acid derivatives, sulplionylhydrazincs, and sulphinyl- 
hydrazines will be mentioned only when they are dircctly conncctcd 
with the reactions of carboxylic acid hydrazides. 

I I .  NOMENCLATURE 

Hydrazides can bc regarded both as dcrivativcs of carboxylic acids and 
as derivatives of hydrazinc. Simplc mcmbcrs are described as car- 
boxylic acid hydrazidcs or acylhydrazines. The former is the prc- 
ferred name, and is uscd by Chemical Abstracts, as for cxamplc in 
‘acetic acid liydrazide’. Howcvcr, it is L I S U ~ I  to cmploy a shorter 
form wvlicre the ‘-ic’ cnding of the acid is replaccd 1)y ‘-hydrazidc’ or 
‘-0liydr;Izide ’ as in accthydrazide or 11u tyrohyclrazidc. 

1 and 2, 01’ u a11d p, 01‘ N ~ ~ 1 1 ~ 1  N’, 
the first mcmbcj- of each pair denoting the n i t r o p i  wlierc thc acyl 
group is inserted. The use of 1 a d  2 is Sciierally prcfcrred, provided 

nitrogcns arc dcsigrlatcd 
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therc is no possibility of confusion with the numbers of other residues 
of the molecule. Substituted hydrazidcs are named as carboxylic 
acid hydrazides, e.g. acetic acid 2-phcnylhydrazide (in tlie CI2enzical 
Abstracts Index), or else as acylhydrazines, e.g. 1-acetyl-2-phenyl- 
hydrazinc. According to Chemical Abstmcts, the naming of multiply 
acylated hydrazincs is bascd on hydrazine, c.g. 1 ,2-diacctylhydrazineY 
thc term ' diacethydrazide ' being less desirable. Diacylhydrazincs 
are either symmetrical (1,2) or asymrnctrical ( 1,l). The prefixes 
sym and mym are also used with alkyl and aryl substituents in simple 
carboxylic acid hydrazidcs. Thus, sp-acylmethylhydrazine is 1 - 
acyl-2-methylhydrazinc; howevcr, the latter form is preferred. 

111. GENERAL AND PHYSICOCHEMICAL CHARACTERISTICS 

A. General Characteristics 

Unsubstituted hydrazides arc generally easily crystallizable solids, 
their melting points increasing steadily in a given homologous scrics 5. 

Diacylhydrazincs are also crystalline, but triacctylhydrazine and 
tetrakis(trifluoroaccty1)hydrazine can be obtained only as oily sub- 
stances 6 .  Tetraacetylhydraziiie is crystalline, but its melting point 
is lower than that of 1,l- and ly2-diacetyl1iydrazine. The  rnclting 
points of 1,2-diacylhydrazines are consistently higher than those of 
1 , 1-diacylhydrazines. Similarly, 2-alkyl-substitutcd hydrazides melt 
at a highcr temperature than 1-alkyl-substituted ones7. The sub- 
stitution of a11 alkyl group for the amidc hydrogeli generally lowcrs the 
mclting point of tlie liydrazide8*9. 

The hydrazidcs of lower carboxylic acids rcadily dissolve in water. 
As the molecular wciglit increases the solubility in water decreascs, bc- 
cause the hydrophobic naturc of the substituents cventually outweighs 
the hydrophilic nature of the hydrazide group. 

B. X-ray Structure Analysis 

The structure of isoiiicotinic acid hydrazide lo, n-hcptanoic acid 
hydrazidc 11, and n-dodccanoic acid liydrazidc has been determincd 
by x-ray crystallography. The N-N bond lcngtli is always between 
1-39 and 1-42 A, which is shorter than in hydrazinc itsclf ( 1-46-1 -4.7 A ) .  
This contraction is ascribable to the formal charge effect and to thc 
fitct that the clcctron-attrnctin~ acyl group rcduccs thc rcpulsion lic- 
twcen tlic lone pairs of the nitrogcns. L lie C--N bond length is 1.33 
A, which is thc sanic as in the pyridinc ring. This bond must tlicreforc 

,-. 
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havc rouglily a 507" double-bond character. The  substituents on thc 
terminal or P-nitrogen atom havc a pyraniidal arrangcmcnt, with 
bond angles as dcpicted. Thc  two hydrogcns point in thc direction 
of thc carbonyl oxygcn. All six atoms in the group lie almost cxactly 
in the same plane. 

0 

I n  the crystalliiic state, the liydrazide molcculcs are linked togcther 
by intermolecular N-€2 . - 0 and N-H . - . N linkages. I n  n- 
dodecanoic acid hydrazidc, thesc hydrogcn bonds givc risc to ribbon- 
shaped macrornolccules, which pair up  to form molecular double 
layers5. The  latter have the samc structurc in a givcn homologous 
scrics of hydrazidcs (though of course they increase in thickness with 
increasing size of the aliphatic acid residue), and this is why thc melting 
points of homologues form a continuously increasing series. 

Likc the monoacylhydrazines, diacylhydrazincs such as 1,2- 
diformylhydrazine and 1,2-diacetylhydrazinc arc centrosymmetric 
planar molecules with an N-N bond length of 1-39 A12.13. The 
structure of N,N'-disuccinimide (1) has been determined by thrcc- 
dimensional x-ray structurc analysis 14. The molecule possesses a two- 
fold symmetry axis parallel to the N-N bond. Thc anglc between 
the planes of the two rings is 65". The N-N bond length is 1.37 A, 
which is in agrccmeiit with expectations. O n  the other hand, the 
C-N distance is 1.39 A, which is somewhat longcr than in acyclic 
hydrazides, but shorter than in the case of an  ordinary C-N bond, as in 
aliphatic amines. Thc twist betwccn thc two imide rings is explaincd 
by non-bonding electron repulsion between acyl carbonyl groups. 

do 
UN- 0 0  

C .  Nuclear Magnetic Resonance Spectroscopy 

The  chemical shifts of the protons of simple hydrazidcs are similar 
to those of protons with a comparable chcmical environment in other 
compounds, e.g. in amidcs. 
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The 1i.m.r. spectroscopy of trisubstituted hydrazides has given 
some interesting information about their conformation 15a*15b. T~LIS,  
the observation that a t  room temperature thc two acetyl groups in 
N-(diacetylamino) tetramethylsuccinimide give a singlet at T = 7.9 1 
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 
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 thc 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, thc lower acctyl methyl group is situated in a region where it is 
shielded by a benzene ring. Therefore, there is a largc difference in 
the chemical shift (1-46 p.p.m.) between the signals of the methyl 
groups 15a. Similar rcsults have been obtained with N-(diacetyl- 
amin0)-3-methy1-3-phenylsuccinimide~~~. The activation free en- 
thalpy for the free rotation about the N-N bond is estimated as AG* 
= 20-23 k c a l / m o l ~ ~ ~ ~ .  

xJ---'+N/ coct-I:, 

\ 
COCH, 

(2j X = CH,CH=CHCH, 
t i 0  

(3) X = CH,CH,CH,CH, 

Restricted rotation about the N-N bond is also found in 1,2- 
diacyl-l,2-diben~ylhydrazines~~. The spectrum of 5 (R = CH,) 
shows four different acetyl signals and four N3 systems of benzyl 
methylcne 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 temperalure 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 thc AT-acctyl groups changes into free rotation in the 
scnsc of n.m.r. timc scale. The fact that an Al3 system is retaincd 
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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 a t  higher temperatures ( 1 9 0 " ~ ) ~  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. 

R\ 

\ rC=O \ ,c-R 
/N-N., ,N-N., 

"0 "0 

0 
CGH,CH, 

\\ 
C,H,CH, 

R-C 'C H,C t i ~ 5  R-C 'CH,C,I-I, 

RCO /CH,C,l-lj 
R\ 

I==" 
C,H,C ti2 

\N-N\ / ,N-N\ 
o=c CH,C,H, CGH,CH, COR 

\ 
R 

(7) (8) 

I n  1,2-diacetyl-l-benzylhydrazine, the splitting of the benzyl methyl- 
cne groups into an A13 system occurs at  a considerably lowcr tempera- 
ture, and the activation free energy for the rotation in this compound 
is estimated at only AG* = 13 kcal/mole at 2 7 7 " ~ ~ ~ .  It is concluded 
from these results that the twist form 8 is the preferred conformation 
of 1,2-diacyl-l,2-dialkylhydrazines in the ground state: it is in this 
form that the repulsion between the substituents on the nitrogcn 
atoms is at its minimum, A similar eflect has been found in cyclic 
diacylhydrazines of the tetrahydropyridazine type 15a*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-encrgy barrier. 

ROC0 
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D. Dipole Measurements 

The conformation of the hydrazide group has bccn dctcrniiiicd 
from the measured dipole moments of aliphatic and aromatic hydra- 
zides18. According to this, the R group and the N,,,H, group are 
trans with respect to thc C-N,,, axis, as shown in 11. The hydrogcns 
of the. amino group form one or two hydrogen bonds with the carbonyl 
oxygen. In  fact, such trans arrangement is exhibited by thc liydrazidcs 
whose structure has been determined by x-ray analysis, c.g. by isoni- 
cotinic acid liydrazide. 

(11) 

It appears that 1,2-dibcnzoylhydrazine 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. 

E. Infrared and Ultraviolet Spectroscopy 

The i.r. spectra of crystalline hydrazides show an amide I band at  
1625-1670 cm-l, due to the carbonyl group whose double-bond 
character is reduced by tlic mcsomcric cffect of the amide system. 
A weak band at  1610-1620 cm-l is attributed to NI-I, d e f o r m a t i ~ n ~ ~ * ~ ~ .  
Thc region 1530-1570 cm-l contains a strong amide I1 band, which is 
ascribed to a C-N-H vibration comprising N-H deformation and 
C-N stretch21. A weak amide I11 band occurs in the range of 
1200-1305 cm-l 22. The spcctra of trisubstituted hydrazidcs lack 
thc amide I1 band and retain only thc strong amide I band23. The 

band characteristic of trialkylaminc acylimides (R;i;"COR2) 
appears at  1555-1590 cm-l 24. Thc characteristic frequencies for 
the N-FI stretch arc compriscd bctween 3200 and 3250 cm-l 21,22. 

A mucli wcakcr alxorption band at 3050-3070 cm-l  is probably a 
harmonic of thc aniiclc I1 liand 21. 

The spectra recorded for hydrazides in solution are different as re- 
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g a d s  tllc position and the number of the absorption Sandsz0. Thus, 
in a chloroform solution the amide I band is displaced by 20 cm-l to- 
wards higher fi-equencics, while the amide I1 band occurs around 
1500 cm-l.  When the solution is dilute, the N-H stretch band, 
situated at  about 3250 cm-l for crystalline hydrazidcs, appears at 
3450 cm-l.  As the concentration of the solution is increased, a band 
appears gradually a t  3340 cm-l  20, probably owing to thc formation of 
intcrrnolecular hydrogen bonds in concentrated solutions. Hydrazides 
arc fd ly  associatcd in the solid state, owing to the establishments of 
N H -  . .O and NH. . ON bonds. This also explains the shift of the 
amide I and thc amide I1 band that occurs when solid hydrazides are 
dissolved 2 0 .  Since the spectra of solid lY2-diacylhydrazines are 
characterized by the presence of associated NH bands only and the 
absence of non-associatcd bands, it is assumed that not only inter- 
molecular but  also intramolecular hydrogen bonds are formed as in 
1222. Diacylhydrazincs do not exhibit a n  absorption band at the 
stretching frequency of a frec OH group in the solid state and neutral 
solutionsz2, in  spite of other evidence pointing to the occurrence of 
enolization (cf. section V.A). 

@---.C 
i \  

R 
/R 

: N-H. ....O=< 
. /  

&-N \ /y-v 
C=O .....H-N 

\ .  
K' C=O 

The U.V. spectra of hydrazides have not yet becn investigatcd ex- 
tensively, but tlicy are expected to rcsemble those of aniidcs. The  
absorption maxima of carboxylic acid diarylhydrazidcs 
(RCONHNAr,) are in the same region as those of carbonyl compounds. 
This absorption is attributed to an  n -+ z-* transition25. 

F. Polarograpk y and Electrochemistry 

Tlic phcnylhydrazides of dibuty!glycolic and diphenylglycolic acids 
have been investigatcd polarographically in  the pH range of 2-1 2, 
and so have their AT-methyl and AT-acetyl derivatives. AS the pH is 
raised, the half-wave potential is displaced towards negative values. 
A nunibcr of these hydrazidcs exhibit a second anode wavc at pH > 
12. At concentrations betwcen 5 x and 5 x molc/l, 
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there is a linear relationship between the anodc wave height and thc 
concentration, so that polarograpliy can be used for quantitativc 
analysis in this domain 26. 

Thc electrical conductivity of 1,2-diacylhydraziiies increases con- 
sidcrably as the tempcrature is raised, and reaches a particularly high 
valuc on melting22. This is explained by assuming that, as the 
temperature is raised, 1 ,Z-diacylliydrazines change into the enolic 
form, which has a highcr conductivity because of dissociation. In  an 
oxygen-free alkaline solution, the hydrazide group of phthalic acid 
hydrazides suffers irreversible oxidation a-t a platinum electrode 27. 

G. Hudson's Phenylhydrazide Rule 

To determine the configuration of aldonic acids a t  C(2), Hudson 
has formulated a phenylhydrazide rule and an analogous amidc 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  
CC2) conforms to a D- or an  L-configuration28. 

H. Chemilsrminescence 

Hydrazides capable of fluorescencc exhibit chcrnilumincsccnce 011 

oxidation in an alkaline mcdiurn. Substituted cyclic hydrazides of' 
the typc of luminol (13) show particularly strong chcmilumincscence. 
Many modified and variously substituted compounds of the type of 13 
havc been synthesized and tested for variation of the chemilumines- 
ceiice with the substitucnts 29-31. For chemiluminesccnce to occur, 
the hydrazidc group must havc a hydrogen on both nitrown atoms. 
The presence of a system from which nitrogen can bc casily cleaved 
out is clearly a prerequisite of chemilumincsccncc. Nitrogen is 
probably cleaved out of the hydrazidc 13 oxidatively, to leave be- 
hind an excited dianion (14), which returns to the ground statc (15) 
after radiating its excitation e n ~ r g y ~ ~ - ~ l  (reaction 1). I t  is not 
yet known with certainty what interrncdiatcs are formed in the oxida- 

? 

61: N2 + 2H,O + qc;; L Qfo; + hr ( 1 )  

co; co, 
NH, 0 NH, NH, 

113) (14) (15) 
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tion of the hydrazide into the dianion29. A general survcy of the 
chemiluminescence of organic compounds has becn given by 
Gundermann 20. 

IV. PREPARATION O F  HYDRAZIDES 

A. Hydrolytic Methods 

1. Hydrolysis of nitrites 

Hydrolytic methods arc not of great practical importance for the 
preparation of hydrazidcs, bccause they are often accompanied by 
side-reactions. Hydrazides can be prcpared by partial hydrolysis of 
nitriles into amides, followcd by the reaction of the lattcr with hy- 
drazine. 4-Cyanopyridine (16) can bc converted into isonicotinic 
acid liydrazidc (18) in a single operation by heating it with hydrazinc 
hydrate in an aqueous alkaline solution 32,33. However, thc yield 
is not vcry good, bccause 3,5-di(4-pyridyl)-I ,2,4-triazolc (19) is 
formed as a by-product34 in a ring-forming condensation of thc 
hydrazide with the unreactcd nitrile. The yicld of the hydrazide 18 
can be raised to 657, ifthe nitrile (16) is first converted into thc amide 
(17) with dilutc NaOH, and then thc resulting reaction mixture is 
hcatcd with hydrazine hydrate34 (reaction 2). 

CGN CONHZ CON H N t i 2  
I I I 

(19) 

2. Hydrolysis of hydrazidic halides 

Carboxylic acid hydrazidcs 24 are obtained by hydrolysis of liy- 
drazidic bromides 20 (reaction 3), which are readily accessible by thc 
lx-omination of aldehyde hydrazoncs in a mixture of glacial acctic 
acid and acetic aiiliydride 35-38. N'-Monosubstitutcd and N',N'- 
disubstituted aromatic and aliphatic carboxylic acid hydrazides can 
thus be prepared in good yields from aldehyde hydrazoncs 35-38. 
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Alkylliydrazidic bromides often hydrolyse on dissolving in aqueous 
acetonc or on bciiig heated to 70"c. Thc rate of hydrolysis is gencrally 
higher for N',"'-disubstitutecl compounds (24)) than for "-mono- 
substituted oncs (21) 35,37. Arylhydrazidic bromides hydrolyse only 
at  1OO"c in  50y0 d i ~ x a n , ~  or a t  150"c in dimethylformamide in the 
presciice of KHCO,. I t  is assumed that the bromine is displaccd by 
the bicarbonate anion to form an a-bicarbonate (22), which decom- 
poses into tlic liydrazidc on dccarboxylation 36. 

N -N ~1 RZ- 

C G H B C 4 L  H 
C HrC= NNR'R" A> KHCo [ k y A  1 

Br 

(21) R' = H; R2 = 2,4-C,H,Brz 
(20) R' = CH,: RZ = 2,1-C,H3(NOz), 0 

(22) R1 = H; R" = 2,4-C,H3Br, (3) 

- coz I 
C,H,$=N N R1R2 ___f C,H,CONHNR1R2 

(24) R' = CH,; R2 = 2,1-C,H3(NOz), I 
OH 

(25) R1 = H; R2 = 2,4-C,H,Br2 
(23) R' = CH,; RZ = 2,4-c6H3("JO& 

3. Hydrolysis of gem-difluorohydrazines 

1 , 1 -Dimethylhydrazine adds on to 1 , 1-difluoroolefins (26) to gi17e 
readily hydrolysable geminal difluorohydrazines (27). T h e  latter 
irnmcdiately form N'N'-dimetliylli~drazidcs (25) on contact with 
water39. N-Aminoliydrazidincs (29) are formed as by-products on 
account of hydrazinolysis by 1 , 1 -dimethylliydrazine (reaction 4). 

n z o  
R'RZC=CFz + NHZN(CH3)z + R'R'CHCFZNHN(CH3)z __f 

(26) (27) (4) 

N N (CH 312 

/ 
R1R2CHCONHN(CH3)2 + R'R'CI-IC 

6. Acylation of Hydrazines 

Thc rcaction of liydrazine 
ncylating agents is thc most 
zides 40. 

and its aryl and alkyl derivatives with 
important mctliod of prcparing hydra- 
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1. Hydrazinolysis of amides 

Amidcs can be converted into hydrazidcs by heating them with 
hydrazinc hydrate 40 or  anhydrous hydrazine 41. This reaction rc- 
quires fairly high temperatures and often a long time. The  hydrazino- 
lysis of amides is used only in exceptional cases, because amides are 
generally obtaincd by acylating amincs with esters, anhydrides, or 
acid chlorides, and hydrazides can be prepared by hydrazinolysis of 
these reagents. Akabori 42 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 c l ~ e r n i s t r y ~ ~ .  

Activated amides can be converted into hydrazidcs with the aid of 
liydrazine hydrate under very mild conditions. I n  the imidazolide 
method, aromatic carboxylic acids, such as benzoic acid, are converted 
in a single operation into hydrazidcs with thc aid of N,N'-carbonyl- 
diimidazolc in tetrahydrofuran containing hydrazinc hydrate 44  (reac- 
tion 5). 

C,H,COOH + N-\ b - C O - N  

rN FN 
C,H,CON J + co, + HN J 

( 5 )  - - 

\--I 

N,N-Dialkylcarboxylic acid amides, such as 30, react with sodium 
liydrazidc in ether a t  0"c to give l i y d r a ~ i d e s ~ ~ * ~ ~ .  I t  is assumed that 
the liydrazine 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). N-Monosubstituted amides (34) do not react with 
sodium hydrazide in the samc way, but form instead a rcsonancc- 
stabilized amidc anion (35) through deprotonation, and this anion 
regenerates the amidc during processing 46 (reaction 7). 

2. Acylation with esters and lactones 

esters with hydrazinc hydrate 1.3,40. 

The best method to prepare hydrazidcs is to react carboxylic acid 
This reaction proceeds both 
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C,H,CONHR F===== C,H,<.:.NR + H' 
(34) ij- 

(35) 

without a solvent and in the prcsencc of alcohol, dimethylforma- 
mide47*48, and other organic solvents. I t  often takes place spon- 
taneously, with evolution of heat. Reaction mixtures involving less 
reactive esters or hydrazines must be rcfluxed for a few h o ~ r s * ~ ,  or 
even heated for several days in a Carius tube50. When using a 
carboxylic acid, which is to be coilvertcd into the liydrazide 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 ethanol"*". 
Dicarboxylic acid diesters can give high-molecular linear polyhydra- 
zidcs with dihydraziiics 53754. 

ROZC(CHa),C02R + NHZNH(CHZ),NHNHz - > 
f C 0  (C H 2) ,CO N H N H (C tl 2) >N H N ti+ 

Few systematic investigations have so far Ixen done to find out 
which nitrogen is acylated by carboxylic acid esters in the case of 
unsymmetrically alkylated or arylated hydrazines 7. With methylhy- 
drazine, esters react to give preferentially the 1 -acyl-2-methylhydrazine 
(36), besides a small amount of the 1-acyl-1-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 f o ~ i i d ~ * ~ " - " ~ .  The  rcaction of 
esters with other monoalkylhydrazines similarly leads to more 36 than 
37. The larger the R1 group of the 1iydrazinej8, the smaller the 
amount of 37. Steric eirects clcarly play a decisive part in the hydra- 
zinolysis of esters. Mcthyl formatc reacts jvith nionoalkyl-substituted 
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R'NHNH, + R2C02CH3 - > R1NHNHCOR2 + R1NNH2 

(36) ( LORz) 
R1 = alkyl  (37) 

hydrazines (3Sa-3%) in an anomalous manner to give l-alkyl-l- 
fo rmylhydra~ ines"~~~  (39,-39c). It is only in the presence of a 
bulky substituent, such as thc cyclohexyl group in 38d, that the reac- 
tion takes placc 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. 

RNNH, 
1 
ctlo 

i (39a) R = n-Bu: 

- 
. ,  
(39b) R = CHZCOH,: 

RNHNI-I, + HCO,CH, (39~) R = CHzCH2CN 
(38a) R = n-Bu; 

(9) 

(38b) R = CHSCOH,; RNHNH 

(38d) R = cyclohexyl CHO 
( 3 8 ~ )  R = CHzCHzCN; - I 

(40) R = cyclohexyl 

1 , 1-Dimethylhydrazinc does not form liydrazides with acetates and 
benzoatcs ', and can be coiivcrted into 2,2-dimcthylhydrazides only by 
tlic use of esters containing, near the CO group, a strongly electron- 
attracting group such as CN, NO, or halogen, which promotes the 
nucleophilic attack on the CO group 7*24. The nucleophilic character 
of unsymmetrical dimethylhydrazine is clearly not strong enough to 
ensure a reaction with non-activated The formatc is again 
an exception, because it does form the hydrazide with 1, l-dimethyl- 
hydrazine (reaction 10). Symmctric dimethylhydrazine reacts 
with esters only with great difficulty, and the starting materials are 
generally recovcred unchanged 23.  

1-b RTONHN(CH,), 

R'=CH, 
R"= CsH, 

+ HC02CH, HCONHN(CH,), 

Aryl-substituted hydrazines yield only 1 -acyl-2-arylhydrazines 
with esters 4.60 (reaction 1 1). The  specific acylation of'aryl-substituted 
hydrazines on the free amino group may be attributed to thc fact that 
the mesomeric effect of the aryl group reduces the nucleophilic 

18-C.O.A. 
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character of the substituted nitrogcn atom and thus favours the 
acylation of the adjacent nitrogen. However, the possibility that 
steric effects play a part cannot be cxclidcd. 

( 1  1) 

Alkyl csters that do not undergo alkaline hydrolysis readily, often 
react with hydrazines only with difficulty or not a t  all. I n  such cascs 
good results are frequently obtained by preparing and reacting with 
hydrazine the activated esters such as p-nitrobenzy161*62 or cyano- 
methyl estcrs 5 0 * G 3 9 6 4 ,  as in the case of p-nitrobcnzyl pyrroleacetate 62 

and the cyanomethyl estcr of benzoylglycine 63. Under the normal 
conditions of the rcaction of hydrazines with esters, diacylhydrazines 
are not formed in a n  appreciable quantity; their formation generally 
requires longer reaction times and higher temperatures. 

The rcaction kinetics have been thoroughly investigated in the case 
of the hydrazinolysis of substituted ethyl pheny la~e ta t c s~~ .  The rate 
depends on the concentration of the conjugate acid NH,NH,+ and 
the concentration of the base NH,NH, according to the cquation 

CGHSNHNH2 + R'C02R2 - > RICONHNHCoH, 

(R' = H, C,H,CH=CH; R' = CH,) 

k,[NH,NH,+]) [NH,NII,] [Ester] 

where k, is a second-order rate constant for the nucleophilic substitu- 
tion of the alkoxy group of the ester, and k, and kb 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 a-cflect, because it is attributed 
to stabilization of the hydrazine group (acquiring a partial positive 
charge in the transition state 41 during the nuclcophilic reaction) 

.O 

OC,H, 

___f 

// 

\ 
NI-i,NH,+ RCH,C 

(R = XCGH4; X = H, 

m- ,  p-NO,, p-CH,, p-CH,O) 
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by the lone pair of clectrons on the cz-nitrogen atom66. This effect 
influences k, and k ,  more than kn, which is modified by it only to a 
small extent 05. 

The significance of the general base catalysis is also manifested in 
the rate equation for the reaction of ethyl phcnylacetate with mono- 
methylhydrazine 67. Tlie kinetics of the reaction between ethyl 
phcnyiacetste and (dimethylaminoalkyl) hydrazincs suggest that the 
hydrazinolysis is catalytically assisted by intramolecular attack of the 
dimethylamino group. Tlie transition state 42 has been proposed 
to explain this intramolecular base catalysis 67. 

0 1; 3- 
C,H,CH,CO,C,H, - C,H,CH,-C....OC,H, 

(42) 

The reaction of lactones with hydrazincs is generally accompanied 
by ring opening and leads to hydroxycarboxylic acid hydrazides. 
Thus, p-trichloromethyl-P-propiolactone (43) reacts with hydrazine 
or phenylhydrazine to givc 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 lactone 70. 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- 
pounds 28*71972. 

-t NH,NHR - CCI,CHOHCH,CONHNHR ('3) 
CCI, no (44) 

(43) 

Stroh and Henning 71 investigated polarimetrically the way in 
which the rate of arylhydrazide formation f?om 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 hydrazidcs 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 diffcrence is ascribed to a difference in the formation of 

ON 
C 7  

0 NHNHC,H,X 
Nc/ 

I 
HOCH 

I 
fast ’ HqOH 

1 I 
I 0 NH,NHC,H,X 

HOCH 

HCOH I 
I 

HC ’ - arabino HCOH 
I galacto (L form) I 
R 

ON /NHNk-lC,H,X 

H O W  

C 
I 

0 NH,NHC,H,X I 
I 

HCOH 
I 

slow ’ HOCH (14b) 

HOCH 

Ho+ 1 
HC lyxo 

I rnanno (L form) R 

hydrogen bonds going from the ring OH groups to the carbonyl 
oxygcn, which is influenced by stcric factors. However, no con- 
nexion has been found between the rcaction rate and the basicity of 
the variously substituted phenylhydrazines. Unsubstituted phenyl- 
hydrazine (X = H in XC,H,NHNH,) reacts with all the aldonic 
acid lactones faster than the substituted ones (X =f-C02CzH5, 
p-Br, m-OCH,, m-CH,, p-CH,, and p-OCH,) 71. 

Unsaturated azlactoncs (45) having an osazolinonc structure react 
with hydrazine to form a-acylaminoacrylic acid liydrazide:; (46). 
Variously substituted acrylohydrazidcs having structurc 46 can thus 
be p r e ~ a r e d ~ , - ~ ~  by varying the substituciits R1 and RZ. 
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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 flirthcr to give 1,2-dia~ylliydrazines~~. This second- 
ary reaction can be suppressed by diluting the acylating agent with 
ether40, benzene23, or hex an^^^,^^, and by adding it dropwise to the 
hydrazine solution at low  temperature^^^. In  the case of unreactive 
carboxylic acid esters 50 or low-basicity hydrazines, acylation with 
acid anhydrides or acyl chlorides might be the only possible way of 
preparing the hydrazidcs. This acylation is often carried out in 
~ y r i d i n e ~ ~ . ~ ~ ,  in an aqueous alkaline solution23, or in an  organic 
solvent containing sodium carbonate *O. With unreactive substances, 
the reaction mixture must be boiled for some time 37*81,82. 

Acylation of alkyl-substituted hydrazines with acyl chlorides and 
anhydrides occurs preferentially on the substituted nitrogen 
Thus, methylhydrazine reacts with benzoic anhydride to give 1- 
benzoyl-I-mcthylhydrazine 7*83 (reaction 15), since the CH, group 
should enhance the nucleophilicity of N(l). On the othcr hand, 
phenylhydrazine, in which the mesomeric effect of the phenyl group 
reduces the nuclcophilicity of Ncl), reacts with acid anhydrides82 and 
acid chlorides 60*78 to form N’-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 l-benzoyl-1,Z- 
diphenylhydrazine 78 (reaction 18). Asymmetrically disubstituted 
hydrazines, such as 1 , 1 -dimethylhydrazine 23*77,  1 ,Pdiaminopipera- 
zine81, and hydrazones 79 can be acylated on the unsubstituted amino 
group to give /?,/?-disubstituted carboxylic acid hydrazides (reaction 
19). In contrast to the acylation of hydrazincs with esters, where 

CH3NHNH2 + (CGH,CO),O CHZNNHZ 
I 
COCsH, 

CGHSNHNH~ + (RC0)20 (or RCOCI) - z CGHSNHNHCOR 

CH3NHNHCH3 + (RC0)20 ----+ CH3N-NCHS 
1 1  
COR COR 

CGl-1,NHNHCGH5 + (RCO)?O (or RCOCI) __f CGHSNHNCGHG 
I 
COR 

(CH3)~NNH2 + (RCO)20 (or RCOCI) + (CH&NNHCOR 
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steric effects were decisive, on acylatioll 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 hydrazobcnzene. 

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 hydrazides 1*3. Thus, oxalyl chloridc reacts with N,N'-diiso- 
prop ylhydrazine or N, N'-di-t-butylliydrazinc to give the corresponding 
very unstable 1,2-diacetidincdiones O 4  (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 do 

RNHNHR + ClCOCOCl - (20) 
(R = i-Pr, t-Bu) RN-NR 

(47) 

It is possible to acylate the less nucleophilic hydrazine nitrogen with 
the aid of an acyl chloridc by utilizing the stronger acidity of the N-H 
bond involving the lcss nuclcophilic nitrogen. Thus, thc reaction of 
phenylhydrazine with sodium leads preferentially to the sodium com- 
pound 48, and on treatment with acyl chloride, l-acyl-l-phenyl- 
hydrazine (49) is obtained as the main (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 1 -acyl-2-plienylhydrazine, 1,2-diacyl- 1- 
phenylhydrazine, and-owing to reduction and N-N cleavage- 
aniline and ammonia. 

(21) 
RCOCl 

> CGH,NNaNH, - C,H,NHNH, + N a  - CGHSNNHZ 
I 

(49) 

COR (48) 

Another useful mcthod for the preparation of hyclrazides having an 
acyl group on thc less nuclcophilic nitrogcn is the diacylation of sub- 
stituted hydrazines to symmetric diacylhydrazines, followed by partial 
acid hydrolysis. Thus, phenylhydrazinc can be converted into 1,2- 
dibenzoyl-1-phenylhydrazinc (50) with 2 moles of benzoyl chloridc. 
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In  thc partial acid hydrolysis, the bcnzoyl group on the monosubsti- 
tutcd nitroacii cleavcs off faster, so that 1-benzoyl- 1 -phcnylhydrazinc 
(51) is obtained 91a (reaction 22). 9 

t-120 > C HrNNHCOCGH, + COHSNHNHZ + 2 CGHBCOCI - 
d l  
COCGH, 

(50) CGHSNNHZ + CGHjCOOH (22) 
1 

(51) 

COCGH, 

The primary amino group in substitutcd hydrazines can also be 
blocked by the formation of hydrazones, whercupon acylation can 
occur only on the other ~ i i t r o g e n ~ ~ * ~ ~ * ~ ~ .  This process first givcs the 
hydrazone (52), which then liberates 1 -acyl- 1 -phenylhydrazine (53) on 
acid hydrolysis (reaction 23). 

RCOCl 
C6H5NHNH, + CO(CH3)Z + CGHSNHN=C(CHd)z - 

(52)  
H.- 

C H NN=C(CH3)Z + CoHSNNHZ ( 2 3 )  
I 

(53) 

COR 
‘ 5~ 

COR 

4. Acylation with ketenes 

In cther solution, phenylhydrazines give quantitative yields of 
I-acyl-2-phenylhydrazincs when reacted with kctcnc, dimethylkctene, 
or diphenylketeneg4 (reaction 24). I n  the prcscncc of hydrazinc, the 
ketece formed in sitti by the fragmentation of chloroacetic acid hydra- 
zide (rcaction 25) gives accthydrazidc 41995. With diphenylkctene, 
methylhydrazine immediatcly givcs the N,N’-diacyl derivative (54) , 
and the monoacyl derivative cannot be intercepted (reaction 26). 

NHNHAr 
/ 

R,C=C-=O 4- ArNHNH, ---+ R,C=C -> R,CHC (24) 

% 

Yo (25) 

(R = H,CH~.CGHS) [ :::““*‘I 
NHaNHz 

CHZCICONHNH, - > [CH2:C-O] ~ ,- CH3C 

NHNHz 
\ 

CH3NHNHZ + 2 0-- C=C(CGH,)Z - > CH3NCOCH(CGHs), (26) 
I 

H NCOCH(C6H 5 ) z  

(54) 



536 Hans Paulsen and Dieter Stoye 

C. Reaction between Carboxylic Acids and Hydrazines 

1. 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 acidg6lg7. 
Refluxing of acetic acid with 1 -methyl-2-phenylliydrazine gives 
1-acyl-1-methyl-2 -phenylhyclrazincg* (reaction 27). Isonicotinic 
acid hydrazide can be prepared in good yield from hydrazinium iso- 
nicotinate, by removing the water azeotropically with pentanol 99 

(reaction 28). On the other hand, hydrazobenzene reacts with 
crotonic acid to form crotonic acid 1,Z-diphenylhydrazide only in low 
yield 60. 

CH,CO$ H,N HC,H, A C H,CO N N H C, H, (27) 
I I 

CH,  CH, 

2. The carbodiimide method 

N,N'-Dicyclohexylcarbodiimide can be used as a dehydrating agent 
in the reaction of carboxylic acids with hydrazincs. 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 hydrazinolysis loo. 

The 
carboxylic acid first adds to the dicyclohexyldiimide to form 0- 
acylisourea (55), which acylates hydrazinc 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 p-nitrobenzoic acid and N,W-dimethylhydrazine. A 
side-reaction in which 55 interacts with carboxylic acid to give the 
acid anhydride (57) and dicyclohcxylurea (59) is also possible. 

The acylation of monosubstituted hydrazincs by the diimide method 
follows the Sam rule as acylation with acyl chlorides and 
anhydrides loo. The electronic eKects of thc substituents are again 

The reaction is thought to proceed as shown in reaction (29). 
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RICO,H +C,H,,N=C=NCsH,l 

(R' = C,H,CH=CH,C,H,C=C, XC,H,; 
X = H,p-CH,, p,m,o-CH,O, p-NO,, 0-F, p-Br) (55) 

RZ 

(29) 
/ 

NHzN 
'RZ 

(Ra=CH3, (CHz),) 

R'CO N H N 
\ 

R2 
(58) 
+ 

CGHiiNHCONHC,H,, 

(59) 

CORl 
I 

,N HGHi  1 
o=c (RICO),O + 59 

\ 
NHC,H,, (57) 

(56) 

more important than stcric factors. Thus, methylhydrazine is acyl- 
atcd by various acids always into 1-acyl-1 -mcthylhydrazine. Analo- 
gously, aromatic hydrazincs, such as phenylhydrazinc, are acyiated by 
bcnzoic acid on the unsubstitutcd amino group (cf. reactions 15and 16). 

D. N -Aminution of Amides 

I .  Schestakov's reaction 

Similarly to Hofmann's amide degradation, monoacylated ureas 
can be converted into hydrazides with thc aid of sodium hypochlo- 
rite lol. Accordingly, benzoylurea (60) reacts with sodium hypo- 
chlorite to give benzok acid hydrazide (61) (reaction 30). 

NHCOC,H, NHCOC,H, NHCOC,H, 
/ NaOCI+ O=C 
\ -, O=C? - / 

\- " 
N 

o=c 
'N H, NHCl - 

Po) 

O=C=NNHCOC,H, Hzo t NH,NHCOC,H, + CO, (30) 

(61) 

2. N-Amination with sodamide 

hydrazides Io2. 
materials, since they readily give 62. 

N-Chloroamidcs (62) rcact with sodamidc to give carboxylic acid 
Only secondary amides can lie used here as the starting 

Thc reaction with sodamidc 
18* 
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then leads to N-substituted carboxylic acid hydrazidcs (63). Using 
tlic sodium salt of a substituted amidc, such as sodium acetanilide (64) 
one can prepare similarly symmetrically disubstituted diacylhydra- 
zincs (65) Io2 (reaction 31). 

Hans Paulscn and Dictcr Stoye 

C H NNH, 
6 1  
COCH, 

C H NCOCH,, -1 
5~ 

CI I , C,H,I;J-YC,H, 

(62) + c  J I  NCoCHs CH,CO COCH, 

(65) 
N a  

(64) 

3. N-Ami nation with 0-(2,4di nit rop heny I) hydroxy lami ne 

0-(2,4-Dinitrophenyl) hydroxylamine (67) is a highly reactive 
aminating agent for nucleophilic nitrogen compounds Io3. The 
phthalimide anion (66) reacts with 67 to give N-aminophthalimide 
(68) in 88y0 yield (reaction 32). 

NO2 

&N- + H z N o a N o z  - 
0 (67) 

W) 

(68) 

4. Reduction of N-nitroamides 

I n  the presence of Ni, Co, or Fe catalysts, hydrazidcs can be pre- 
pared by the catalytic hydrogenation of N-nitroamides (69)) formed in 
the nitration of amides lo* (reaction 33). 

> RCONHNHz + HzO (33) 
Ha/Cat. 

RCONHNOz ~ 

(69) 

E .  Conversion of Azo Compounds 

zidcs by hydrogenation of the N=N bond. 
Carbonylazo compounds, such as 70, can lie converted into hydra- 

Howevcr, since tlic car- 
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boiiylazo compounds are prepared fi-om hydrazides by oxidation, 
this mcthod is hardly practical. Neverthelcss, carbonyiazo com- 
pounds may be useful for the synthesis of substituted hydrazides. 

Benzoylazobenzenc (70) reacts with Grignard reagents to form by 
1,4-addition thc Grignard compound (71)) which can then be hy- 
drolysed into a 2,2-disubstituted hydrazide (72) 105*106 (reaction 34). 

H z 0  CGHSN=NCOCGH~ + RMgX - > C&l5NRN=CC,HS - 
I 

The  azo compound 74, which is obtained by reacting benzaldehydc 
phenylhydrazone with dipotassium nitrosobisulphate (73)) de- 
composes in aqueous solution into 1 -benzoyl-2-phenylhydrazine and 
hydroxylimidobissulphuric acid lo7 (reaction 35) .  

CeH,CH=NNHCSH, + 2 ON(SO3K)z + CGHSCHN=NCGH, -+ 
I 

(73) ON(SO3K)z 

(74) (35) 

II 
CoHSCNHNHCGHS + HON(S0,K)z 

0 

The treatment of hydrazones of the typc of 75 with an ethereal 40y0 
peracetic acid solution leads to carboxylic acid hydrazides (80) in 
good yieldslog. The cis-azoxy compound (76) formcd in the first 
step rearranges into an AT-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 

0 OH 
.?. I H+  

ArCH=NNHCH3 - z ArCH,N=NCH, - > ArCH=NNCH3 H20> 

(75 )  (76) (77) 

OH O H  
I I 

ArCHN=NCH, ___f ArC=NNHCH3 ---+ ArCONHNHCH, (36) 

(78) (79) (SO) 

mechanism, and particularly the step 76 --+ 77 proceeds only with 
aromatic hydrazoncs, duc to rcsonancc stabilization in 77. Howcver, 
in some cases, hydrazidcs can bc prepared from aliphatic hydrazones 
as well 
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F. Cleavage of Cyclic Compounds 

1. C--6 cleavage 

The C-C clcavagc of cyclic systems to form hydrazidcs is known 
only in the case of the diazo cleavage ofcnediols and the hydrazinolytic 
cleavage of the cyclobutanonc ring. A benzenediazonium cation 
adds in the encdiol 81 on to the carbon atom that is next to the elec- 
tron-attracting carbonyl group Io9. With the assistancc 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). 

c=o HC c=o Hk-- c=o 
I 1 I I I I 

HOCH-CH,-0 HOCH--CH,-O H OC H - C H,-0 

(83) (84) 

(37) 

Acyclic enediols can be converted into hydrazidcs with diazonium 
ions, analogously to the cleavage of the cyclic enediol described above. 
Thus, 1 -benzoyl-2-a-pyridyletheiiediol (85) reacts with p-chloro- 
benzenediazonium sulphate in sulphuric acid solution, giving rise to 
a-picolinic acid 2-p-chlorophcnylhydrazidc (87) via an a-hydroxyazo 
compound (86) (reaction 38) I I O .  

When 7,7-diphenylbicyclo[3,2,O]hept-2-cn-6-one (88) is hcatcd 
with hydrazinc hydrate for a fairly long time, thc strained cyclo- 
butanone ring opcns to give c~s-3-beiizhydrylcyclopentene-4-carboxylic 
acid hydrazide (89) 'I1, which rearranges under thc reaction conditions 
into the thcrmodynamically more stablc trans form (90) (reaction 39). 
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(89) (90) (88) 

2. Cleavage of heterocyclic compounds 

a. Acyloxaziridines. Oxaziridines, which are readily accessible 
compounds, can be acylated on the nitrogen atom ll’. 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 = 
C,H,. Thus, 2-bcnzoyl-3,3-pcntarnethyleneoxaziridine (91b) yields 

R2 NCOR3 

‘c’l + H N Z  - 
R( ‘0 

(91a) R1 = H: R2 = C,H,; 

(91b) R1, R2 = pentamethylene; 

R3 = p-C,H,NOZ; 

R3 -- C,H, 

COR3 
R2 

(40) 
/ [>ctt:-N3] - (NNHCOR3 (93) + O=C \ R’ 

(92) 
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93 only after fairly long heating with pipcridinc, and cveii then in a 
smaller yield I14. 

b. Diaziiidines. Dibenzoyldiaziridine (94, R = C,H,) which has 
the structure of a cyclic hydrazone, can be cleaved by acid hydrolysis 
to give formaldehyde and lY2-dibenzoylhydrazinc I13v115 (reaction 41). 
1,Z-Diacylhydrazines can thus bc easily prepared from diaziridincs. 
3-Ethyl-3-niethyldiaziridine (95) is converted into cyclic maleic 
acid hydrazide (96) when heated with malcic anhydride in ethanolic 
solution116 (reaction 42). 

NCOR NHCOR 

NHCOR 
<ACOR = CH2O + I 

(94) 

c. 1,2-Diacetidiizedioize. 1,2-Diacetidinediones (47) , formed accord- 
ing to reaction 20, sponlancously react in alcohol in  the presence of 
catalytic amounts of an inorganic acid, giving oxalic acid monoester 
hydrazidcs (97) 84 (reaction 43). 

CH,OH, H+ 
(43) - CH,OCOCONRNRH Ow0 RN-NR (97) 

(47) 
(R = alkyl) 

d. 0.xaclinzole.r. On heating a 2,4,-substituted 1,3,4-0xadiazolin-5- 
one (9s) in aqueous NaOI-1, thc hydrazidc 99 is obtained (reaction 
44) I17. Tlic rupturc of thc ring is due to hydrolysis of the lactone 
group, followed by  decarboxylation of the carbonic acid hydrazide. 
This method can bc used to prepare @-monosubstituted hydrazidcs. 
M’hc!i prolonged hcating is rcquired the yield is reduced owing to 
allialinc hydrolysis of 99. 

1,3,4-Oxadiazoliriiuni salts (100) undcrgo basic hydrolysis with 
ring clcavagc, thus forming 1,2-diacylhydrazines (101) 118*119 (reaction 
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ao; R” R2 
+ /  + /  

?-?,OH - H + ,  HN-NR2 
I p N-N OH - 

R AoA R3 H20 ’ R‘ /c\ OH c, R3 R:’‘\o ‘R3 

(1W (101) 
(R’, R”, R3 = CH,, C6H5) 

lcGH5N>\\ Cyclopcntadiene (45) 

R~CONHN., / @NC,H, R~CONHN, / /s RICONHN( R”D 

R2 

=\ R3 c\R3 c\R3 

(102) (103) (104) 

45). The hydroxyl ion effects a nucleophilic displacenient of the 
OC bond, followed by deprotonation and rearrangemcnt into 
diacylhydrazine. By varying the R2 group, one can thus prepare 
various monoalkyl- or  monoaryl-substituted diacylhydrazincs. The 
reaction of 100 with other nucleopliilic reagents capable of removing a 
proton (e.g. aniline, H,S, and sodiocyclopentadiene) leads to ring 
opening and thc formation of hydrazides 102-104 respectively 
(reaction 45) Il9. 

The recently described hydl-ogenolytic clenvagc of 2,5-his(tricliloro- 
methyl)-l,3,4-oxadiazole 120 in perchloric acid to give 1,2-bis(di- 
chloroacety1)hydrazine (101, R1 = R3 = CHCl,; R2 = 13) may well 
proceed by a similar mechanism, via thc formation of an oxadiazolin- 
ium perchloratc (100, R1 = R3 = CCl,; R2 = 11), which is trans- 
formed into the 1,2-bis (dichloroacetyl) hydrazine after hydrogenolytic 
removal of a chlorinc atom from cach CC1, group. 

G. Interconversion of Hydrazides 

1. Acyl migration 

Acyl migration has only l-arcly Iiccn cncountcred in hydrazidcs. 
Undcr conditions of acid catalysis, 1-bcnzoyl- 1-(2-liydroxycyclo- 
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hexyl) hydrazine (105) rcarranges into I-benzoyl-2-(2-hydroxycy- 
clohexyl) hydrazine (107) lZ1, presumably via a diaziridine intermediate 
(106). When 108 is treated with alkali, the acyl group migrates 
from the oxygcn to the nitrogen, forming 107 lZ1 (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. 

(cis and trans) 

(105) 

CsHSCONRNH,.HCI a NHRNHCOC,H, + HCI (47) 

Cyclic hydrazides can rearrangc reversibly from a six-membered 
ring 109 into a five-membcred ring 110, as shown in reaction (48). 
Acid media favour the six-membered ring, and alkaline media the 
five-membered one 122J23. 

(R = CH,, C,HJ 

2. Reactions not involving the  hydrazide function 
Oxalic monoester hydrazides (111) with various aryl and alkyl 

groups on tlie terminal nitrogen can be converted inlo diaryl- and 
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dialkylglycolic acid hydrazides (112) with the aid of Grignard re- 
agents 124-126. 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. 

R 1 R 2 N N H C O C O C 2 H 5  + 2 R3MgBr + R 1 R 2 N N H C O C R i O H  
I I  
0 (112) 

(111) 

V. PROTOTROPIC AND COMPLEXING 
CHARACTERISTICS 

A. Enolization of the Hydrazide Group 

A hydrazide can in principle change from its resonance-stabilized 
amidc form (113) to the tautomcric enol form (114) by the shift of a 
hydrogen from nitrogen to oxygen. However, monoacylhydrazincs 
behave as amides, and no enolization can be detected. 

RC-NHNH~ <--+ R C = ~ H N H ,  T R C = N N H ~  
I 

(114) 

O H  [8 0- I 1 
(113) 

For p-nitrobenzhydrazide (116), which is used as an acid-base 
indicator, two pK, values have been found photometrically 12?, 

H H 
I I 

N-NH, 
0 Nc ,,,N-;Ha O y  

I 

O~ ,R-NH, 
c 

+ 
0- N=NH2 6 

NO, 



546 Hans l’aulscn and Dieter Stoyc 

namely 2-77 and 11.17. I t  is bclieved that a protonated form 115 
exists in acid solutions, while in alkaline solutions the abstraction of a 
proton leads to a mesomcric anion 117. 

One of thc hydrazide groups in  vicinal bis-bcnzoylhydrazoncs 
probably exists in the enolic form (its proton gives an n.m.r. signal a t  
T -” 4-25), while the otlier hydrazide group is present in  the normal 
amide form. The  formation of a hydrogen-bonded species (118) is 
assumed to fix the bis-benzoylhydrazonc groups in tlicse forms 128. 

/CGH, I 
N=C CH,COOCH 

I ‘OH I 

I 
HCOCOCl-13 R =  HCgN...H 

,C‘“”, I 
I I  HCOCOCH, 

R COCGH, H,COCOCH3 
(118) 

As regards 1,2-diacylhydrazines, howcvcr, certain observations 
indicatc that one of the acid hydrazide groups may be cnolized. 
Thus, the product formed betwccn 1,2-diacctylliydrazine and diazo- 
methane contains onc methoxy ~ I - O L I ~ .  In thc casc of 1,2-dibenzoyl- 
hydrazine, 0-methylation amounts to 50’7, 129, Furthermore, the 
increase in thc conductivity obscrved whcn a mclt of 2-benzoyl-l- 
methacryloylhydrazinc is hcatcd, can be explaincd by enolization 22. 
O n  the other hand, the i.r. spectra show no cnol forni in diacylhydra- 
zincs in  the solid state or in solution22. 

Considerably more work lias Ixen donc on the cnolization of nialcic 
acid liydrazide. Thc results of mctliylation with d i a z ~ r n c t l i a n e ~ ~ ~ ~ ~ ~ ~  
and of spectroscopic i ~ i \ : e s t i = a t i o i i s ~ ~ . ~ ~ ~  indicatc that it cxists in thc 
form of 2fI-6-hydroxypyridazin-3-onc (119). Methylation with onc 
mole of diazomethane lcads to thc etlier 120, while furthcr action of cli- 
azomethane results in N-mctliylation, i.e. 121 being f o r i n c ~ l ~ ~ ~ * ~ ~ ~ .  
In maleic acid hydrazide, enolization of an aniide gro~ip is evidently 
promoted by thc tendency to forni a resonance-stabilizcd conjugatcd 
system. In fact, thc C=C bond i n  119 has no olefinic character: 
diazomcthane docs not add on with thc formation of pyrazolinc, 
although reaction (49) readily procecds with malcic acid imidc12”. 
Comparison of the U.V. spectra of various methylatcd pyridazinoncs 
with that of 120 also points to the prcscncc of a monoenolic f0r111DG7131. 
The situation \vith urazolc is very similar to that ivith nialcic acid 
hydrazidc. Likc 2-pyridoiic, 3-py~az01-5-onc exists prcfci-en tially in 
the keto 
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O H  OCH, OCH, 
I I I 

B. Acidity and Basicity 

Monoacylhydrazincs are weakly basic, and thcrefore form soluble 
salts with inorganic acids. Acetic acid hydrazidc has a pK, of 3.24, 
about five units lower than that of hydrazinc 132. 

The  elcctron-attracting phenyl group lowrs  the basicity of hydra- 
zides so much that thc compounds assume an acidic character. Thus, 
1-benzoyl-2-phenylhydraziiie no longer dissolves in  acids, but it is 
soluble in bases. 

T h e  pK, values of a series of aroylhydrazincs of the type 
XC,H,CONHNH, obey Hammett’s equation 133, as can bc seen from 
Figure 1. The influence of the substitucnts in  aroylhydrazincs 
( p  = -0.69) is only about half as much as in a r y l h y d r a z i n e ~ l ~ ~  

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 prepared 134. T h e  mercury salt of 1,2-bis(trifluoroacety1)- 
hydrazinc is used as a starting material for the synthesis of tetrakis- 
(trifluoroacety1)hydrazine ,. 

Maleic acid hydrazide dissociates in two steps. The pK value for 
the first dissociation is 5.67, while a value of 5 x has been 
found for the dissociation constant for the rcmoval of the second 
proton 135. 

( p  = - 1.21). 

C. Complex Formation 

Aromatic carboxylic acid hydrazides such as the hydrazides of 
isonicotinic, benzoic, and  salicylic acid react with mctal salts to form 
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FIGURE 1. Hammett's relationship for ring-substituted benzhydrazides of the 
type XC6H4CONHNH,. [Rcproduced by permission of Verlag Chemie, 

GmbH, from C h m .  Bey., 101, 751 (1968).] 

complexes of general structure 122 136*137. Isopropylidenehydrazones 
of the hydrazidcs are also capable of c o r n p l e ~ i n g ~ ~ ~ .  In  all these 
complexes the hydrazidcs are normally present in the keto and not the 
cnol so that ketonic chclation involving the C=O group and 

[M(ArCON HN H2),,]A,,, 
(122) 

(Ar = C,H,N, C,H,, C,H,OH; 
M = CuZ+, Cd2+, Zn2+, Fez+, Co2+, Ni2+, Mn2+; 
A = SCN-, C,H,CO;, C,H,Of-, SO:-; rn, n = l,2) 

(122a) 
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the primary NH, group occurs (e.g. 122s) 137*138. The pH-dependence 
of the complexing in the presence of formaldchyde has been investigated 
by U.V. spectroscopy on the copper chclates of scmioxamido- 
hydrazide, oxalic acid dihydrazide, and W-monophenyloxalodi- 
hydra~ide'~".  Thc kcto form has bcen found for the hydrazides a t  
acidic pH valucs, but it is suspcctcd that as the pH is raised from 2 to 
8 a semi-enol form gains ground, and a hydrazidc-enol form exists at 
pH > 8. 

Polarographic work on the zinc complexes of acctylhydrazine, 1,Z- 
diacetylhydrazine, and succinic acid hydrazide shows that dihydrazide 
cornplexcs arc more stable than monohydrazide ones. Dihydrazides 
also form higher complexcs more casilyl". The complcxing of 
liydrazidcs with metal ions may be of importance for the biological 
action of these compounds50. Lcwis acids such as SbCl,, TiCl,, 
SnCI,, and SIIB~, react with mono- and diacylhydrazincs to form 
relatively stable complexes, in which the carbonyl oxygen functions 
as an electron donor to thc metal atom1". 

The  action of triethylaluminium on hydrazidcs leads to diethyl- 
aluminium carboxylic acid hydrazidcs (123) with the elimination of 
ethane. When 2 moles of tricthylaluminium are used, bis(diethy1- 
aluminium) carboxylic acid hydrazides (124) can be isolated142 
(reaction 50). The organophosphorus compound 125 reacts with 

R C O N H N H Z  [(RCONNHz)AI(CZH,)z] + [(RCONNHAI(CzH,),)AI(C~H~)z] 
+ AI(CzHJ, (123) (124) (50) 

2 moles of benzoic acid hydrazide to form the cyclic compound 
126143 (reaction 51). 

2ArCNHNH, + [CH,PO-N(C,H,)z]+CI- --+ (51) 

(125) 
II 

Ar 
0 

(126) 

VI. REACTIONS O F  HYDRAZIDES 

Ilydrazides can react both at thc carbonyl group and at their hydrazino 
group. Owing to thc polarization of the. car1)onyl group, hydraziclcs 
are expected to be subject to both clectrophilic attacks on the osygen 
and nuclcophilic attacks on the carbon of the CO groups. Howcvcr, 
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the reactions of the hydrazino group are much more important. 
Tlicse rely on the pronounccd nucleophilic character of the ni trogcn. 
The formation of heterocyclic compounds from hydrazidcs, involving 
all types of nucleophilic and electrophilic reactions, is sufficiently im- 
portant to warrant discussion in a scparate section. 

A. Reactions Involving the  Corbonyl Group 

1. Hydrolysis 

Hydrazides are generally stable to acids and bases in the cold3, 
and hydrolytic cleavage to form the frec 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 d3-1,2-diacctyl- 
pyrazoline 144 (with concentrated EICl) and N'-( I-methyl-4-piperi- 
dinyl) a c e t l i y d r a ~ i d e ~ ~ ~  (with 23 yo HC1). Alkaline hydrolysis, e.g. 
with a concentrated solution of Ba(OH),, also requires heating for 
many hours. Hydrolysis with mincral a ~ i d s ~ ' ~ ~ - ~ ~ ~  is preferred to 
alkaline hydrolysis 140*149, since redox reactions may accompany 
the lattcr150. 

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 clcctronic effects of the sub- 
stituents9Ia. The hydrolysis of hydrazides is likcly to proceed by a 
mcclianism similar to that of the hydrolysis of amidcs, but no detailed 
studies haw yet been donc on the kiiictics and on the mechanism of 
the cleavagc. 

2. Ammonolysis 

In  comparison with hydrazine, ammonia has a wcakly nucleophilic 
character, and therefore hydrazides rcact with ammonia to givc 
amides only at 150"c and under prcssurc, and cvcn then the yields arc 
low lo'. This reaction may I x  of interest in the preparation of hydra- 
ziiie fiom carboxylic acid hydrazides : thc resulting aniide is converted 
into N-nitroamidc, which is recycled aftcr reduction to thc 
l i y d r a ~ i d c ~ ~ ~ .  O n  the other hand, the reaction between amidcs and 
hydrazine leads to good yields (section IV.B.1). 

3. Reduction with complex metal hydrides 

Whcn hcated with LiAlH, i n  cthcr or tctrahydrofLiran, 1,Z- 
diacyl-l,2-climctliylhydrnzincs (127a) are convcrtcd into tctraalkyl- 
hydrazincs (12th) in yiclds of up to 577,. Diacylhydrazincs in which 
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thc nitrogcns carry- hydiwgen atoins (127b) are rcduccd only with 
dificulty with thc aid of a fkiriy lnrgc cxcess of LiAIH,. The  yield 
of'thc rcsulting dialkylliydrazines (P28b) 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 a t  Nc1), e.g. C,H,CON(CH,)NH, and 
C,H,CON( C,HS)NH, 4g. 

R'CON-NCOR' + LiAIH, + R1CH2N-NCH,R1 (52) 
I I  
R2 R2 

I 1  
Ra R2 

(127a) R1 = C0H5, CH,; R2 = CH,; 

(127b) R' = C6H5, CH3, C2H50; R2 = H 

(128a) 

(138b) 

As regards the reduction by complex metal hydrides, i t  is as- 
sumcd 151-153 that, in  the ratc-determining step, the carbonyl oxygen 
and the mctal atom form the complcx 130 and a hydride ion is trans- 
ferred to thc carbon with a partial positive charge. This adduct is 
then reduced by LiAIH, to give the product (131) (reaction 53). The 

difference betwecn the reactivity of R1CONR2N (129) and that of 

RICONHN (132) is due to the mobility of the hydrogen on N,,, 

which gives rise to thc complcx 133 and resists further reduction by 
LiAlH,. 133 reforms 132 on hydrolysis49. 

/ 
/ \ 

\ 

This method is thus particularly suitablc for the reduction of 
carbonyl groups in diacyldialkylhydrazines 23*163. Cyclic N-alkyl- 
hydrazides of the type 134144 and N-aminoimidcs of dicarboxylic acids 
of' the type 13515" are also easy to convert into the corrcsponding 
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hydrazinc derivativcs by rcduction with LiA1H,14, or NaBH,15, 
(reactions 54 and 55). 

(139) 

The solvent in which the reduction is carried out plays a significant 
part. Thus, as expected, 1 -acctyl-2-phcnylhydrazine is not reduced 
by LiAlH, in diethyl ether, whereas 1 -cthyl-2-phenylhydrazine is 
formed in a 85-95y0 yield in dimcthoxymcthancg8. 

4. Reaction with chlorinating agents 

The formyl group of ",AT'-disubstituted formic acid hydrazides (136) 
is chlorinated by phosgene in organic solvents at  low temperatures. 
Dehydrochlorination in the prcsence of trimethylaminc leads to N- 
isocyanodialkylamine (137). The latter reacts with formic acid, in 
the course of which CO is evolved and compound 136 is reformcd 155 

(reaction 56). 
COCI, 

R,NNHCHO 0. R,NNHCHCl2 

(136) + co, 

R2N NC 

(13 i )  

N'-Aryl-substituted hydrazides of aromatic acids are chlorinatcd by 
phosphorus pentachloride to yield hydrazidic chloridcs (reaction 57), 
while 1,2-diacylhydrazines give rise to 1,1 '-bis-chloroazines (reaction 
58) 1567157. The chlorination presumably occurs in the enolic form 
of the hydrazide 129. Cyclic hydrazidcs are convertcd into chloro- 
azines by treatment with phospliorus oxychloridc (reaction 59) 158. 
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PCI, 
ArCONHNHAr ArC=NNHAr 

I 
CI 

RCONHNHCOR PCI RC=NN=CR 

I 
CI 

I 
CI 

0 CI 

4 
N H  

0 CI 

553 

(57) 

(59) 

6. Reactions lnvolving the Hydrazine Group 

1. Alkylation 

The sodium salts of hydrazides, formed by the action of metallic 
sodium on hydrazides, are alkylated by alkyl halides on the acylatcd 
nitrogen to give 138 in non-polar solvents such as ether and benzene 
(reaction 60). The reaction proceeds preferentially on the acylated 
nitrogen On  the other hand, in neutral solution or in 
etlianolic solution in the presence of sodium alkoxide, alkyl halides 
alkylate the non-acylated nitrogen of the hydrazide and thus lead to 
139 (reaction 6 1) 160-162. 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 thc terminal ni t r~genl '~ .  

R2X C,H,CONNH, - C,H,CONNH, (60) 
I 
R2 

N a +  

C,H,CONHNH, (138) 

CH3t R2X 
C2H,0Na C,H,CON H N HR" 

(139) 
(exhaustive) CZHsG''a 

4 

(140) 

Ni/H 
C,H,CONk(CH& --.% C,H,CONH, + N(CH,), 

Exhaustive methylation of bcnzhydrazide or l-benzoyl-2,2-di- 
mctliylhydrazinc with methyl iodidc and sodium ethoxide in ethanol 
results in quaternary benzoic acid 2,2,2-trimethylhydrazidinium 
iodide 8*163. O n  treatment with concentrated alkali hydroxides, the 
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latter gives basic trimethylaminobcnzimide (140) (cf. section V1.B. 13) , 
and this compound splits into bcnzamide and trimcthylaminc when 
subjected to hydrogenation in thc presence of nickel (rcaction 62). 

Diacylhydrazines are alkylated via the sodium salts16* or in an 
ethanolic solution in the presence of alkalis9. Cyclic succinic acid 
hydrazide (141) is readily converted into the N, N‘-dimethyl derivative 
(142) with the aid of methyl iodide; with ethyl iodide, on the other 
hand, i t  forms only the N-monocthyl derivative (143). Tctra- 
methylene dibromide brings about dialkylation and gives thc bicyclic 
product lM9. 

0 
It 

(111) (142) (143) (144) 

AlkylatiCn competes with acylation when an  acylhydrazine rcacts 
with a halogenated acid chloride. Thus, the reaction of 3-bromo-2,2- 
dipropylpropionyl chloridc (145) with 1 -acetyl-2-benzylhydrazinc 
(146) in benzene in the prcscnce of triethylamine leads to l-acetyl-2- 
hcnzyl-4,4-di-n-propylpyrazolidin-3-one (147). The more 13asic, 
non-acylated nitrogen is the target both for acylation by thc acid 
chloridc group and for alkylation by thc alkyl bromide g o u p .  The 
product shows that acylation prcclominatcs16’. 

0 
II  

NCH,C,H, 
I 
NCOCH,  

_3 

R,, ,9 NHCH,C,,H, 

R >\ CH,Br N H C O C H ,  
’- I 

W i c n  beiizoic acid hydrazide is trcated with propyl bromide in 
ethanolic sodium ethoxidc for a Scw days, the reaction does not stop 
at  the l-benzoyl-2-propylli~c!razinc stage, but procceds further. Thc 
resulting product ~ v a s  first taken to bc propyl Z-l~~-propyIliydrazono- 
l ~ c n z o a t e ~ ~ ~ ~ ~ ~ ~ ,  but it is in fact hcnzoic acid 2,2-clipropylliydraziclc ’. 

Hydrazides in \vhicl1 the tcrininal amino group is blockcd by liydra- 
zone formation can olniously IIC alkylatccl only on the acylatcd 
nitrogen, if this still carrics a hydrogen. T ~ L I S ,  the mcthylation ol‘ 
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2,3-butancclionc monoaccthyclrazone lcads alicr hyclr~tzonc clc‘Lvngc 
to I-acctyl-1 -methylhydrazinc 168 (rcaction 63). 

555 

CH3C0 CHSCO 

NNHZ + CH3CO 

CH3CO 

H20 \ 
NN=CCH3 - > 

CHJ \ 
CH3CONHN=CCH, 

I 

(63) 

Cyanomcthyl benzenesulphonatc transfcrs the cyanomethyl group 
onto the basic amino group of aromatic carboxylic acid hydrazides 169 
to give rise to compounds of thc type 148 (reaction 64). Cyano- 
ethylation and sulphoethylation of thc liydrazide group are discussed 
in scctioii VI.B.7. 

CoH5S03CHZCN + NH,NHCOAr + C,H5S03H + ArCONHNHCH,CN 

/ 
CH3 

/ I  
O&H3 CH3 O=CCH3 

(G4) 

(148) 

Berdinskii and coworkers 163 invcstigatcd thc kinctics of the alkyla- 
tion of dibutylglycolic acid 2-arylhydrazidc with ethyl iodide in 
absolute alcohol in the presence of sodium ethoxide, by detcrmining 
the concentration of thc products with the aid of a polarograph. The 
alkylation obeys second-order kinetics, as expccted for an SN2 mccha- 
nism. The rate depends on the aryl substituents of the reacting 
nitrogen. In comparison with the phenyl group, the ratc is increased 
by elcctron-repelling substitucnts in the para position (c.g. CH, and 
CH,O) , and is strongly dccrcased by the electron-attracting bromine 
atom in the pasa position. A m-CII, group seems to have a small 
influence on the  rate, while the latter is lowcred by a m-CH,O group. 
According to these investigations, the alkylation of liydrazidcs obcys 
Hammett’s equation. 

2. Aeylation 
~/Ioiioacylliydraziilcs arc 

readily acylatcd by acyl chlorides or anliyclridcs to give 1,2-diacyl- 
liydrazines 40 (reaction 65). Acyl chlorides react rapidly cvcn at low 
temperatures in  ether76, in aqueous solution containing NaOH l 2 I ,  in 
tricthylamine 165, chloroform I7O, pyridine 171.172 and xylcnc 17,, the 
products being obtained in good yiclds. Thc yiclds are also good in 

Benzoylhydrazinc is 
convcrtcd into 1,2-dibenzoylliydrazinc in a modcrate yield by the 
diimide method loo (section IV.C.2). 1, I-Dibcnzoyl-2,2-dimcthyl- 
hydrazine is lrormcd by two consccutivc acylations of 1 , I-dimetllyl- 

a. Acylation with carboxylic acid deiivatives. 

reactions with acid anhydrides 170*172.173. 
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hydraziiie with benzoyl chloridc in a coolcd aqueous solution in the 
presence of sodium carbonate (reaction 66) 23. 

Further acylation of I ,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 anhydridc 2*6 (reaction 67). Tribenzoylhydrazine has been ob- 
tained from the monosodium salt of dibenzoylhydrazine (reaction . -  
68). 

R1CONHNH2 + R2COCI (or (R2CG)20) - R1CONHNHCOR2 

CaH,COCI 
NH2N(CHA 

C,H,COCI C,H,CON H N (CH,), - (C,H,CO),N N(CH,), 

RCONHNHCOR + (RCO),O (RCO),NN(COR), 

C,H,CONNaNHCOC,H, + CGH,COCI - (C,H,CO),NNHCOC,H, 

If the acyl rcsidue of the hydrazide contains an acylatable liydroxyl 
group, as in the much investigated glycolic acid hydrazides 174*176, 
then the more basic N(2, is acylatcd prcferentially before the OH 
group. 

Dihydrazidcs of aromatic dicarboxylic acids (e.g. isophthalic acid) 
react with aromatic dicarboxylic acid dichlorides (c.g. isophthalic acid 
dichloride) in hexamethylenephosphonamide or N-methylpyrrolidone 
a t  0"c to form high-molecular p o l y I i y d r a z i d e ~ ~ ~ ~ - ~ ~ ~ ~  (reaction 69). 
Cyclic liydrazides 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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bisp11thalic acid hydrazidc 17* (reaction 70).  I;urther combinations 
are possible when succinic and malonic acid deri\iativcs arc used 178. 

Berdinskii and coworkers 175 have studied 
the kinctics of the acylation of glycolic acid hydraziclcs 
R1C,H4NHNHCOC(C,H5)2011 with various substituted aromatic 
acid chlorides R2C6H4COCI. The  rcaction is second ordcr. Thc 
rate depends on the nature of R2 in thc attacking acylium ion. 111 
comparison with the phenyl group, the ratc is rctarded whcn R2 is 
electron repelling (p-CH,) and accclcrated when R2 is elcctron 
attraxting (p-Cl). On thc other hand, experiments in which the 
R1 group is varied show that benzhydrazidcs that contain the electron- 
releasing groups, R1 = p-N(CH3)2 and f-OCH,, arc casier to acylate 
than hydrazidcs containing clectron-attracting groups such as R1 = 

0-NO2, m-N02,  and p-NO,. A similar influence on thc ratc has also 
becn found in thc acylation of similarly substituted bcnzhydrazidcs 
R1C,H,CONHNH2 with benzoyl chloride179. I t  can thus be scen 
that thc aryl substituents affect thc iiucleophilic cliaractcr of the react- 
ing hydrazide nitrogen, this influcncc lxing describable by Taft’s 
equation 175. 

Taft’s equation can also be uscd in thc case of aliphatic hydrazides. 
When R3 = CH,, C2H5, or C,H, is substituted instead of R3 = H in 
the hydrazidc R3CH2CONHNH,, the cffcct on the acylation ratc 
is small. T~Vhen, howevcr, R3 is OCH, or OC,H,, the rate of the 
acylation is considerably lowered, in accordance with the higher 
negativc inductive cffect of thesc groups 179. 

The acylation kinetics of benzhydrazidcs and butyroliydrazide 
with anhydrides and particularly succinic anhydride in benzene haw 
also been invcstigated It has thus bcen found that the rcaction 
undergoes autocatalysis by the acid formed fiom the anhydride during 
the process. The reaction is also catalysed when other organic acids 
are added to the mixture. There is a lincar relationship betwcen the 
pK, of the catalysing acid and the logarithm of the catalytic ratc con- 
stant ( logk ,  = const. x pK,). The experimental ratc constants ofthe 
reaction obey the rclatioiiship : k = Lo + /;,mu, where m is the molarit); 
of the acid, 01 is the degree of dissociation of the acid IB3, and k ,  and k ,  
are the rates of thc uncatalyscd and the catalysed reactions, rcspec- 
tively. 

Sulphony] 
c111oyidcs ;lcylatc 11ydrazides giving 1 - a c y ~ - 2 - s L ~ l p h O i ~ y l ~ i ~ C ~ ~ ~ ~ ~ l ~ C S  (149) 
(reaction 7 1 a!, \v11icll constitute the starting compoL1nds for tllc 
prcparatioll of aldehydes by the h4cFadyen-Stcvens reaction ‘05- 

6. Kine& inuestigation.~. 

6 .  flcylation zuit}i chloyidcs of sulph2i?:coiitaiiiitzg acids. 
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The sulplioiiation gencrally proceeds in pyridinc as an exothcrrnic 
reaction 185-1*7. In organic solvents, aromatic sulphinyl chlorides 
react with hydrazidcs to form 1 -acyl-2-arenesulphiiiylhydrazincs 
(150) The action of thionyl chloridc leads to the 
replacement of two amino hydrogens and to the formation of 1 -acyl-2- 
sulphinylhydrazines 189*190 (reaction 72) whose stability depends to a 
large extcnt on the structure of the hydrazide acyl group (cf. section 
VI.B.9). 1 -Phcnylacetyl-2-sulpliinylhydrazine (151) is a very stable 
compound log, 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 hydrazidcs, while heating results in the elimina- 
tion of carboxylic acids lag. 

(rcaction 71h). 

r> CISOzRZ R ’ COyJ4!lHS 02R2 
R’CONHNH, - 

R1CONHNHSOR2 
(150) 

C,H,CH,CONHNH, + SOCI, - C,H,CIi,CONHNSO (72) 

Sulphamyl chlorides react with aromatic hydrazides to give l-acyl- 
2-sulphamylhydrazines (152) (reaction 73a). When benzoic 
acid hydrazide is heated in chlorobenzcne with 1 mole of PCl,, 
N-(trichlorophosphaza) benzamide (153) is obtained (rcaction 
73b). The corresponding compounds with Ar = o-NO,C,H, and 
p-CH,C,H4 are of intcrest as intermediates in thc reductivc chlorina- 
tion of arylcarboxylic acid hydrazides (cf. section VI.B.9). 

(151) 

7 ArCO~~l-15-l~SOLNR2 (73aj 

ArCONtlNH2 -! 

ArCONHN=PCI, (73b) 
PCI, 

(153) 

3. Nitrosation 

Nitrosation of unsuhstitutcd liydrazidcs is the mctliod uscd most 
frequently for thc preparation or acyl azides, whosc Curtius degrada- 
tion leads to primary a r n i n e ~ ~ ~ * ~ ” .  Acyl azidcs are important inter- 
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mcdiatcs in peptide syntheses 194-201. Hydrazidcs arc usually convcrtcd 
into azides by sodium nitrite in strongly acidic aqueous solutions 
at low temperatures 201-203. When the temperature is insuffi- 
ciently low and the acid coiiccntration insuficicntly high, not only 
azides but also amides and nitrous oxide are formed on account of 
N-N clcavagelg7. This is understandable if one assumcs that the 
hydrazide first gives rise to an N-nitroso derivative, which can then 
form the azide 155 on dchydration, or the amidc 154 on the elimina- 
tion of nitrous oxidelg7 (reaction 74). 

HNOp 
RCON HNH2 > RCONHNHN=O - > RCONHZ + NzO 

I t  (154) (74) 

RCONHN=NOH + RCON3 + HzO 
(135) 

2,2-Dialkyl-substituted hydrazides arc attacked by nitrous acid a t  
the tertiary nitrogen. The reaction products that can be isolated in 
the nitrosation of N-benzamidopiperidine (156) .ire thc carboxylic 
acid 161 and the aldehyde 160204. I t  is assumed that the nitroso- 
ammonium ion 157 is formed first, which changes into thc immonium 
ion 158 aftcr the elimination of NOH. Hydrolysis of 158 and re- 
nitrosation on the alkylatcd 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,CON H N 3 a 
NO 

HNO 
C , H , C O N H A a  a -H' C,H,CCNi!NIi(CH,),CH=O 2 

(1.58) (159) 

P I  C,H,CONH N(CH2).,CH=0 - C,H,CON H N(CH2),C00t-1 (75) 
I 
NO 

I 

(160) (161) 

NO 
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azidc 162 by rcpcatcd nitrosating dcalkylation, as is known in the case 
of tertiary aniines 204 (reaction 75). 

4. Reactions with carbonyl and thiocarbonyl compounds 

The free NH, 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 
hydrazones 8*83*9233,165,205-20g. 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 t!ic a-carbon of thc acid residue, such as Girard's rcagent T 

a. Hydyazone fol-mation. 

(C1- (CH,),NCI-12CONHNH2)211 give with aldehydes and ke- 
tones watcr-soluble hydrazones, which can be easily separated from 
complex reaction mixtures by shaking with water 212. Optically 
active liydrazidcs, such as L-menthylglycine hydrazide, ai e used to 
convert DL-carbonyl compounds into their rcsolvablc enantiomers via 
hydrazone formation, the carbonyl compounds being thcn recovered 
by hydrazonc clcavage after separation of thc optical is0 mers 210,213. 

I t  is believed that thc first step in the hydrazone formation is a 
nucleopliilic attack of the hydrazidc nitrogcn on the carbonyl group 
of the ketone, which lcads to carbinolamine (163) ; the latter then loses 
water under the reaction conditions and thus forms the hydrazone 164 
(reaction 76). As in thc formation of scmicarbazones, the rate of 

OH 
/ - H20 

R'R2C=0 + H2NNHCOR3 + R'R'C - 
'N I4 N HCO R3 

R'R2C=NNHCOR3 (76) 

(163) (164) 

hydrazonc formation is liighcst at  intcrmediatc pH values. 
Not only liydrazidcs with primary amino groups, but also AT'- 

alkyl-substitutcd hydrazides and 1,2-diacylhydi~azines can react with 
carboiiyl compounds. M7ith 5-nitro-2-f~1rfuraldeliycle, the cyclic 
hydrazidc 165 fbrnis the betainc 167 via a carbinolamine intermediate 
166 (reaction 77) 214. After short hcating with benzaldehyde, thc 
1,2-diacylliydrazine (16s) gibes the corrcsponding phenyldiaziridinc, 
owing to cyclization of thc carbinolaminc intermediate which is 
similar to 166 (rcaction 78) 215. 
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Ar*CONHNHCOAr2 + C,H,CHO - 
(W 

Ar'CON-NCOArZ 

Y 

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 acylhydrazine 133. 

Hydrogenation of acylhydrazones is a good general method for 
preparing N'-alkylhydrazides that are otherwise difficult to obtain 
(reaction 79). This reaction is usually carried out with hydrogen and 
a noble metal catalyst216-218, i.c. under conditions where the N-N 
and the C-0 bonds ofthe hydrazide are not attacked 146-149.165*205-208. 

> R1CONHNHCHR2R3 (79) 

Hydrazones are readily cleaved by acid hydrolysis, and yield the 
original hydrazide and the carbonyl compound 93,168*219. In difficult 
cases, and where the substanccs are sensitive to acids, the carbonyl 
compound can bc recovered by reaction of the acylhydrazone with 
benzaldehyde in dioxan containing a small amount of acetic 
acid 220.221. 

Aldonic acid hydrazides, such as D- 

gluconohydrazides, react with potassium cyanate in a strong HCI 

Hn/Cat. 
R'CONHN=CR2R3 ___ 

b. Semicarbazide fumat ion .  

19f C.O.A. 
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solution to form the corresponding aldonic acid semicarbazides 222. 
With aryl isocyanatcs acid hydrazidcs gencrally givc 1 -acyl-4-aryl- 
semicarbazides (169) 223*224. Diisocyanates react with dicarboxylic 
acid dihydrazides, forming polymeric acylsemicarbazides (reaction 
80) 222.  

RCONHNH, + O=C=NAr - RCONHNHCONHAr 

(169) 

r\jH,NHCO-R'-CONHNH, + OCN--R"-NCO -' 

+N H N HCO-R'-CONH NHCON tI-R2-NHCO'lr;- (80) 

Kinetic studies concerning the formation of semicarbazides from 
acetic acid hydrazide andp-RC,H,NCO (R = H, CH,, OCH,, and 
Cl) have shown that the reaction is second order, as would be expected 
for a mechanism in which nucleophilic attack of NH, on N C O  is the 
rate-determining step 226. 

1-Acyl-4-ureidoscmicarbazides (172) arise when cyanogen bromide 
acts on monoacylhydrazines in an aqucous solution of hydrazine 227. 
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 intermcdiatc 171 and the lattcr is finally 
hydrolysed into 172 (reaction 81). 

+ H z 0  
NCNHNHCN 4- RCONHNHZ - > RCONHNHCNHNHCN => 

II 

NH 

(171) 

RCONHNHCNHNHCONHZ (81) 
I I  
0 

(172) 

c. Thiosemicarbazide formation. Thiosemicarbazidcs arc formcd from 
thioisocyanates and acid hydrazides analogously to thc scmicar- 
bazides 2 2 3 9 2 2 8 - 2 3 0  (reaction 62). For example, acctylated mono- 
saccharides carrying a thioisocyanate residuc on (&) react with 
isonicotinic acid hydrazide to give dcrivatives such as 1 -isonicotinoyl- 
4~-[2,3,4,6-tctra-0-acetyl-/3-~-,alucosyl] thioscmicarbazide 231. 

R'CONHNH2 + S=C=NR2 __f R'CONHNHCSNHR' (82) 
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5. Tetrazanes and tetrazenes 

Diazonium ions attack thc more 
strongly nucleophilic, terminal nitrogen of monoacylhydrazines, 
leading to acyltetrazcncs (173). However, these have not been 
isolated, but have instead been cyclizcd 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 tetrazcnes. In  the presence of two equiva- 
lents of the aryldiazonium salt both hydrazide nitrogens suffer 
electrophilic attack, and hexaazadienes (175) arc formed 2329233. On 
being warmed in an alcoholic solution of NaOH, these lose an acylium 
ion and decomposc into the azidc, aniline, and nitrogen. The acyl- 
triazene RCONHN=NAr can be intercepted by treating 175 with 
alkali at  a low temperaturc (reaction 84) 233. 

a. Coupling with diazonium salts. 

2-1 H H  
I I  

\ 

Ar 

(173) ( 174) 

RCONHNH, - RCON-N 3 R-C 
+ I N-N 

I + ArN, ArN- 1\1 

t i  ArN, WaOH 
RCONHNHCOR -> RCON-NCOR - RCON-NCOR -* 

+ I I I  

( 175) 

+ ArN, N=NAr ArN=N N=NAr 

(R = H, CH,: Ar = p-CIC,H,. 
p-BrCJ-4, p-NO,C,H,) 

RCONt-I-N==NAr 

b. Addition to azo comhounds. Monoacylliydraziiies react with 
azodicarboxylic esters with vigorous cvolution of nitrogen and the 
formation of 1,2-diacylhydrazincs (179) lS6. According to the 
mcchanism proposed for this reaction, thc hydrazidc adds to the azo 
compound to forni a tetrazane 176, hydrazodicar1~ox)llic acid ester is 
cleaved out, and the lihcratcd fragment 177 dimcrizes into diacyl- 
tetrazcne (178). The latter loses nitrogen arid changes into 1,2- 
diacylhydrazinc (179) (reaction 85) ls6. 
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R'CONHNH, + R202CN=NCOzR2 
COzRZ 

(R' = CeHn, 
CH,; R2 = C,H,) 

/ - R ~ O ~ C N H N H C O Z R ~  
R'CONHNHN 

NHC02R2 
\ 

(176) 

[RlCONHN] _j R'CONHN=NNHCOR' % R'CONHNHCOR1 (85) - 
(177) (1'78) (li9) 

Neither the tetrazane (176) nor the tetrazene (178) have been 
isolated. 

c. Reaction with su&hur monochloride. The reaction of sulphur mono- 
chloride with l-acyl-2,2-dimethylhydrazine, carried out by heating in 
benzene, gives a good yield of 2,3-diacyltetrazane (182) and small 
amounts of 1 ,3,4-0xadiazoline-2-thione~~. As regards the mechanism, 
it is assumed that the chlorodithio cation derived from S2C1, first 
delivers an electrophilic attack on the oxygen of the carbonyl group, 
and the 0-chlorothio compound (180) rearranges into the N-chloro- 
thio isomer (181); two molecules of the latter eliminate the S,Cl group, 
form an N-N bond, and give rise to P82 (reaction 86) 80. Unsub- 
stituted hydrazides react with S2C1, to give heterocyclic compounds 
(cf. section V1.C). 

SZCI + 
RCONHN(CH3)z __f RC.=NN(CH3)2 - > RCONN(CH,), __f 

I 
S,Cl 

I 
0S2CI 

(181) 
RCONN(CH3)z (86) 

I 
KO 14 N(cH,)~ 

(182)  

d. Oxidative tetrazene formation. Thc oxidation of l-acctyl-l- 
methylhydrazine with potassium permanganate or hypobromite at 
0"c leads to 1,4-diacetyl-1,4-dimethyl-2-tetrazene (183) (reaction 
87) 168. 

(87) 2 CH3CONCH3NHZ - [O' > CH3CONCH3N=NNCH3COCH3 

(183) 

6. Amidrazone formation 

Amidrazones (185) are reactive intermediates formed in the syn- 
thesis of triazoles (cf. section VI.C.3) fi-om imidic esters (184) and 
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acylhydrazines 51*234 (rcaction 88). However, it has been possible 
to isolate intermediate acylamidrazones (185), such as that formed 
from benzhydrazide acd benzimidic ethyl ester (185, R1, R2 = 
C,H,)235, and the one formed from caprolactim methyl ether and iso- 
nicotinic acid hydrazide 236. 

> R*CNHNHCOR2 (88) 
- C H 3 0 H  

R1COCH3 + NH,NHCOR* 
II 
NH 

I1 
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 hydrazidcs 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=CH, 4 NH,NHCOR - NCCH,CH,NHNHCOR (89) 
(186) (187) ext’ + CH,=CHSO,R (188) __f 

(90) 

OH OH 
P89) 

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 docs 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 hydrazidc. However, if the latter is hcatcd 
in ethanolic solution with an excess of Raney nickel, thc N-N bond 
breaks and thc amide is formed in a yield of 60-80% 238*239. 

lY2-Diacylhydrazines are also rcduced by Raney nickcl, 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,N’-dialkyl-N,W-diacyl- 
hydrazines with Raney nickcl does not cause bond fission, nor can the 
asymmetric N’,N’-dialkyl-N,N-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. 

t-I,/Rmcy 1.11 
R’CONHNR*COR’ R’CONI-I, + R3CONHR2 PI) 

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 92240. Raney nickel and hydrazine form another 
very active mixture for the reduction of hydrazides into amidesZ4l. 
This mixture can split maleic acid hydrazide, but not phthalic acid 
hydrazide 241. 

9. Oxidation 

a. General methods. Hydrazides that carry hydrogens on their 
nitrogen atoms are very sensitive to oxidizing agents. Thus, 2- 
substituted monoacylhydrazines or 1 ,Z-diacylhydrazines are con- 
verted into the corresponding disubstituted diimides by oxygen 242, 
nitrous acid, mercuric oxide, potassium permanganate 243*244, ferric 
chloride 245, manganese dioxide 24G, sih-er oxide 247, halogens 248*249, 

N-bromosuccinimide 250*251, peracetic acid 252,  and lead tetraace- 
tate 78,253,253a (reaction 93). The diimides can generally be iso- 
lated 78.242.247.249, 

R1CONHNHCOR2 -% R1CON=NCOR2 (93) 

The monoacyldiimides formed by the oxidation of monoacyl- 
hydrazines have a low stability; they function as acylating agents and 
form 1 ,Z-diacylhydrazines with unoxidizcd hydrazide, with the 
elimination of nitrogen 150*251,252. Thus, the oxidation of acetic acid 
hydrazide with peracetic acid leads to 1,2-diacetylhydrazinc in 957, 
yield 252. 

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 synthesis 260*251. 

A benzyloxycarbonylhrnino acid hydrazide (e.g. Cbz,-L-lysine hydra- 
zide) is oxidized by N-bromosuccinimide or iodine in tetrahydrofuran 
in the presence of a second amino acid ester (e.g. Gly-OC,H4N02), 
the resulting diimide stage reacting to give the peptide ester (e.g. 
Cbz2-~-Lys-Gly-OC,H4N02) in 90-990J, yield2". 2-Phenylhydra- 
zides can also be converted in this manner. Thus 190 is oxidized 
by N-bromosuccinimide to 191, bringing about terminal N-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 cster 2 4 6 * 2 5 4 9 2 5 5  (reaction 94). 

NBS 
Cbz-GI y-L-Phe-N H-N H-C6H - > Cbz-Gly-L-Phe-N=N-C6H, 

(190) (191) 

191 + Gly-L-Phe-NH-NH-C,H, ---+ 
(192) 

C~Z-GI~-L-P~~-G~~-L-P~~-NH-NH-C,W, 
(193) 

193 [01 z Cbz-Gly-L-?he-Gly-L-Phe-N=N-C,H, 

(194) 
H z 0  ROH 
J I 

C bz-G l y-L-P he-G l y-L-P he-OH 

b. Kalb-Gross oxidation. 

Cbz-Gly-L-Phc-Gly-L-Phe-OR 
(94) 

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  aldehyde^^^**^^^ (reaction 95) (see also section VI.B.10 for 
another reaction leading to aldehydes). 

-Nz > RCHO (95) 
K3CFdCNbJ RCON=NH RCONHNH2 OH- t 

c. Carpino reaction. The oxidation of hydrazides with gaseous 
chlorine in organic solvents in the presence of cxcess hydrogen chloride 
does not lead to 1,2-diacylliydrazincs, but to the formation of the cor- 
responding carboxylic acid chlorides accompanied by liberation of 
nitrogen 257*25*. When thc rcaction is carried out with benzhydrazide 
and hydrogen bromide and bromine, onc can isolate an intermediate 
hydrazide hydrobromide pcrbromide (195), which forms benzoyl 
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bromide on treatment with cold water (reaction 96). The formation 
of acyl chlorides from hydrazides probably takes place through an 
analogous intermediate. 

Hans Paulsen and Dieter Stoye 

CGH5CONHkH3B; a C,H,CONH&H3BF3 --+ C,tiGCOBr f N, (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. scction VI.B.2) 
give carboxylic acids spontaneously, or on warming, and the acids 
thus formed are chlorinated into acyl chlorides by the exccss 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 hydrazide 189. 

(97) 
I 1  

With two equivalents of sulphur monochloride, hydrazides form 
carboxylic acid chlorides. According to the proposcd mechanism, 
the clectrophilic chlorodithio cation first attacks the amino group of 
the hydrazide to yield the N'-chlorodithio compound 196, which then 
forms the intermediate 197 on combining with a second chlorodithio 
cation. 197 decomposcs into the azo compound 198 and finally into 
the acyl chloride on elimination of nitrogen and sulphur259 (reaction 
98). The formation of tetrazane from S,Cl, and 2,2-dialkyl-substi- 
tuted hydrazides in which the terminal nitrogen cannot be attacked 
was discussed in section VI.B.5. 

A SOCla 
RCNHNSO RC=NNSO ---+ RCOH + N2 + S d RCOCI 

II 
0 

I 
OH 0 

\ c 
[RCON H NHS,CI J L 

(W 
+ HCI 

'S2CI] 

CI 
\ 

R-C, 2 5 2  
N=N 

- RCOCl + N, + 25 (98) 
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On bcing hcatcd in chlorobenzene in the presence of PCl,, AT-(tri- 
chlorophosphaza)arylamidcs (c.g. C,H,CONIIN=PC1,, prcparcd 
from benzoic acid hydrazidc and PCl,) dcconiposc into thc corres- 
ponding benzylidene chloridcs (e.g. C,H,CHCI,) Io2. However, 
nothing is known about the mcchanism of this reaction. 

10. McFadyen-Stevens reaction 

This is a base-induced elimination of sulphonic acid from carboxylic 
acid N'-sulphonylhydrazides (199) to give an aldehyde via the acyldi- 
imide 200. The transformztion occurs in alkalinc medium analo- 
gously to the Kalb-Gross reaction (cf. section VI.B.9.b) with liberation 
of nitrogen185-187*260. By a bimolccular mechanism the reaction 
(99a) may lead directly to the diimide 200. Alternatively deprotona- 
tion into thc anion 201 (reaction 99b) has also becn considered as the 
first stepZ6l. The anion 201 then eliminates a sulphonic acid anion 
and gives the fragment 202, which might rearrange into 200. 

Ar1CON-NH-~O,Ar2 - Ar'CON=NH + (Ar50; + BH)- Ar'CHO + N, 
(994 

I/* ( 2 W  

\ 
B PH 

(299) 

Ar1CONH-N-SOzAr2 - Ar1CONH-NS0,Ar2 - Ar'CONH-@ (99b) 
(201 j 

+ ti6 (20'2) 
%> 

(199) 

In  hornogcneous solution, aldchydes are formed with great difficulty 
or not a t  all. By contrast, in a hctcrogencous medium involving 
sodium carbonate or glass powdcr, the reaction is generally vcry fast. 
Evidently, it is catalysed by the solid Whilc the reaction 
proceeds very well in the casc of aromatic hydrazides, aliphatic 
hydrazides with hydrogen atoms on the u-carbon of the acyl group 
present some difficulties, due to secondary reactions of the dcrived 
aldehydes in alkaline solution. Aliphatic hydrazidcs in which these 
hydrogens were replaced by alkyl groups undergo the McFadyen- 
Stevens reaction to give aldehydes in the same way as aromatic 
hydrazidesle7. 

A variant of the h4cFadyen-Stevens reaction is reprcsentcd by the 
reductive cleavage of 2-acyl- 1 -sulphonylhydrazines262. The reduc- 
tion of sulphonylhydrazides with LiAlH, leads to iiitcrmediate sul- 
phonyl-alkylhydrazino compounds, which form a hydrocarbon on 
elimination of' nitrogen and sulphinic acid (reaction 100). Good 
I 9 *  
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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. 

LiAIH4 
RCONHNHSOZR [RCH,NHNHSOZR] + RCH, 1- N2 + RSOZH (100) 

11.  Kametani reaction 

Hydrazides react with chloral to give chloral hydrazones 263 (203) 
which arc 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 205264. 

R'CNHN=CHCCI, - 
I I  
0 

(203) 

0 
It 

(204) 

R'CN H R2 

+ NH,N=CHCCI, 

OH - R'CNHN=CHCCI, [ L R 2  
R20H 

0 
II  

___f R1COR2 
(205) 

+ NH,N=CHCCI, 

12. Fragmentation 

Hydrazides which carry on the a-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 fragmentation 41*95*265a. Thus, 
chloroacetic acid hydrazide is fragmented on treatment with alkali; 
the chlorine anion splits off as a nucleofugic fragment, ketene as an 
olefinic fiagment, and diimine as an electrofugic fragment (reaction 
101) 95. The diimine disproportionates into nitrogen and hydrazine, 
while the ketene gives acetic acid with water 95. 

OH - 
CI-CH&O--NHNHs -----+ Ci- + CHZ=CO + NH=NH(-+kNz + INHZNHZ) 

(101) 

When heated with hydrazine, derivatives of 5-0-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 
g'.\oup of the acid rcsiduc) or, with excess hydrazine, the 5-deoxyglu- 
curonic acid l i y d r a ~ i c l e ~ ~  (209). 
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H 

CONHNH, 
I 

I 

Ck, 
(209) 

Investigations on the influence of N’-substitucnts have shown that if 
both the hydrogens on this atom are replaced by alkyl groups the 
fragmentation does not take place. An N’-methyl group retards the 
reaction, while a phenyl group causes i t  to proceed very quickly. 
On the basis of these results, it is assumed that the first step is abstrac- 
tion of a proton from thc N‘-position. This is slowed down by the 
inductive effect of a methyl group, and is accelcrated by the mcso- 
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 process 41 (reaction 102). 

L I; ..kH - ..... \R‘ 

MsO’l H 
R” 

The cleavage of aziridine-2-carboxylic acid hydrazicle (212) bears 
a certain resemblance to the fragmentation reactions ahove. When 
212 is licated in water tlic three-membcred ring opens and ketetic 
(213) and diiminc are formed. The ketene reacts further to give a 
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carboxylic acid. Hcating the ester 211 with an  excess of hydrazinc 
gives immediatcly the ketcne 213 and then the hydrazide 214 (reaction 
103) 265b. 

0 0 
II It co 
C-OCH, C-NHNH, I I  

___, -NH:NH , TCH - 
N v N NH 

I I 
R R R 

I 
v 

CONHNH, 
I 

-CH, 
(103) 

NH 
I 
R 

-+ \ 

13. Amine imide* rearrangements 

Zwitterion-type 2,2,2-trialkylaminc 1 -acylimides, obtaincd by ex- 
haustive alkylation of hydrazides 87266-267a or from carboxylic acid 
esters24 or chlorides 268*269 with 1 , 1 , 1-trialkylhydrazinium salts in the 
presence of alkalis, can undergo various rearrangemcnts. Thus, 215 
rearranges into 216 by migration of the benzyl residuc, in a thermolytic 
reaction of the typc of a Stevens rcarraiigement260 (reaction 104). 

( C H , ) ~ ~ N C O C H ~  (CH3)ZNNCOCHZ (1 04) 
__f I 

CHzCsH4NOz-p 
I 
CH 2CoH 4N02-P 

(215) (516) 

In  the amine imidc-hydrazide rearrangement only benzyl groups 
rnigratc, othcr groups being incapable of r ~ a r r a n g i n g l ~ ~ .  Thus, 1- 
methyl-2-phenylpyrrolidine- 1 -acctimide (218) gives only a small 
amount of the rearrangement product 217 under pyrolytic conditions, 
the main products being 1 -methyl-2-phenylpyrrolidine (219) and 
methyl isocyanate163 (reaction 105). The cyclic aminc imidc 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 rcarrangernent ; under 
the same conditions, the ring opens arid 1 -methacryloyl-2,2-dimethyl- 
hydrazine (223) is formed 270 (reaction 107). 

I n  acyclic amine imides in which the quaternary nitrogen does not 

* T h e  nomenclature of thcse compounds can be derived by analogy to 

(CH3)3NNII, trimethylamine imine, or (CH3)3NNCOCH3, trimethylamine 
acctimide. 

+ -  + -  
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kOCH, H3L @ZOCH, . 

H 3 C , r f H 3  ---- A CH2=CCONHN(CH,), 

H3C 
,k- 0 I 

CH3 
N 

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 of2,Z72-trimethyl- 

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 of 225 with phenyl 
isocyanate to give the intcrmediate 227 via fE26274. Thermolysis of 
227 leads to elimination of trimethylamine and ring closure, forming 
2-phenylbenzimidazolc (228), or-after migration of the phenyl 
group from the carbon to the nitrogen-the N,N’-diphenylcarbodi- 
imide, which can be isolated as N,N’-diphenylurea after reaction with 
water274. Benzanilide is formed in a small amount as a hydrolysis 
product of 227 (reaction 109). 

Trimethylamine imidcs of acyclic, alicyclic, and aromatic dicar- 
boxylic acids pyrolyse to diisocyanates, which can either be isolated 
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(228) 

or reacted in situ to yield elastomeric polyurethanes with polyesters 
having terminal OH groups 77*275. 

14. Thermal reactions 

As can be seen from the formation of hydrazides on heating of 
hydrazinium salts of carboxylic acids (section 1V.C. 1) , monoacyl- 
hydrazines have a high thermal stability. O n  strong heating, how- 
ever, hydrazine is eliminated and l ,2-diacylliydrazincs are formed I5O,  

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 

1. General aspects of t h e  cyclization of hydrazides 

The  cyclization of hydrazides to yield heterocyclic compounds, 
is particularly important Sor the synthesis of five-membered hetero- 
cyclic rings. 1,3,4-Oxadiazoles, 1 ,3,4-tliiadiazoles, synz-triazoles, pyra- 
zoles, and their substituted, hydrogenated, and oxidized derivatives 
can be readily obtained from hydrazides. 

Five-membered heterocyclic rings can generally be prepared froni 
compounds of type I as shown in reaction (1 lo), 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. T h e  
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actual route taken depends on the substituents and on the reaction 
conditions. Structures of type I1 contain on the P-carbon atom of 

Y-Y N-N 
‘ i  - o=c\ ,c-x o=c\ ,c 
C C 

Type II 

RCO, RC,O 
\ 
N-N 

C 

- 1  \ c,  / c  
Type I l l  

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 11 1). The  most important synthcses of heterocyclic 
compounds with a five-membered ring start from these two types. 
Less frequently, the reaction involves compounds of type 111, in which 
a heterocyclic compound is formed by interaction of N(l) with a side- 
chain attached to No, (reaction 112). 

The four systems 229-232 can be used for the preparation of six- 
membered heterocyclic rings in corresponding ways (section VI.C.6). 
To the authors’ knowledge no pipcridazinc synthesis has lxen accom- 
plished by cyclization of hydrazides, in a manner similar to type 111. 

4 0 / R Fj,R 

p-:N N c< / 
‘N-N x-c c\ I \ /  

x- A C  
\ 

C Y - N  c-c’ C-N C- N 

,c- c \ 4O /c-C 
N 

/ 

(231 j (232) 
I I 

X X 
(229) (230) 

2. 1,3,4Oxadiazole and 1,3,4thiadiazole 

2,5-Disubstituted 1,3,4-oxadiazoles (234) are formcd by the dry 
heating of 1 ,Z-diacylhydrazines (233), accompanied by the elimination 
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of watcr 6~150*276. The reaction is facilitated by the addition of watcr- 
absorbing materials such as phosphorus pentoxide phosphorus 
p r p d i l o r i d e  120*277, phosphorus oxychloride 7 9 2 7 8 ,  thionyl chloride 279, 

sulphur trioxide in dimcthylformamidc or polyphosphoric acid 281. 

Polyhydrazides react on heating to yield polyoxadiazoles 2 * 2 9 2 8 3 ,  which 
liave a high thermal stability. Heating of 1,Z-diacylhydrazines (233) 
with phosphorus pentasulphide results in 2,5-disubstituted 1,3,4- 
thiadiazoles (236) 2 3 5 p 2 8 4 .  I t  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 oxadiazolcs (234)235. The dependence of the 
direction of the ring closure on the medium has been examined in 
detail 235. The yicld of 236 from sym-benzoyltliiobenzhydrazide 
(235, R1 = R2 = CGH5) is 71-91 yo in acetic acid, N-mcthylpyrroli- 
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 yicld of 877,. 

Hans Paulsen and Dieter Stoyc 

Acylhydrazidic esters (238), which are prepared either from a 
hydrazide and or tho ester^^^^-^^^ or from imidic esters (237) and 
hydrazidcs 288-200, cyclize mostly spontaneously to give 1,3,4-oxadia- 
zoles (234). When hydrazides R2CONHNH2 react with ethyl ortho- 
formatc, thc corrcsponding monosubstituted 1,3,4-oxadiazoles (234, 
R1 = H) arc obtained285*286. However, the intermcdiate 238 can be 
isolatcd when R1 = R2 = H286. Also when R1 = R2 = CH,, 238 can 
be isolated fiom the reaction mixture of the corrcsponding iniidie ester 
(237, R1 = CH,) and acctic acid hydrazidc 288. The action of the 
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hydrochlorides of bifunctional imidic esters on dicarboxylic acid 
hydrazides leads to polyoxadiazoles28*. 

(237) (=I (=I 

Hydrazides react with phenyl isocyanide dichloride (239, R2 = 
C&&) to form 2-phenylamino-l,3,4-oxadiazoles (240) with the elimi- 
nation of hydrogen chloridezg1. The reaction of hydrazides with 
N-sulphonylisocyanide dichlorides (239, R2 = S02C,H,) giving 2-N- 
sulphonylamino- 1,3,4-oxadiazoles, is entirely analogous (reaction 
113) 292,293. 

H N- N H cI 
RXON HN H, N-N 
+ C!,C = NR2 - [ R ~ L ~ - T L < ~ ~ J  - Ri<oANHRZ (113) 

(239) (240) 

The type of reaction (1 13) comprises also the oxadiazole formation 
from p-nitrobenzoic acid hydrazides with methylmercaptochloro- 
methylene-N, N-pentamethyleneimmonium chloride (241) 294. The 
reaction conditions determine whether the product is a 2-( N-piperidyl)- 
lJ3,4-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-N,N-diphenylimmonium chloride 
can be stopped at the corrcsponding intermediate analogous to 242 by 
carrying it out at a relatively low temperature 294. 

p-NO,C,H,CONHNH, 
CI - - p-NO,C,H,CONHNHC=N ‘3 + CI 

(-J=C’ c!- \ SCH3 SCH, I 

/ (242) 1 N-N N-N 

(241) 

p - N o z c 6 H 4 ~ O ~ N ~  p - N o , c 6 H , ~ o ~ S C H ,  

(243) (244) 
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The carboxylic acid N'-cyanohydrazide (245), formed by re- 
action of hydrazides with cyanogen bromidc, immediately rearranges 
by nucleophilic attack of the hydrazide carbonyl on the carbon of the 
CN group, the outcomc 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 a q u e o ~ s ~ ~ ' ~ ~ ~ ~  or  
an alcoholic230 solution of a n  alkali. Alternatively, on treatment 

(246) 

with cyanates, hydrazides form 2-amino- 1,3,4-oxadiazolcs (247) by 
nucleophilic attack of the liydrazidc carbonyl on the isourea residue 
of intermediate 246 299. With dihydrazides and dicyanates the pro- 
ducts are bis(2-amino-1,3,4-oxadiazolcs) (reaction 1 14) 299 *299a. 

N H 2 N H C O e C O N H N H ,  + NCO--Ar-OCN --+ 

Thc cornpctition between the carbonyl and the amino group in 
intramolecular nucleophilic substitution is clearly manifestcd in the 
cyclization of 1 -cyano-formamidinobenzhydrazide (248). With the 
elimination of ammonia, the reaction leads preferciitially to 2-cyano- 
1,3,4-oxadiazole (249), which hydrolyscs under the reaction conditions 
to give 2-carboxamido- 1,3,4-0xadiazole, whereas the 2-cyanotriazole, 
250, is formed as the dehydration product only in a small amount300 
(reaction 1 15). 

Owing to the fact that sulphur is more nucleophilic than oxygen, 
2-amino- 1,3,4-thiadiazolc can be prcpared by the acid-catalysed 
cyclization of acylthiosemicarbazides 230, while triazolinethiones are 
formcd in basic m ~ d i a ~ ~ ~  (cf. section VI.C.3). 
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(249) (248) (250) 

Phosgene or thiophosgene form with hydrazides the intermediates 
251 and 252, which cyclize into 1,3,4-oxadiazolin-5-ones 
(253) 23093019302 and 1,3,4-oxadiazolin-5-thiones (254) 230*303 on being 
heated in toluene, dioxan, chloroform, or acetic ester (reaction 
1 16) 80*230. These reactions also proceed when 2,2-dialkyl-substituted 
hydrazides are brought into contact with phosgene or thio- 
p h ~ s g e n e ~ ~ ~ , ~ ~ ~ .  The intermediate is thought to be a quaternary 
ammonium salt (255, 256) which then loses alkyl chloride and forms 
257 or 258 (reaction 117). 

(251) X=O 
(257). x = s 

N-~R; CI-  RlCONHN R$ 

cI, + c=x 
/ -. 

LI (255) X=O 
(256) x=s 

(253) X=O 
(554) x=s 

N-NR2 
-R2C’’ (117) 

(257) x=o 
(258) x=s 

Hydrazides having a substituent on the a-nitrogen cannot form 
1,3,4-0xadiazolin-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 25ge3. 

___t 
CHZN-NH 

C,H,CONCH,NHZ - I I 
CI C,H,C+ C=O + ;c=o cr’ I 

(259) c‘ CI’ 
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The chlorination of 260 with phosgene gives 2-chloro-5-phcnyl-l,3,4- 
oxadiazole (261), which is presumably formed by the elimination of 
methyl chloride from an intermediate quaternary salt 83 (reaction 1 I@.  

This course corresponds to thc 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 

ether, in which the isothiocyanate 263 has been postulated as an 
intermediate304 (reaction 1 19). 

3. 4H-I,2,CTriazole 

Symmetric triazoles can be prepared from hydrazides having an 
N,,]-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 4H- 1 ,2,4-triazoles (266) 
in a good yield when thcy are heated in an alkaline or a neutral 
medium, the ring closure being accompanied by loss of 
water 51,234,236.289.290.30~. 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 protonatcd, giving an ammonium ion, which 

(234) (265) (266) 

is cleaved off by the nucleophilic carbonyl oxygen on account of its 
good nuclcofugic character. 

Hydrazidcs of the structure 267, in which the C-N attached to 
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N(21 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-1,2,4- 
triazoles (270) 307 (reaction 122). This reaction does not take place 
with aliphatic compounds. 

N-N + HPO, (122) 
A r l A N J A r l  + Ar2NH, 

ArlCONHNHCOArl - 
+ Ar2N = PNHAr2 

I 

(270) 

Ar2 (269) 

The condensation of two hydrazide molecules gives N-aminotriazoles 
(271) (reaction 123) 30a. C-Aminotriazoles (273) are formed in the 
cyclization of acylaminoguanidines (272) (reaction 124) 309. 

HN-NH, N-N 

R'C+O NH/COR2 v 
I - JR2 + 2H2O 

I 
NH2 

HN-NH N-N 
I I  - JNHRZ (124) 

N 
I 
U 

R'F JCNHR2 
0 NH 

(272) (273) 
Triazolin-5-ones (276) and triazolin-5-thiones (277) can be prepared 

by alkaline internal condensation of acylsemicarbazidcs (274) and 
acy-lthiosemicarbazides (275) (reaction 125), since in alkaline media 

-H 0 HN-NH 
RCNHNHCNH, 2 

II 
X 

II 
0 

(274) X=O (276) x= 0 
(275) X=S (277) X = S  

('25) 

I 

(278) X=O R3 
(279) X=S j (280) X - 0 ;  R1=Me;  R2=Me; R3=Ph 

(281) X=S: P,'=Me, Ar; 
-- R'=Me, Ar;  R 3 = A r ,  Pie 
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the amino group is more nucleophilic than either the oxygen of the 
carbonyl group or thc sulphur of the thiocarbonyl group 220*229.295. 

Acylsemicarbazides (278) and acylthiosemicarbazides (279) the a- 
nitrogen of which carries an  alkyl or an aryl substituent (R2) oftcn 
cyclize rapidly to a meso-ionic triaza system (280,281) (reaction 126), 
analogously to the isosydnone formation from a-substitutcd liydrazidcs 
and phosgene shown in reaction (1 18) 310. 

4. Pyrazole 

1,3-Dicarbonyl conbounds react with hydrazides in acid media 
to give 1-acylatcd pyrazolcs (282) 311-314. The reaction proceeds via 
the monohydrazone, which is then cyclizcd with loss of water (reaction 
127). I t  has been found with a steroid (283) that under certain 

RIC=N R'FN RIC=O 

R2C=0 R T = O  RZLP!JCOR3 

/ I \  
NHCOR3 - HC ('27) HZC, NHzNHCOR3 - HZC, 

(282) 

conditions acylhydrazoncs with an cpoxidc ring in the a$-position 
with respcct to the hydrazone also react to give a pyrazole (284) 
(reaction 128) 315. 

~ HCOCH, H,C -N 

H&O, (128) 
- H 2 0  
I 

HO 
(283) (284) 

/?-Ketocarboxylic acid estcrs can be cyclizcd with 1 -acctyl-1- 
phenylhydrazines in the prcsencc of phosphorus trichloridc. 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-anilinopyrazolinc-5-one 
(287) with the aid of hydrazinc 318 (reaction 130). 

a$-Unsaturated carboxylic acid hydrazides givc pyrazolidinoiies 
on lieating72.73*319. Thus, thc thermal trcatment of metliacrylic acid 
2-mcthylliydrazide lcads to 1,4-dimcthyl-3-pyrazoliclinonc (288) 270 

(reaction 13 1). The acylation of asp-dimethylhydrazinc 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 tlie presence of 
bases270 (reaction 132). When 290 is heated to 220"c under vacuum, 

R R 

(129) 

\ 

'COC,H, COCH, 

co 
H,C/ + NH,NC,H, - 

I 

(R = CH3,CsHs) (285) 

I1  0 0 

the ring opens and acrylic acid 2,2-dimethylhydrazide is formed 
(reaction 132). This compound can be reconverted into 290 by 
heating to 12O"c in a sealed tube267*320. 

H,C-NCH, 

' I  CH,=C(CHJCONHNHCti, - CH3HC 

o > - ~ ~  

(288) 

Cli,=CRCOCI + NHzN(CH3)z - CH,=CRCONHN(CH,), - 

Thermolysis of N-acrylyl 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 fiom 
the corresponding amine imide 323 (reaction 134). 
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R1 = H or CH,: 
R2=H, CH, or C6H5) 

R1C=CC0,C,H5 + NH2NHR2 

(R'=CH,; R2=H, CHJ 

(133) 

(134) 

(293a) R1 = CH,; R2= H 
(293b) R1=CH,: R2=CH, 
(293~) R' = C,H,; R2= CH, 

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). 

(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) 336 (reaction 136). 
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(295) 
I 

N HZ 

(X=O, S, NH) 

Tetrazoles (296) can be obtained from tetrazenes (cf. section VI.B.5) 
by treatment with alkalis233 (reaction 137). 

H N-N 11 \CR 
RCON-N-COR 

/ 
- RCOOH > 

N-N 
I 

I 
N=NC,H5 

(137) 

i3GH5 

(296) 

Vicinal bis(benzoy1hydrazones) (297) rearrange into 1-( benzoyl- 
oxybenzylideneamino)-1,2,3-triazoles (299) on oxidation with 
mercuric oxide or iodine12Q (reaction 138). I t  is possible that the 
bis(acy1diazo) 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) 12'. 

R" 
,N=C / 

N\ 'OCOR" 
HC=N-NHCOR" 

C=N-N I I HCOR" - 1 !;N"".] Fd' 
R' 

6. Six-membered heterocyclie compounds 

membered heterocyclic compounds from hydrazides. 
All four reaction types (229-232) can be used to prepare six- 
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Thus, type 231 occurs on warming chlorodiphenylacetyl chloride 
with l-acetyl-2-~-chlorophcnylhydrazine in toluene, whence the 
oxadiazinonc 301 is produced, presumably via the acyclic diacyl- 
hydrazine 300 (reaction 139)327*328. The attack of the OH group 

CI 0 

(C,H,),CCICOCI - (C6H5)~C(J I 1  %CH, - H5c~0) -cH3  H5Cci (139) 
&C\y”H 0 NYN 

I 
+ HNNHC,H,CI-p 

C,jH,CI-p C,H,CI-p 
I 
COCH, 

(300) (301) 

in the hydrazide 302 on the carbonyl carbon is an cxamplc of type 232 
where an oxadiazine system (303) is formed (reaction 140) 121. 

? 

P’’)=N \ 

UR 
(302) (303) 

Following a reaction of type 229, y-ketocarboxylic acid hydrazides 
form pyridazinones (304) with the elimination of water 3 2 9 7 3 3 0  (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- 
zine73-75 (reaction 142), whereas in acidic solution an unsaturated 

R’ 
R’ 
I 
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azlactonc like 45 is f o r n i ~ c l ~ ~ ~ ~ .  The preparation of a pyridazinc (306) 
by the action of 10% HC1 on a dicarboxylic acid dihydrazide (305) also 
belongs to reactions of this Howcvcr, it is not 
yet certain whether 306 cxists in a semi-cnolic form (like 119). 

(reaction 143). 

0 
II OH 

f143) 

(305) (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-1-amino-5-cyanopyrid-6-one (307) 332. 

This is an  example of the less frequent cyclizations of type 230 (reaction 
144). 

R' R' 
I 

VII. ANALYSIS O F  HYDRAZJDES 

A. Qualitative Determination 

Hydrazides can be detected by an examination of i.r. spectra for 
characteristic bands (cf. scction IILE), by carrying out tlic spccific 
Bulow r e a . ~ t i o n ~ ~ * ~ ~ ~  (in which a characteristic colour is formcd in the 
prescncc of fcrric chloridc and concentrated sulphuric acid), or by 
utilizing the less specific colour reaction involving picryl chloridc and 
ammonia 334. 

Easily hydrolysable liydrazides are detected on paper by spraying 
with an ethanolic solution of p-dimethylaminobcnzaldehyde hydro- 
~ h l o r i d e 7 * ~ ~ ~ ,  which gives an intciisc red colour owing to the formation 
of the azine fi-om free hydrazinc and p-dimethylaminobenzaldchyde. 
Aqucous solutions of the salt of thc azine are ycllow. 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 hydrazidcs 
must first be hydrolysed into the acid and hydrazine before the colour 
reaction is carried out336. 
2-(Diphenylacety1)indane- 1,3-dione (308) reacts with carboxylic 

acid hydrazides to form the hydrazone 309 (reaction 145), which is 
generally crystalline and is rcadily detected by thin-layer chromato- 
graphy or fluorimetrically on account of its brilliant fluorescence 337. 

COCH(C,H,), + RCONHNH, - 
0 

B. Separation of Hydrazides 

Different alkyl-substituted hydrazides can be separated fiom one 
another by paper chromatographic elution with organic solvents 
containing acetic acid'. 1,2-Substituted hydrazides have higher 
R, 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 
buffering the latter with an acid, so that the hydrazide cation could 
be formed 339. 

C. Quantitative Determination 

Hydrazides have been dctermined semi-quantitatively by measuring 
the size of the spots obtained after chromatography on thin l a y e r ~ ~ s ~ ~ ~ .  
On the basis of the colour reactions with heavy metal salts (complexing) 
or with p-dimethylaminobenzaldehyde, hydrazides can be easily 
determined colorimctrically and spectrophotometrically3"~341~342. 
The polarographic determination of hydrazides has been employed 
in kinetic investigations 26*343. Adipic acid diliydrazide and oxalic 
acid dihydrazide have been titrated potentiometrically with sodium 
nitrite344 and with potassium iodate345. 
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VIII. PHYSIOLOGICAL ACTIVITY 
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Since the discovery that isonicotinic acid hydr.pzide has a strong 
antituberculotic action 206, many derivatives of this compound 
have been synthesized and tested for antibacterial proper- 
ties50.171.206.209i346-34g. I t  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 ~entre3~O. 

Carboxylic acid 1,2-diarylhydrazides have been reported to possess 
anti-inflammatory properties 351*352, and a diuretic action has been 
ascribed to benzoic acid hydrazide derivatives 302. Isoxazolecarboxy- 
lic acid hydrazides 301 are active against leprosy, and an anticonvulsive 
action has been reported for phenothiazinecarboxylic acid hydra- 
zides 353. Hydrazones of hydrazides frequently act as monoamine 
oxidase inhibitors 207*208*216, which find application as psychopharma- 
ceutical preparations. Dihydrazides have reccntly been introduced 
as anthclmintics 354. A fungicidal action is ascribed to pentachloro- 
benzoic acid h y d r a ~ i d e ~ ~ ~ .  Maleic acid hydrazide is used to rcgulate 
and inhibit the growth of plants 336. 

IX. M I S C E L L A N E O U S  APPLICATION5 

Hydrazides are used for the heat and corrosion stabilization of cellu- 
lose and cellulose derivatives 356, and as antioxidants for polyolefins 
and polyurethanes, which are otherwise oxidized in the presence of 
copper. The incorporation of hydrazides has improvcd the applic- 
ability of these plastics as cable insulation 357-359. Small amounts of 
hydrazides sensitize electrophotographic layers made of poly(viny1- 
carbazole)360. Dihydrazides can be used in cigarette filters for the 
selective removal of aldehydes from tobacco smoke 361. Dihydrazides 
can be rcacted with other bifunctional compounds to give polyhydra- 
zides, which can be spun from dimethyl sulphoxide solutions 53*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 acids 362. 
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1. 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 cssential to the struc- 
tural and functional integrity of all organisms. Many microorganisms 
are able to derive ail of their cellular nitrogen from ammonium salts 
of the culture mcdium. 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, Rliodosphrillum and bluc-green algae are able to meet their 
nitrogen requirements by the conversion of nitrogen gas to ammonia. 
Bacteria of the genus Riiizobium live in the root nodules of legumes in a 
symbiotic relationship with thc plant. Neithcr the bacteria nor plant 
alone is capable of fixing nitrogen but combined they are responsible 
for the conversion of large quantitics 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 thcir 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 thc 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 dircctly from 
ammonia and in  subsequent transamination reactions with a-kcto 
acids indirectly provides amino nitrogen for all other amino acids. 
Thc  formation and transamination rcactions of glutamic acid were 
considered in the volume of this series on the chemistry of thc amino 
group. 

The  incorporation of ammonia into the amide function of glut- 
amine, catalysed by thc enzyme glutaminc synthctasc, is a second im- 
portant pathway. The third route for thc 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 thc assimilation of am- 
monia and its prccursor role in thc synthcsis of thc carbamic acid 
amidc (urea) and amidinc derivatives, the formation and reactions of 
carbamoyl phosphate will be considercd in this chapter. 

Although the quantitative importance of glutaminc and carbamoyl 
phosphate formation in ammonia utilizztion 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 studies employing 15N-labclled inorganic 
compounds show that the a-amino nitrogen ofglutamic acid and amide 
nitrooens are the first groups to be labelled. Thc  percent of total 
15N incorporated into amide groups of the protein dccrcased with 
time as other nitrogen-containing compounds increased in rclative 
15N contcnt, indicating that ammonia is ‘fixed ’ in  an amidc linkage 
then utilized in subsequent reactions for the synthesis of other nitrogen 
compounds. The ratc ofglutamine synthcsis in exponentially growing 
yeast cells is far more than would be required for protein syntlicsis2, 
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 embryos3. The amide and amino nitrogens of glutamine and 
asparagine apparently can supply all thc nitrogcn requirements for 
thc growing embryo. The  rapid incorporation of l5NH3 into the 
uracil of growing bacteria4 and the guanidine nitrogens of arginine in 
yeast cells2 indicates that thc synthesis of carbamoy! phosphate, a pre- 
cursor to thesc compounds, accounts for a part of ammonia assimilation 
in these organisms. A quantitativc analysis of ammonia assimila- 
tion shows that 61% of the total ammonia utilized in growing ycast 
cells is associated with thc a-amino groups of frce and protein amino 

3 
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acids. Utilization of the remaining 39y0 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 glu tamine. 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 glutaminc 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 relativcly high compared to tissue levels and glutamine 
amide nitrogen accounts for most of the ammonia excreted by mam- 
mals. In man and other terrestrial vcrtebrates most of the ammonia 
is converted to and excreted as urea (ureotclism). The ammonia 
utilized for urea formation is released from the amides of glutamine 
and asparagine, and from amino acids by dcamination reactions, to 
form carbamoyl phosphate. The carbamoyl phosphate enters into a 
cyclic reaction with ornithine to yield, ultimatcly, 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 amidcs, and amidinc and guanidinc 
derivatives will be considered in detail. Consideration has also becn 
given to the meclianism of these reactions, albeit incompletely undcr- 
stood, in hopes of acquainting the organic chemist with a few of the 
current problems and complexitics of enzyme-catalysed reactions. 

J. E. Reimann and R. U. Byerrum 

I I .  FORMATION OF AMIDES AND AMIDINE DERIVATIVES: 
ATP+ADP + Pi REACTIONS 

In  sections I1 and I11 the biosynthcsis of biological acyl derivatives of 
ammonia, which require adenosine triphosphate (ATP), are con- 
sidered. Some attention has becn de\.oted to tlie yet unresolved 
mechanisms of thcsc rcactions 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 111. 

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 A h 2 + )  catalyses the enzymatic 
synthesis of glutamine from glutamate and ammonia (equation 1). 

coo- 
l 

CONHz 
I 

CH2 CHz 

CH2 + NH3 -k ATP + CH2 + ADP + Pi 
I 
CHNH; 

I I 

I M @ +  1 

I 
CHNH; 

coo- coo- 
L-gl u tamate 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 thc 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 reaction5 of glutamate 
and ammonia to form glutaminc (equation 2a) and (b) thc exergonic 
hydrolysis of ATP to adenosine diphosphate (ADP) and inorganic 
phosphate (Pi) (equation 2b). A standard free-energy change of 

( 2 4  

ATP + H,O ADP + Pi AF -7770 cal (2b) 

- 4300 cal associated with the overall reaction has been calculated 
from the experimentally determined equilibrium constant 6. The 
mechanism by which the encrgy is made available to couple these 
rcactioris is not completely understood. However, there is considerable 
information regarding glutamine synthetase and the enzyme has been 
the subject of several revicws7-+. 

Glutamate + NH3 T Glutarnine + H 2 0  AF +3400 cal 

1. Reaction mechanism 

Carboxylic acids at physiological pH values are primarily in  the 
ionized form as carboxylate ions and arc chemically unreactive to- 
ward nucleophilic substitution a t  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 tlic phosphate bond energy of ATP. Both mcchanisms 
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 achievcd 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 catalyscd by a sccond enzyme to liberate the inorganic 
phosphate and form the final product. /3-Aspartyl kinase, an enzyme 
of this typc, catalyses thc formation of ,&asparty1 phosphate an inter- 
mediate in the biosyiithesis of threonine lo. 

0 
II 

- 00C--CH---CIi~--C00- i- ATP T - OOC-CH-CIi2-C-OP0,H- + ADP 
I 
NH,+ (3) 

A second group of activating enzymes catalyse a two-step reaction 
scquence which includes the synthcsis of an  enzyme-bound acyl 
adcnylate intermcdiatc followed by acyl transfer from the ATP 
moicty to an acceptor molecule (equation 4). Enzymes that catalyse 

I 
NI-1; 
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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 

0 0 
Enzyme II II R1 X 

RCOO- + ATP E . . .R-C-0-P-0-Ad + PPi + 
I 
0- 

0 
I1 

R-C-X-R' + AMP (4) 

for an acyl adenylate intermediate is indirect and consists of trapping 
the intermediate by formation of acid hydroxamates on trcatment of 
enzyme-substrate reaction mixtures with hydroxylamine, and showing 
that the synthetic acyl adenylates participate in the forward and reverse 
cnzymatic reaction. Other evidence includes observation of the 
reversible step of reaction (4) as evidenced by an ATP-PPi exchange. 
I n  a few cases, this intermediate has been demonstrated unequivocally 
by chemical isolation and identification 11-14. 

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). KrebsI5 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. Speck l6 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 StapJz- 
ylococcus aureuS 17, sheep brain and lupinc seedlings 18. Participation of 
A T P  in glutamine synthesis was furthcr substantiated by thc demon- 
stration that 32P-labelled phosphate was incorporated into iYr'1' when 
the reaction was studied in the reverse direction ID. 
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Radioactivc tracer studics zo*z l  employing l*O-labellcd glutamatc 
indicated that ATP coupled the reaction in some manncr which 
resulted in the transfer of onc oxygen atom from glutamate to in- 
organic phosphate. In  the reversc reaction Varncr and associates 22, 
observed thc incorporation of from inorganic phosphate into 
glutamate. The transfer of oxygcn from glutamate to inorganic 
phosphate suggested a direct reaction bctwecn ATP and the y- 
carboxyl group. These facts lcd to the hypothcsis that ATP reacted 
with glupmate to yicld a y-glutamyl phosphate intermediate. 

Although no evidence could be obtaincd for thc formation of a free 
intermediate or for the utilization of added y-glutamyl phosphatez3 
further investigation indicated an activated carboxyl was formed but 
remained bound to thc enzyme. Glutamine synthctase also catalyscs 
a transfer reaction first reported by Stumpf and Loomisz4, where the 
y-glutamyl moiety is transferred from glutamine to hydroxylamine to 
form the hydroxamatc according to equation (5). 

Glutamine + Hydroxylamine + Glutarnyl hydroxamate + Ammonia (5) 

When this reaction was carried out in the presence of 14C-labelled 
glutamate little isotope was incorporatcd into the synthesized y- 
glutamyl hydroxamate z5. Thc results of this cxpcriment suggcsted 
that the activated form of glutamatc was firmly bound to thc enzyme 
and not in equilibrium with glutamatc in solution. 

More dircct evidence was obtained for thc formation of an activated 
carboxyl intermediate in experiments bascd on the tcndcncy of thc 
y-glutamyl derivative to undergo a rapid cyclization reaction to form 
pyrrolidonecarboxylate 26*27. A rcaction mixture containing cn- 
zyme, glutamate, ATP and magnesium ions, but no ammonia, was 
allowed to react, then heated at  60"c. Significant formation of pyr- 
rolidonecarboxylate was observcd. Little or no cyclization product 
was formed in control experiments in which thc enzyme was hcat- 
inactivated prior to the addition of substrates. O n  addition of am- 
monia to the system, glutaminc was formed, accompanied by a 
marked decrease in pyrrolidonecarboxylate formation. 

The naturc of this activated glutamyl intcrmediate was not cvidcnt 
from the above findings and a number of mechanisms wcre considered 
in an attempt to explain the participation of ATP in glutamine syn- 
thesis. Proponents of a consccutivc mechanism postulated the forma- 
tion of an cnzymc-bound y-glutamyl phosphate from glutamatc and 
ATP (equation 6a) followed by nucleophilic attack on the activated 
intermediate to form glutaminc (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 (Ga) 
Enzyme . . . y-Glutamyi phosphate + NH, (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 place2’. 
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 enzymes 28 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 caralytic 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 nuclcotide is a necessary component of the catalytic reaction6. 

To account for the apparent role of ADP as part of the ‘activated 
intermediate’ Buchanan and Hartman 29 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 of 
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 uncquivocally ruled 
out. 

The nature of the activated glutamyl intermediate has been the 

Enzyme . . . y-Glutamyl phosphate + ADP 

Enzyme + Glutamine + Pi 
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0 

Enzyme+ RNHCR' + ADP + PI 
II 

subject of a continued investigation, principally by Mcistcr and 
associates. Their efforts were directed towards the isolation and 
utilization of phosphate intermediatcs 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 /I-aminoglutarate is en- 
zymatically converted to P-aminoglutaramate by glutamine synthetase. 
Since the proposed intermediate for this substrate, P-aminoglutaryl 
phosphate, is less prone to cyclization than y-glutamyl phosphate, 
i t  has bcen possible to synthesize and tcst it as a substrate for the 
enzyme 30. Glutamine synthetase catalyscd the conversion of p- 
aminoglutaryl phosphate to IS-aminoglutaramate. The synthesized 
phosphate intermediate was also utilized by the enzyme in the back 
rcaction as indicated by the formation of ATP. Although these rcsults 
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. P-Aininoglutaryl phosphate 
has not been isolated as an enzymc-catalysed intermcdiate. 

Methionine sulphoximine, methionine sulphone and methionine 
sulphoxide are effective inhibitors of glutaminc synthetase. I n  rccent 
studies, Roiizio and Meister 31 havc isolated a phosphorylated deriva- 
tive of methionine sulphoximine from incubation mixtures containing 
glutamine synthetasc, ATP and MnC12. The structure of the deriva- 
tive has not been established, but from a consideration of thc chemical 
properties these investigators suggest the phosphate is linkcd to the 
sulphoximine sulphur atom as in 1. Methioninc sulphoximine is a 

0 NH 
I1 II 

I 
CHJ 

- 0-C-CHCHZCH ZS-OPOZH - 
I 

NH,C 
(1 )  
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convulsion-producing agent and its antagonism towards glutamine 
synt11etase suggests an important function of tliis enzyme in brain 
metabolism. Since the enzyme is irreversibly inhibited with this 
non-physiological substratc, scccndary 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 1I.D). 

According to a consecutive-mechanism hypothesis glutamate and 
ATP react to form an acyl intermediate in the absence of a nuclco- 
phile, in contrast to a concerted mechanism which requires the pres- 
ence of a nucleophile for a rcaction to occur. Isotopic dilution 
studies 27 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 hydroxylaminc. At the end of a two-minute incubation period, a 
mixture of cxccss 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 I4C 
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- 
droxyla mine, presumably as the ATP-activated intermediate. 

Evidence was also obtained for the cleavage of ATP in the absence 
of a nucleophilc which was associated with glutamate binding27. 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. If 
ADP, resulting from the formation of an  acyl phosphate intermediate 
does in fact remain bound to the enzyme, some of the observations that 
appearcd inconsistent for a consecutive-mechanism hypothesis would 
1,e clarified. The failure to detect ADP prior to the reaction with a 
nucleophilc would be a consequence of its remaining associated with 
the enzyme after the reaction of ATP and glutamate. Similarly, 
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 
investigated 27*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 

Enzyme ATP+ M<;/ATPGlutornote - E:+ f ATP 

H3NCHCHzCH,C- OH 
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FIGURE 1. Reactions catalysed by glutamine synthetase. 

in the back reaction explains the requirement for catalytic amounts of 
ADP in the transfer and arsenolysis reactions. 

With the evidence that ADP is a part of the activated complex, the 
formulation of a consecutive mechanism is more accurately dcscribcd 
by equation (8). 
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Enzyme + Glutamate + ATP 

yGI u tamy I phosphate 
NH3 
A 

/ 

\ 
Enzyme - Enzyme + Glutamine + ADP + Pi (8)  

ADP 

O n  the basis of accumulated evidence Mejster and coworkers8s0 
havc proposed the scheme in Figure 1 to account for the known reac- 
tions of glutamine synthesis. 

These investigators have p:oposed that the synthesis of glutamine 
occurs in a step-wise reaction sequence consisting of an  initial binding 
of ATP to the cnzymc 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 thc 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 arc rela- 

tively non-specific in that a number of glutamic acid deri\.atives, in- 
cluding optical and structural isomers, are enzymatically active. The 
enzymc acts on both thc L- and D-isomers of g l ~ i t a m a t e ~ ~  and the 
derivatives, a-methylglutamate34*35, /3-methyl- and p-hydroxygluta- 
mate, y-methyl- 25 and y-hydroxyglutamatc 36. /3-Glutamic acid is 
converted to D-/3-glutamine3'. 

ICagan and Meister 37*38 carried out comparative studies on the 
enzymatic activity of the resolved optical isomers of these compounds. 
The Michaelis constants (K,) and the relative maximum vclocities 
Ivere measured for amide and hydroxamatc synthesis. Thc optical 
isomers of these glutaniatc derivatives that were subjcct to cllzymatic 
catalysis are listed in Tablc 1. These a ~ i t h o r s ~ * * ~ ~  have presented a 



614 J. E. Rcimanii and R. U. Bycrrum 

T A B L E  1. Optical isomers of glutamate derivatives subject to enzymatic 
catalysis. 

L-Glutamic acid 
n-Glutamic acid 
a-Methyl-L-glutamic acid 
threo-p-Methyl-D-glutamic acid 
tfireo-/3-Hydroxy-n-glutamic acid 
Ihreo-y-Methyl-L-glutamic acid 
threo-y-Hydrosy-L-glutamic acid 
eythro-y-Hydrosy-L-glutamic acid 
threo-y-Hydroxy-D-glutamic acid 
eiythro-y-Hydroxy-D-glutamic acid 

hypothesis concerning the conformation of the enzyme-bound sub- 
strates to account for thc observed activity of certain substituted gluta- 
mic acid optical isomers. I t  is assumed that substrates are orientcd on 
the enzyme in an  extended conformation and that the a-carboxyl and 
amino groups are bound to the same respectivc sites. Examination 
of a constructed isomer model shows that thc 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 linc 

HE---C---  H, 
I /  

Ha-C-N- 
I ‘  
c 

0’ ‘ 0  
L-glutamate 

@a) 

intersecting carbon atoms 1, 3, and 5 to permit binding of the a- 
carboxyl and amino groups, the a-hydrogen is directed towards thc 
enzy.rnc and substitution of a methyl group in this position results in 
loss of enzymatic susceptibility. The hypothesis states that thc intro- 
duction of a bulky group in thc substrate in a position directcd towards 
the enzyme results in loss or marked reduction of the enzymatic 
activity. 
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Substrate spccificities obscrvcd for the iomcrs of /3- and y-substituted 
derivativcs of glutarnic acid are consistcnt with this proposal. For 
example, models show that both the erythro- and threo-,%hydrogens of L- 

glutamic acid and the erythro-/3-hydrogen of D-glutamic acid are oriented 
approximately in the same direction as the a-hydrogen of D-glutamic 
acid, towards the enzyme. Erythro- and threo-hydrogen assignments 
were made with respcct to a staggered conformation shown in 2s and 
2b so that substitution of threo hydrogen leads to the formation of a 
t h e 0  isomer. Substitution of a methyl or hydroxyl group into these 
positions leads to a loss of activity. O n  the other hand, replacement 
of the threo-P-hydrogcn of D-glutamic acid, which is dirccted 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 threo-y-methyl-L-glutamic acid serves 
as a substrate. Similarly i t  was found that threo-y-hydroxyl-L- 
glutamic acid was the most active of the four possible isomers of y- 
hydroxyglutamic acid, although substantial activity was exhibited 
by thc erythro-y-hydroxy isomers of both L- and u-glutamic acid. 

Meaningful conclusions regarding the specific effects of structural 
and stereo alterations of the substrate on the various parameters that 
constitute the overall cnzymatic activity arc difficult to evaluate unless 
a detailed study of the kinetic constants is undcrtaken. Studies re- 
lating structural requirements for catalysis to the kinetic constants 
of the reaction have been carried out with acetylcholinesterase 40 and 
chymotrypsin 41.42. Introduction of a bulky group may influence the 
conformation of the enzyme-substratc complex in  two general ways. 
(1) Steric hindrance may prcvent binding of substrates to the enzyme 
or promote different modes of binding which lead to unproductive 
complexes, or (2) may rcsult 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 rclated to thc constants of the rate equation. For example, 
the meaning of the measured Michaelis constallt, % ( ~ P P ) ,  may be 
a true dissociation constant (&) or a Complex term colltaining Ks 
and rate constants depending on the rate-dctcrmining step of the 
rcaction 42*43.  
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A considcration 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 K,(app) values for a series of substituted glutamic acid deriva- 
tives in hydroxamate synthesis are quite constant, whereas the Km(app) 
values for the same derivatives in amide synthesis show considerable 
variation. The experimentally measured Km(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 attributablc in part to changes 
in rate constants. The relatively constant K,(app) values for various 
substrates in hydroxamate synthesis suggcst that the corresponding 
K, is perturbed to a lesser extent by the rate constants. This may be 
due to thc non-enzymatic reaction of hydroxylamine known to occur 
with activated carboxyl groups234. 

The ratio of rates for nucleophilic attack ( V-hydroxylaminc/V- 
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-glutamatc with ammonia and hydroxylamine are nearly the 
same, whereas the isomers of a-aminoadipate exhibit substantial 
activities in hydroxamate synthesis but arc less than 3”7, as active in 
thc reaction with ammonia44. 

Meister has interpreted these findings in terms of a relatively non- 
specific activation step in the formation of a glutamyl intcrmediate 
followed by an optically specific reaction of ammonia (which is 
presumably enzyme bound). Hydroxamate formation exhibits less 
spccificity presumably due to the known non-cnzymatic rcaction of 
hydroxylamine with an activated intermediatc. 

Determination of inhibition constants (KJ  for the optical isomers, 
which are considered true binding constants, would provide uscful 
information in the separation of the effects of rate constants on the true 
dissociation constant. 

Changcs in the substrate adjacent to the reacting centre of the gluta- 
mate derivatives might be expectcd to producc two different effccts. 
Substitution at the y-carbon of glutamic acid may providc steric hin- 
drance for the formation of an optimal conformation of the cnzyme- 
substrate complex or it may influence the ratc constants of the bond- 
breaking and bond-making processcs through inductivc or electron- 
withdrawing effccts. Contributions of such combined cffects are 
impossible to separate simply in tcrms 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. I n  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,s)) pyrimidines (6)) certain amino 
acids (7,8), amino sugars (9) and carbamoyl phosphate (10) as illus- 
trated in Fjgure 2. Multiple pathways with a common intermediate 
must maintain a delicate balance and the regulatory processes include 
repression or genetic contro! of de nouo synthesis of enzymes, cumulative 
feedback inhibition by the end-products of glutamine metabolism, 
alterations of glutamine syiithctase by enzyme-catalyscd reactions, 
and modulation of enzyme activity by conformational changes 
mediated by divalent cations. 

Glutamine synthetase in Escherichia coli is subject to feedback inliibi- 
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 collcctively 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 attributed 45 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-spccific allo- 
steric site, isoenzymcs wit11 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 thc basis of kinctic analysis and cstablish- 
ment of the cumulative nature of inhibition by combinations of the 
end-products. 

Evidence for separate binding sites was obtained by kinctic measurc- 
ments which showed that the eight inhibitors could be grouped into 

corbornoyl phosphate 

(10) 

(3 1 

cj1;meomine 6-phosphate 
(9) 

histidine 
GMP I 

cH2cycoo- q NH3+ 
\Y ._ 

1 r yptophon 
CTP ( 7) 

(6) 
FIGURE 2. Fate of amidic nitrogen or glutamine. 

three inhibitions types 45. Alanine, AAIP and carbamoyl phosphatc 
wcre non-compctitive inhibitors with respcct to substrate; glycinc, 
tryptophan and cytidylic acid werc partially competitive with respcct 
to glutamate ; histidine and glucosaminc 6-phosphate were partially 
competitive with respcct to ammonia. EKccts of modifying thc 
cnzymc by aging, acctonc or urca trcatnicnt on the behaviour of thc 
inhibitor indicatcd diffcrcnt siics \ \we involvcd for cach compound 
within a kinctic category. 
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The indcpcndent naturc of the binding sites was established by 
demonstrating that the fraction of enzymatic activity measured in thc 
presence of two or more inhibitors was cqual to the product of residual 
activities for each inhibitor measured separately. The mechanism 
by which cumulative inhibition is effected by a number of chemically 
divcrse products is not understood. 

Glutamine synthctase from bacterial sources exists in  two distinct 
forms which differ in specific activity, end-product inhibition patterns 
and specificity for metal ions. hkckc and coworkers46 found that the 
active cnzyme was convcrtcd cnzymatically to a second form which had 
markedly reduced glutaminc synthcsizing ability although the trans- 
fer activity was unaffected. The two forms of the enzyme have the 
same amino acid composition and scdimcntation behaviour, but differ, 
in that  the altered form contains a covalently bound AMP molecule47. 
A comparison 48 of thc activities showcd that the adenylation reaction 
converts a more active form of tlic enzyme, specific for Mg2+ ions, to 
a less active species that is specific for Mn2+ ions. T h e  adeiiylated 
enzyme is morc sensitive to inhibition by histidinc, tryptophan and 
AMP. Regulation of synthcsizing activity in this case is achieved by 
enzymatic modification of the enzyme itself. 

The  enzyme catalysing the adcnylation reaction has been partially 
purified 48 and the rcaction probably proceeds according to equation 
(9). The  modifying ciizyme also appears to be subject to a control 

Glutarnine synthetase + ATP 
Adenyl transferase 

Mez+ 
t Adenyl glutarnine synthetase + PPi 

(9) 

mechanism in that the substrate and product can regulate the syn- 
thesizing activity. The adenyl transfer reaction is stimulated by 
glutaminc and rctarded by glutamate. I n  addition the predomi- 
nant form of the enzyme found in uiuo is dependciit on the constitucnts 
of the culture medium. The  adcnylated enzymc is the principal form 
isolated from cultures containing an cxcess of ammonia, whcrcas 
growth conditions limiting in ammonia, lead to the formation of the 
morc reactivc form. 

A third control mcchanism for the bacterial glutaminc synthesis, 
which involves conformational changes of the enzyme is suggested by 
the rcccnt studies of Stadtman and  associate^"^^^. I n  an intcresting 
series of studies, these investigators have demonstratcd tllc intercon- 
vcrsions of a catalytically active form to an inactive glutaminc 
synthctasc, It was noted that some preparations of the cnzymc from 
E. coli exhibited a lag period in the ratc mcasurcmcnts of thc enz) inatic 
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reaction bcfore maximal velocity was obtained. The lag phase was 
attributed 49 to a time-dcpcndent conversion of :*% inactivc form, 
produced by the removal of divaleiit cations, to a catalytically active 
form of the enzyme on exposure to cations in the assay mixture. 
Treatment of the enzyme with 0.5 m M  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 7.1 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 activc form 50 indicating a less compact and 
somewhat more asymmetric structure. ConfQrmational 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 betwecn the active and inactive forms show that tyrosine and 
tryptophan are transfcrrcd from a non-polar to a more polar environ- 
ment; that is, some of thcse 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 activc 
and inactive forms of the enzyme show the subunits are arranged in 
two hexagonally stacked layers. 

The physiological significance of conformational alterations mcdia- 
ted by metal ions and sulxtratc as a control mechanism is difficult to 
evaluate, since little is known about the intracellular concentrations or 
fluxes of divalcnt cations or glutamate. 

B. Asparagine 

Enzyme activity capable of catalysing the synthesis of asparagine 
has been demonstrated in animal tissues, yeast and plants. Invcstiga- 
tion of the synthetic activity in these diverse systcms has provided 
evjdcncc for sc\;eral mcclianisnis for the biosynthesis of asparaginc. 

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 cleavagc of ATP to ADP and in- 
organic phosphate52. Thc synthesis of asparagine in yeast appears to 
be completely analogous to the pathway for glutamine synthesis. 

Prcparations from two bacterial sources, Lactobacillus a r a b i n o ~ u s ~ ~  
and Streptococcus bovis 64 catalyse asparaginc synthcsis from aspartate 
and ammonia but unlike the ycast enzymc and glutaniine synthetase, 
ATP is converted to AMP and inorganic pyrophosphatc. AMP was 
identifie9 as the product by chromatography. Furthermore, 32P- 
labelled Pyrophosphate is incorporatcd into ATP during the coursc of 
the reaction. The activation of the substratc by the bacterial enzyme 
may occur by the formation of an enzymc-bound aspartyl adenylate. 

Evidence for a novcl pathway for asparagine biosynthesis has been 
observed in a number of plants. I t  was notcd during in uivo expcri- 
ments using sorghum, barley, pea, flax and clover seedlings adminis- 
tered with 14C-labelled cyanide that considcrable radioactivity was 
incorporated into asparamine 55. In decarboxylation studics of aspara- 
mine, and of aspartic acid obtaincd by cnzymatic hydrolysis of the 
? 
isolated asparagine, csscntially all the I4C labcl was found in the 
amide carbon atom. 

The more immediate precursor for thc biogencsis of asparaginc by 
this pathway is 6-cyano-L-alanine (equation 1 Oa) and y-glutamyl-/3- 
cyanoalanine (equation 1 Ob) 56. Radioactive N-y-glutamyl-6-cyano- 

? 

CN C O N H z  
I 

C H 2  
I 

I 
CH 2 

I 
CHNH; + 1-1~0 --+ CHNH: 

I coo- 
I coo - 

p-cyano-L-alanine asparagine 

C N  
I 

C H 2  
I 

CH,CON H - ~ H  C O N H 2  
I 

CH2 
I 

CHNH: 
l coo - 

I I 

I 
C H N H j  

I coo- 
asparagine 

COO- + H 2 0  _j CH, 

y-gl utamy I-13-cyanoalan i ne 

alanine was isolated from common vetch secdlings to which 14C- 
labelled cyanidc had bccn administcred. On hydrolysis of thc pep- 
tide, 99-87, of the recovercd activity was found in the formcd aspartic 
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acid. T h e  biosynthesized N-y-glutamyl-j?-[14C]cyano-alaninc and 
chemically synthesized /3-[14C]cyano-~-alanine served as excellent 
precursors of asparagine when administered to species of Lattzgrus. 
That  the cyano carbon of j?-cyanoalaninc providcd 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 HcLa strain human carcinoma cells indicated that 
the amide nitrogen of glutamine is utilized dircctly for asparagine 
synthesis. Levintow 57 found that significant quantities of isotope 
wcre incorporated in protein asparaginc when cclls werc grown on a 
medium containing glutamine 15N-labelled in the amide nitrogen. I n  
similar experiments using I5N-labelled ammonia no significant in- 
corporation occurred. 

The inability of certain malignant cells to biosynthesize asparagine 
has provided an important chcmoiherapcutic approach for the trcat- 
ment of cancer. Certain types of cancer cells require an cxternal 
source of L-asparagine whereas normal cells do not. Trcatinent of 
animals with transplanted or induccd tumours with L-asparaginase 
an cnzymc which hydrolyses the amide group of asparagine, deprives 
the malignant cclls of an extracellular source of asparagine and they 
die. 

Observations rcgarding this metabolic dcfect of some canccr cells 
were first made by K i d ~ l ~ ~ .  In  experiments designed to measure 
immunological responses he notcd that transplanted lymphomas were 
suppressed in control animals injected with guinea pig serum. Ncu- 
man and McCoy59, in testing amino acid requircments for the cultiva- 
tion of Walker carcinosarcoma 256 in  tissuc culture, found an absolute 
requirement for L-asparagine and L-glutamine. The  addition of the 
free dicarboxylic amino acids, ammonia and ATP, did not replace the 
amide requirmicnt. Broome 6o correlated these observations by 
demonstrating that the aiitilcukemia factor in guinea pig serum was 
L-asparagiiiase. Thc ability to siippress thc growth of implanted 
mouse lymphomas paralleled L-asparaginasc activity in protein 
purification studies, and pH or tcmperaturc inactivation of thc enzyme 
resulted in the loss of this abi1ity6l. Tuniour cells which lacked an  
asparagine rcquircment for optimal growth in tissue culture werc also 
resistant to the effects of guinea pig serum. 

Siiicc that time, asparaginasc isolatcd from E. coli has been found 
effective in suppressing growth of a varicty of cancer cells62. Pre- 
1imillai-y experiments indicate that human lcukcmias arc sensitive to 
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this treatmcnt, Ilut more oxtcnsivc clinical studics havc 1m.m liniitcd 
by the availabilily of‘ the purified enzyme. 

C. Glutathione 

The tripcptide, y-glutamylcysteinylglycine, is biosyiithesized in two 
reaction stcps (1 la,b). Equation (1 la) is discusscd in section 
1V.E. The  activation of the dipcptide carboxyl group (equation 1 Ib) 

Mg2 + 

L-Glutamate + L-Cysteine -+ ATP L-y-Glutamylcysteine + ADP + Pi (1 la) 
Mg2+ 

L-y-Glutarnylcysteine + Glycine + ATP ( 1  lb) 

involves the formation of an a-carboxyl amide rathcr than the y- 
carboxyl amide. 

Analogous to glutamine synthesis, the formation of glutathione is 
associatcd with breakdown of ATP to ADP and Pi;  isotopic oxygen is 
transfcrred from the free carboxyl group of the dipeptidc to inorganic 
phosphate; and whcn glycine is replaccd with hydroxylamine, a 
hydroxamate is formed. In  the revcrse reaction the cnzyme catalyses 
the arscnolysis of the tripcptide, hydrosamatc formation and an ex- 
change reaction or’glycine. Thcsc rcactions rcquirc a catalytic amount 
of nucleotidc64*65. Efforts to obtain evidencc for a carhoxyl-activatcd 
intcrmcdiate were succcssful in the glutathione synthetase catalysed 
formation of opthalmic acid from the dipeptide y-glutamyl-a- 
aminobutyrate and glycine. Pulsc labelling cxperimcnts 66 ,  aiialogous 
to those carried out with glutamine synthetase, indicated hydroxyl- 
amine rcacted preferentially with a preformcd intcrmcdiatc. Thc 
presumed intcrmediatc was isolatcd from reaction mixturcs which con- 
taincd 14C-labelled y-glutamyl-a-aminobutyrate and ATP-y-32P, and 
substrate quantitics of enzymc, but no glycinc or liydroxylaminc. 
Following treatment of the reaction mixture with pcrchloric acid the 
protcin-free solution was subjccted to papcr clectrophorcsis and a 
‘ dipeptide dcrivative ’, containing both I4C and 32P, was separated 
from the other cornponcnts. The ‘dipeptide derivative’ on treatment 
with hydroxylaminc Ivas convertcd to y-glutamyl-a-aminobutyryl 
hydroxamate as judged by its electrophoretic mobility. Propcrtics of 
the chemically synthcsized intcrmcdiatc werc the samc as  thosc of the 
enzymatically formed ‘ dipcptide dcrivative’ with respect to pcrchloric 
acid stability, reactivity with liydroxylaminc and elcctrophoretic bc- 
lia\iiour. Moreo\w, thc cliemically syntlicsized acyl phosphate intcr- 
mediate was utilizcd by the eiizymc for opthalmic acid synthcsis in 
the forward reaction and ATP formation in thc back reaction 67. 

L-Glutathione + ADP + Pi 
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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 l4C-1abelled 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 hydroxamatc. 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 1I.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 phosphorylatcd enzyme inter- 
mediate might also bc consistent with these results. The pathway for 
this mechanism, dcpicted 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 enzymc and consequently is not in 
equilibrium with ADP in solution. The dipeptide reacts with the 
enzyme phosphatc to form an activated enzyme-bound acyl phosphate 

(12a) ATP + Enzyme-X- - E-X-P0,H- + ADP 
0 
It 

0- -E  (12b) 

R- C-OPOSH- 
/ 

\ 
/"-yo 

E-X-PO,H- + R-COO- E 
X- \r\ c x- PO,H 
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intermediate. Thc freely rcvcrsible reaction ( 12b) would permit thc 
excliangc of the prcformcd 14C-labelled dipeptide intermcdiate with 
unlabelled dipeptidc of the solution. Attempts to isolate a phos- 
phorylated enzyme intermediate were not successful 6Q. 

D. 5'-Phosphoribosyl-glycineamide 

The ability to synthesize purines (e.g. 11) is nearly universal in that 
only a few organisms must be supplicd these bases from n 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. 

N' 

-HO,POCH, 0 d 
OH O H  

(11) 

The enzyme phosphoribosyl-glycineamide synthetase catalyses the 
reaction o f  ribosylaminc 5-phosphate (12) and glycine70 to yield 13 
according to equation ( 13). T h e  characteristics of this reaction are 

- H 0 , P O C ~ . + j J H 2  
+ -OOCCH,NH, + ATP * 

I +  glycinate 
OH OH 

0 ribosylamine 5-phosphate 

(12) - H O ~ P O C ~ O ~ N H C C H I U H I  II 

+ ADP + Pi 

OH OH 

ribosyl-glycineamide 5'-phosphate 

(13) 

('3) 

so similar to the glutaminc and glutathione synthesizing enzymes that 
in all probability the samc general mechanism is operative in all thrce 
reactions. Buchanan and Hartman G9772 postulated a concertcd 
reaction of three substrates in contrast to a consecutive-reaction 

2 1 + C.O.A. 
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mechanism inherent in tlic formation of an enzyme-bound acyl 
phosphate intermcdiatc (as discussed in section 1I.A. 1). 

Studies 72 using a n  cnzyine preparation partially purificd from avian 
liver showed that catalysis was ATP dcpendent, ADP and inorganic 
phosphate were the products of the ATP utilized, and there was no 
evidence for the participation of more than one enzymc 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 hydroxamatc was formed when 13, 
inorganic phosphate, ADP and hydroxylamine were allowed to react 
with the enzyme. T h c  latter reaction is analogous to thc catalysed 
transfer of the y-glutamyl moiety from ammonia to hydroxylaminc 
with glutamine synthetase. 

Isotope experiments showed that the formation of the amide was 
coupled to ATP hydrolysis through a reaction of the terminal phos- 
phatc group of ATP with the carboxyl group of glycine. One l*O- 
labelled oxygcn atom in phosphate was transferred to thc carboxyl 
group of glycine in the course of the catalysed reaction. 

Another common property of the two enzymes is that thcy are both 
subject to arscnolysis reactions. Arsenate was found to cause cleavage 
of the glycineamide to glycinc, and the presence of ADP was an abso- 
lute requiremcnt. T h e  incorporation of 32P into ATP in the reverse 
reaction is inhibitcd by arsenate although the production of glycine is 
unchangcd. Arscnatc, 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-arsenatc 
compound is formed, analogous to ATP formation, which then breaks 
down spontaneously to regenerate ADP. A consecutive mechanism 
requires the formation of an unstablc acyl arsenatc intermcdiate and 
the ADP is required €or the binding of substrates. 

E. /-(5‘-Phosphoribosyl)-4-(N-succinocarboxamide)-5- 
aminoimidozole 

The third reaction in purine biosynthesis in which a nitrogen atom 
is incorporatcd by formation of an amide group is tlic synthesis of 
15 (equation 14). 

The product was isolated and characterizcd from a system in which 
1-(5’-phosphoribosyl) -5-aniinoimidazole was tlic precursor, and its 
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conversion to 15 required two fractions obtaiiicd from partially 
purified chicken liver extracts 73. One fraction was responsible 
for the formation of thc 4-carboxy iiitermcdiate 1474. Conversion 
to the corresponding succiiiocarboxamide derivative was dependent 

0 
coo- coo - 

I l 
CHNH, CH-NH-C 

I Mg*+ I 
- ooc 1 5  + FH, + ATP CH, 

I 
(14) H,N 1 coo- coo - 

ribose-5-P 

I -(5'-phosphcrisbosy1)- 
4-carboxy- 

5-am i noimidazole 

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 cquivalcnt to the amount of succino- 
carboxamide synthesized, thus establishing the stoichciometry of the 
reaction. Although no mechanistic studies wcre done, the rolc of 
nucleosidc phosphates appears to bc similar to that found in glycinc- 
amide synthesis. I n  the cleavage of the amidc bond of the succino- 
carboxamide in the reverse reaction, phosphate can be replaced by 
arsenate and only catalytic amounts of ADP are needed. 

I n  the next step of the biosynthetic pathway the enzyme adenylo- 
succinase catalyscs the conversion of 15 to 16, another amidc-containing 
intermediate in purine biosynthesis 75. 

-HO,POCH, 0 d 
F. 5'-Phosphoribosyl-formylglycineamidine( 18) 

Formation of the amidiiic nitrogcn atom corrcsponding to the N,,, 
position of the purine ring is biosynthetically accomplished by the 
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formation of an amidine derivative (18) from 5'-phosphoribosyl- 
formylglycineamide (17) as shown in equation (15). 

J. E. Reimann and R. U. Byerrum 

H C O N H z  
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I coo- 

glutamine 
0 'NH 

I 
ribose-5-P 
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CHNH: I 
1 coo- 

glutamate 

S-phosphoribosyl- 
formylglycinearnidine 

(18) 

The substituted amidinc 18 was separated76 from a reaction mixture 
of substrates and pigeon livcr extract by an anion resin exchange 
column. Studies" on a 45-fold purified enzyrnc preparation from 
pigeon liver showed that phosphoribosyl-formylglycineamidine syn- 
thetase utilizcd 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 clcavcd 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-brcaking process, thus incrcasing 
thc complexity of the catalytic function of thc protein. For these 
transfer reactions which requirc a nucleotidc, the activation of the 
acccptor molccule for reaction with thc amidc group presumably 
occurs by interaction with ATP by a mechanism similar to those dis- 
cussed under glutamine synthetase. The activated carbonyl must thcn 
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react with the amide nitrogen of glutamine. This reaction may take 
place before, after or concomitantly Mith the C-N bond-breaking 
step resulting in the expulsion of glutamate. Some insight into the 
mechanism for the enzymatic catalysis of t!iis step, has been gained 
through the use of the inhibitor azaserine. 

I n  the course of experiments designed to identify intermediates in 
biosynthcsis of purines, it was found7Q that the addition of the anti- 
biotic azascrine (0-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 
a t  the glutamine binding site. Other structural analogues of glut- 
amine, such as 6-diazo-5-oxo-6-norleuci1ie 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 a t  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 nuinber of enzymes. Dawid and coworkers00 
demonstrated (equation 16) that 14C-labelled azaserine was bound 
covalently to phosphoribosyl-formylglycineamidine synthetase (20) 
purified from Sanzoizella typhimurium Degradation of the inactivated 
enzyme (21) employing enzyme peptidase yielded a radioactive com- 
pound, postulated to be N-[2-(~-2-amino-2-carboxyethylthio)acetyl]- 
m-serine (22) , which was subsequently confirmed O 2  by comparison 
with the synthesized compound. This was converted to serine and 
labelled S-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 thc 
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 l4CC-labelled inhibitor or the obscrvation of oi her radioactive 
products is due, in part, to sccondary 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 propcrties. 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 interrncdiate. 

C. Adenylosuccinote 

Adcnylosuccinate (25)) an  intermediate 83*84 in thc biosynthesis ,of 
adenosine monophosphatc (AMP) is formed fiom inosine mono- 
phosphate (IMP) and aspartate (equation 18). The  condensation 

- 00CCHCH2C00-  
I 
NH 

inosine monophosphate  

(24) 

adenylosuccinate 

(25) 

product 25 was isolated from a reaction mixture catalysed by a yeast 
extracta3, 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 adcnylosuccinate to fu- 
maratc and AMP. Confirmation of the structurc was 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. coli enzyme, Licbermana6 
cstablished the stoicheiomctry of the reaction with rcspect to all 
reactants and products. The  nitrogen donor, aspartatc, could not be 
replaced in the condensation reaction by ammonia, the amides of 
glutamate and aspartate or by other frce amino acids. Unlike other 
amide- and amidine-synthcsizing rcactions, guanosine triphospliate 
(GTP) rather than ATP, couples the formation of adenylosuccinate. 
The  triphosphates of cytidinc, uridinc and inosine were essentially 
inactive. 

I n  experimentsa6 employing a n  I*O labcl on Co,-OH of24, it was 
found that the oxygcn atom was transferred to Pi. These results 
suggested the formation of a phosphorylatcd intermediate, and the 
author postulated an cnzyme-catalysed formation of 6-phosphoryl- 
IMP which yielded 25 by displaccment of thc phosphate group Iiy 
aspartate. Furthcr evidence consistcnt with the formation of a n  
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activated intermediate was obtained from experiments in which the 
aspartate was replaced by hydroxylamine. Adenylosucciiiatc syn- 
thetase catalysed the formation of a new compound which was a deriva- 
tive of IMP. T h e  14C content was the samc as the 14C-labclled IMP 
substrate, and analysis revealed appropriate molar ratios of purine 
base, pentose and phosphate. The compound, presumably the 
hydroxamate, formed a chromogcn with acid FeCl,. 

H. Cytidine 5'-Triphosphate 

The last step in the biosynthesis of thc pyrimidine nucleotide, 
cytidine 5'-triphosphate (CTP), involves the formation of an amidine 
derivative by insertion of an amino group instead of a hydroxyl. 
Lieberman O7 established that thc 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 rcquirernent for 
ATP and Mg2 + ions and amination of one mole of 26 was accompanied 
by the release of one mole of 32P-labelled Pi derivcd from labelled 
ATP. CTP synthetase from HeLa carcinoma cclls88 and rat liversg 

-. . CONH, 

CTP glutamate 

utilized glutamine as the nitrogen donor. l5N-Label studies showed 
that the cytosine amino group was dcrived from the amide nitrogen 
of glutamine. Formation of cytidine nuclcotidc was strongly inhibited 
by the glutamine antagonist 6-diazo-5-oxo-~-norleucine and to a 
lesser extent by azascrinc. Rcinvestigatioii of tlic E. coli preparations, 
which utilized only ammonia, cstablislicd that glutamine was the 
primary amino donor for both the bacterial and mammalian systems go. 

T h e  glutaminc site of' the bacterial enzyme, important for binding or 
catalytic activity ol' the carbon-nitrogen bond Ixeaking process, 
presumably was labile under the conditions used for purification in the 
original studies. Ammonia can partially substitute for glutamine at 
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higher concentrations mid pH valucs. The  inhibition by a g1ut;iniine 
antagonist and stimulation by GTP of enzymatic activity, \vhicli was 
charactcristic of the glutamine rcaction, was not observed when 
ammonia was used as the nitrogen donor. Tlic existence of two separ- 
ate cnzymes, utilizing different nitrogen donors, would also explain 
these observations. 

Hydroxylamine can eithcr replace the substrate in the synthetasc- 
catalysed reaction or it reacts with an activated internicdiatc in a non- 
enzymatic rcaction to form a hydroxamate. M k n  hydroxylamine 
was substituted for a nitrogen donor two products were formed that 
were tcntatively identified as the 6-AT-hydroxy analogues of CTP and 
cytidinc 5’-diphospliate. 

111. FORMATION O F  GUAMlDlNE DERIVATIVES: 

The biosynthesis of guanidinc derivatives is associated with the cleav- 
age of ATP to AMP and PPi. This group of reactions includcs the 
formation of guanosine monophosphate (GMP) and argininosuccinate. 
Although the manncr in which ATP is coupled to these reactions is not 
known, two possiblc mechanisms appear reasonable. Activation may 
occur by transfer of the A M P  moiety to the substrate to form an  adenyl 
intermediate COP0,-0--Adenine. Alternatively, a group on the 
enzyme may be activated by a reaction with ATP which then reacts with 
substrate to form an intcrnicdiate covalently bound to the enzyme, 
Enzyme-OC. The main evidence in support of this mechanism con- 
sists of oxygen transfer fi-om the substrate to AMP and inactivation of 
the enzyme by treatment with hydroxylamine. This typc of evidence 
however, is not unambiguous. 

The  biosynthcsis of the alkylaminc, 5phosphoribosylaminc, also 
occurs with the formation of AMP and 1’Pi. I n  this case, the ATP 
activation stcp is known to result in tlic formation of a frcc phosphori- 
bosyl pyrophosphate intermediate. Furthermore the mechanism is 
unique, in terms of our present state of knowledge, since the activation 
and transfer steps rcquirc catalysis by two distinct cnzymes. 

The  AMP-PPi cleavage in NAD synthesis may reflect the cnergy 
requirements for the amidation of a carboxyl group attached to a 
pyridinium ring. If the appropriate information were available, 
organization of tlic amidation reactions might be more meaningful 
based on the cncrgy needed for their formation rather than indircctly 
by the ATP split or by the group synthcsizcd. The relative energy 

ATP -+ AMP + PPi REACTIONS 

21* 



634 J. E. Reimann and R. U. Byerrum 

rcquiremcnts for tlie synthesis of an alkylamidc and an  amide attached 
to a strong electron-withdrawing substitucnt, such as thc 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 die synthesis 
of glutamine5 according to equation (2a) is 3400 cal/mole whereas 
8200 cal/mole has been calculated for the analogous synthesis of thc 
guanidine group of argininosuccinate 63. 

These biosynthetic reactions are thermodynamically coupled to thc 
hydrolysis of ATP. Since thc 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 A T P  
hydrolysis to AMP and PPi has been calculated in conjunction with 
argininosuccinate biosyntliesis63 which is considerably higher than 
other published values. Howcver, regardless of the absolute values, 
the AMP-PPi split provides an  additional driving force for synthetic 
reactions in that pyrophospliatase in the cell pulls the reaction towards 
completion by removing onc of the products. I f  one assumes a 
mechanism of acyl activation through the formation of intermediates, 
a similar comparison can be made; the group transfer potcntial of 
acyl-AMP is higher than that for acyl phosphate. The free energies of 
hydrolysis, i.e. the tendency to transfer a donor moleculc to a conimon 
acceptor, water, are - 10,500 cal/molc for acctyl phosphate and 
- 13,300 cal/mole for acetyl-AiVIP2*. 

A. Nicotinamide-Adenine Dinucleotide 

The final step in the biosyntlicsis of nicotinamide-adenine dinucleo- 
tidc (NAD) is thc formation of tlic amide group derived from tlie 
amide nitrogen of glutamine (cquation 20). 

Preiss and Handler 91 partially purificd the cnzyme catalysing this 
reaction, NAD synthctase, from ycast and liver, and established tlie 
identity of the products. Formation of NAD rcquircs Mg2+ ions 
and is specific for ATP. In contrast to the reactions considered so far, 
in which activation of the carboxyl group for amiclc formation results 
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CONH, 
I 

I ribose-P-P-ribose-AD COO- 

coo - 
I 

deamido-NAD glutamine 

CH, 
I 
I 

+ CH, + AMP + PPi 

F H N H j  
0 N+ CoNH2 

I 
I coo - ri bose-P-P-ri bose-AD 

NAD glutamate 

in  the cleavage of ATP to ADP-Pi, ATP in this reaction is convcrtcd to 
AMP and pyrophosphate (PPi) . Substitution of hydroxylamine for 
glutamine led to the formation of a small amount of a hydroxamptc 
suggesting that activation in this case is accomplished by the formation 
of an enzyme-bound acyl adenylate intcrmediatc. 

Ammonia can also serve as a nitrogen donor for NAD synthetasc. 
The  pH-rate profile for glutaminc as a nitrogen donor cxhibits 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 thc 
unionized form of ammonia is the activc nuclcophile. A comparison 
of the concentrations of glutaminc and ammonia rcquired in order to 
obtain one-half maximal activity (K,) is consistent with this supposi- 
tion. The K, value for ammonia is considerably larger than that for 
glutaminc but  when compared in tcrms of the unionized concentration 
of NH, the K,’s are of the same order. Common to other enzymcs 
utilizing glutaminc, azaserine inhibits NAD synthetase. 

An enzyme prcparation from a bacterial source, E. coli, differs from 
the yeast and mammalian enzymes in that ammonia is found to be a 
much morc efficient donor than glutaminc 92. Greater reactivity is 
reflectcd in both the rate of catalysis and the affinity for the cnzymc. 
At  saturating concentrations of the nuclcophile, NAD synthcsis with 
glutamine is about 30y0 of the ratc obscrved with ammonia. The  con- 
centration needcd for saturation of thc enzymc is 200 times higher for 
glutaminc than for ammonia. Morcovci-, thc bacterial enzyme is not 
inhibitcd by the glutaminc antagonist azascrine. Inhibition is ob- 
served, howcver, with psicofuranine, deocyinine and adenosine. 
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5. Guanosine 5'-Phosphate 

Two enzymes have been reported which catalyse the conversion 
of xanthosine 5'-phosphate (XMP) to guanosinc 5'-phosphate (GMP) . 
GMP synthetase isolated from mammalian tissues utilized the amide 
nitrogcn of glutamine as the nitrogen donor 93*s4 whereas ammonia is 
thc more active substrate for the bacterial enzymes5 (equation 21). 

The mammalian cnzymes purified from pigeon liverg3 and calf 
thymus 94 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 
Mg2+ ions. A sulphydryl group is essential for both enzymes as 
evidenced by either inhibition in the prcsence of p-chloromercuri- 
benzoate or by the protection against inactivation provided by sul- 
phydryl-reacting compounds such as 2-mercaptoethanol or cysteinc. 

H N k y  -!- Glutamine (mammal) MgZ+ 

'N N 0 
or NH, (bacteria) 

I 1  
H ribose-P 

XMP (21) l5j + Glutamate + AMP + PPi 
N 

I H7.N 

ribose-P 
GM? 

The stoicheiometry of the reaction was cstablished by demonstrating 
that the formation of GMP, PPi and glutamate were equimolar with 
the amount of glutamine consumed. Isotopic labclling experimcnts 
showcd that thc amidc nitrogen of glutamiiie was incorporated into 
GMP essentially without dilution. Relatively high concentrations of 
ammonium chloridc also served as a nitrogcn source. Glutamine was 
probably the prefcrred substrate for the mammalian enzyme since 
a t  saturating concentrations the rate of GMP synthcsis with ammonia 
was only 157" of that observcd with dutaminc. Moreover, thc 
enzyme was inhibited by azascrine and 6-d1azo-5-oxo-~-norleucinc. 

The mechanjsm by which ATP couples thc transfer of an amicle 
group to form a guaiiidine is not known. The ATP clcavagc to AMP 
arid PPi is tlic same as that obscrved in the ATP-clcpcndcnt activa- 

a. 
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tion of amino acids. Thc  carboxyl group of amino acids is activatccl 
by the formation 01 an acyl adciiylatc intcrmcdiatc, and thc results of 
l80 studies suggest a similar mechanism may be operative in thc bio- 
synthesis of GMP. The luO-labclled oxygen atom of XM P, which is 
replaced by a nitrogen atom in the formation of GMP is transferred to 
AMP essentially without dilution in radioactivity 93. A direct 
reaction between ATP and X M P  to form an adenyl intermediate 
could account for this l8O transfer. A mcclianism involving the 
formation of an adenyl intermcdiate is depicted in equation (22). 

r 

Ad-0-P-I’O- O -  I y%> \ ] Glutamine+ + 
I 

II 
ri bose-P ri bose-P 

0 
- 

0 

0- 
I 

I1 
0 

AdO-P--’*O- + Glutamate 

This reaction may occur by a consecutive mcchanism with the fornia- 
tion of an adenyl intermediate (27) or by a conccrtcd mechanism in 
which thc extraction of the oxygcn 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-labclled PPi. Rcversibility 
of the overall reaction, however, could not be demonstrated. 

An alternative mechanism could also account for transfer to AMP 
of l8O from Xh/IP, labclled in the 2-hydroxyl group. In equation 
(23) ATP rcacts with somc group on the enzyme, for example 
a carboxylate, to form an adenylated enzyme (28). X M P  then 
reacts with the activated enzyme complex with the release of AMP 
followed by nucleophilic attack of ammonia or glutamine on the 
XMP-cnzyme adduct (29) to yield GiMP and enzyme which contains 
the During thc ncxt cycle of the atom derived fiom XMP. 
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enzyme-catalysed reaction the 1 8 0  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. 

0 
I 

0 

ri bose-P 

GMP 

0 
II + E-C-loO- + Glutamate 

ri bose-P 

(29) 

A possible mechanism involving an AMP-nitrogen interaction was 
ruled out on the basis that phosphoramidate was not utilized for 
GMP synthesis 94. 

Moyed and Magasanikg5 found that with the purification of the 
enzyme from Aerobacter aerogenes, glutamine bccame a progressively 
poorer substrate. When the enzyme was purified 300-foldy only 
ammonia served as a nitrogen donor. The partially purified prcpara- 
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-€'Pi cleavagc of AT€' the enzymes which 
catalysc the synthesis of NAD and GMP bcar other similarities. The 
synthetases isolated from a mammalian source utilize glutamine as 
substrate and are inhibited by azaserinc, whereas the bacterial enzymes 
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of both synthetases utilize ammonia and arc inhibited by psicofuranine. 
I t  is conceivable that in the course of adaption from ammonia-utilizing 
to glutamine-utilizing enzymes an active site develops which catalyses 
the cleavagc of the carbon-nitrogen amide bond by a mcchanism 
common to both enzymes. 

The synthesis of GMP, catalysed by the bacterial enzyme, is depend- 
ent on XMP, ATP, NH,, 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 studiesg5 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 G M P  synthesis by inactivating the enzyme. Maximum 
inhibition was observed whcn 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. T h e  rate of increase of tlie observed in- 
activation follows first-order kinetics and is not affected by ammonia. 
These findings suggest that ATP and X M P  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 i t  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 adcnylatcd enzyme (equation 23). 

The role of X M P  as part of the activated complex 29 is not explic- 
able directly in terms of the postulated mechanism. As can be seen 
fi-om equation (23) a mechanism which involves the activation of an 
enzymc group and subsequently an acceptor molecule, requires thc 
formation of two intermediates vulnerable to inactivation on nucleo- 
philic attack by hydroxylamine. Attack of the activatcd purine 
molecule 29 by liydroxylamine would presumably take place at  the 
carbon atom that ammonia attacks \vhich would yield a purine 
hydroxaniate and frec enzymc. Attack of tlic enzyme-ATP dcriva- 
tive (28), however, would result in the formation of an inactive cnzynic 
hydroxamatc. In order to conform to the mechanism described, the 
requirement for XMP may be related to binding of substrates, analo- 
gous to tlie AMP requircmcnt for the binding ofgliitaniinc to glutaminc 
synthctase, or X M P  may effect a conformational change of the protein 
which influcnces the reactivity of the active site. 
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The results of studies of GR4P synthetase inhibition by tlic anti- 
biotic psicofuranine can also be interpreted in tcrms consistent with a 
hypothesis of a conformational change induced by X M P  binding. 
The inactivation by psicofuranine has been studicd in enzymc prepara- 
tions obtained from E. coli and from a mutant strain isolated after 
ultraviolct irradiation of the parental organism 96. The enzymc from 
tlic parental strain is irreversibly inactivatcd by psicofuranine in the 
prcscnce of X M P  and PPi. Inhibition of the enzyme obtained from 
the mutant or resistant strain is only partial, rcquircs the presencc of 
PPi, but not X M P  and is revcrsible. These results indicated that 
more than one type of inhibition was bcing observed and the investiga- 
tors proposed a two-step process formulatcd by cquations (24 and 25). 

Slow 
Enzyme + Psicofuranine + PPi Enzyme, (inhibited) (24) 

Enzyme, (inhibited) + XMP > Enzyme, (inhibited) (25) 
Irreversible 

Step (24) is dependent on PPi and can be reversed by dilution or 
through the rcmoval of PPi by trcatmcnt of thc reaction mixture with 
pyrophosphatase. Stcp (25) is obscrved in the enzymc from parcntal 
E. coli but not in the resistant strain. The reaction is dependent on 
XR4P as well as PPi, is irreversible and is a rclativcly slow rcaction. 
M'hcn the enzyme is incubated with 1 x 1 0 - 7 h ~  psicoftiraninc, X M P  
and PPi, a time-dcpcndent inactivation occurs in which one-half the 
maximum inhibition is achievccl in 20 minutes. Kinctic rcsults indi- 
cate that psicofuranine is a non-competitive inhibitor with rcspcct to 
XMP, ATP, and ammonia. The diffcrcnccs Ixtwcen tlie parental 
and mutant strains cannot be accountcd for by a changc in the affinity 
of enzyme for substrates since the mcasurccl binding constants are 
essentially the same. 

Thc Xh4P rcquiremcnt, in order for the irreversible inhibition stcp 
to occur, may bc duc to either an interaction of psicofuranine \vith 
X M P  or to a change in thc conformation of the protein cffcctcd by 
Xh4P which permits a n  intcraction of psicofuranine with thc catalytic 
sitc of the enzyme. 

Althoudi it is premature to postulate a mcchanism based on thc ? 
available information, two additional obscrvations arc consistcnt with 
a changc in coiii'ormation-acti\re sitc hypothesis. If it is assumed ir- 
reversible inactivation rcsults fiom a conformational change of' thc 
cnzymc efkctccl by X M  P, tlic resistant strain eitlicr docs not undcrgo a 
conformational change or tliis clianSe dill'crs Trom that which O C C L I ~ S  

in thc parent strain whcrc no inhibition 11y psicofuraninc 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 X M P  is more effective for the parental 
strain. 

The substrates ATP and ammonia protect the enzyme against the 
irreversible inactivation step. Psicofhranine (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-compctitivc. 

- H 0 3 P O C C . $ -  CI-I,OH 

I 7  

(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. 

OH OH 

C. Argininosuccinate 

The major end-product of nitrogen metabolism in terrestrial vcrte- 
brates is urea. The principle sources of ammonia for urea production 
arise fiom the deamination of a-amino acids and the hydrolysis of the 
amides of glutamic and aspartic acids. The terminal step in urca 
production is the hydrolysis of the guanido group of arginine. Krcbs 
and Henscleit 97 discovered that ornithinc functioned catalytically in 
the conversion of ammonia to urea in rat liver sliccs 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 CO, are incorporated 
into organic compounds a t  one site and urca leaves at another. The 
conversion of citrulline to arginine, urea-cyelc components, has been 
elucidated by Ratner and hcr associates”-loO. The formation of thc 
panidinc group of arginine, which rcciuircs two enzymes, rcsults horn 
a condensation reaction involving citrullinc and aspartate to form 
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argininosuccinate. The latter compound is cleaved in a subsequcnt 
reaction step to yield arginine and fumaratc. . Thc requiremcnt for 
two enzymes to transfer the a-amino group of aspartatc is a common 
charactcristic of the enzymes which utilize the a-amino group as a 
nitrogen donor. 

NH, NH, coo- 
c=o Argininosuccinatc synthctase C=N-CH 

NH I N H  CH, 

I I I 

I /------ MgZ + ’ I  I 

I Aspartate + ATP AMP + PPi I I 
(yM3 ( p 3  coo- 
CHNH; CHNH,” 
I I coo- coo - 

citrulline arg in i nosucci na te 

t 

carbarnoyl 
phosphate 

I 
NH, + CO, 

I < I 
CH, 
I 

CH, 
I 

CHNH; 
I 
coo - 

I 
Y 

0 
I1 

N H,C N I-! 

urea 

NH 
I 

( y M J  
CHNH; 
I coo - 

H, ,COO- 
C 
II 
C 

OOC’ ‘H 

fu ma rate 

ornithine argini ne 

FIGURE 3. Urea cycle. 

The  condensation reaction, catalysed by argininosuccinate synthe- 
tase, required -4TP which is converted to AMP and PPi during the 
course of the rcaction Iol. In  thc abscncc of pyrophosphatases, which 
were present in carlier preparations, PPi accumulated in amounts 
equivalent to thc utilization of citriillinc. The position of the cquili- 
l~ r ium docs not favour synthesis so the stoichciomctry was determined 
for the back reaction and the specificity of AMP was established. 

Argininosuccinatc was also reported to occur in  plant cxtracts102*103 
and algal cells lo*, and fiimaratc was cstablishcd as tlic product rather 
than malatc as originally rcportcd. The intcrmcdiate was bio- 
synthetically prepared from arginine, fumarate and the mamrnalian 
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argininosuccinase and was characterized by titration data, chemical 
reactions and physical propertics 105. 

In a mechanism study, Rochovansky and Ratner Io6 demonstrated 
that l8O is transferred from the ureido group of citrullinc 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. Thcse 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, enzymc-catalysed reaction at 
pH 7.5 of -2100 cal/mole was calculated from the equilibrium 
constant 63. 

D. 5-Phosphoribosylamine 

Formation of 5-phosphoribosylamine (12) is the first nitrogen- 
transfer step in a serics of biosynthetic reactions which lcad to the 
formation of the purine nuclcotides. The nitrogen atom of 12 corre- 
sponds to No, 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 cquation (26). 

I n  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 singlc enzyme. In  contrast, thc 
biosynthesis of phosphoribosylamine, which occurs by an analogous 
ATP-dependcnt activation of an acceptor molcculc and nucleophilic 
attack by thc amide nitrogen atom on the activated pyrophosphate 
dcrivative (32), is carried out in two discrctc steps by two distinct 
enzymes and thc free intermediate is isolablc. 

The activated intcrmcdiate is synthcsizcd by the transfer of the 
pyrophosphate moiety of ATP to ribose 5-pliosphatc. 5-Phosphori- 
bosyl 1 -pyropliospliate has been isolated and characterized as the 
product of the cnzyme-catalysed reaction, and an equimolar stoicheio- 
metry of reactants and products was established lo7. kIg2 + ions werc 
essential for activity. The enzyme was purified from pigeon liver 
and was also found in mammalian liver and E. coli. 

Khorana and coworkers lo* have demonstrated that the reaction 
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Me2+ w 
T-/"%H AT; 2MP' 

OH O H  

ribose 5-phosphate  

(31) 

- H0,POCH 0- 0- 
Glutamir I 

I1 I 1  
O H  Oti 0 0  

5- phosphor^ bosyl I -pyrophosphate  
(12) 

- H 0 , P O C Y o  ?N H, 

5- phosphor^ bosylamine 

+ Glutamate + PPi 

OH OH 

(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 lY5-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 KTP. 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 ,Z-cyclic 
phosphate (33) (equation 25). 

OH 0 0 0  
I 
H 

(33) 

The glutamine nitrogen-transfer reaction is catalyscd by tlic sccond 
ciizyme, phosphoribosyl pyrophosphate amidotrsnsferase (equation 
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26). Goldthwait log partially purified thc enzymc from pigeon liver 
and sliowcd that for each mole of 32 utilized, an equimolar amount of 
glutamiiie was converted to glutamate. Azaserine inhibited the 
reaction and was competitive with respect to glutaminc. 

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 undcr mild conditions. When 
thc enzymatic reaction was carried out with 32 labelled with 32P in 
the 5-position, the main radioactive product was indistinguishable 
from ribose 5-phosphatey which presumably rcsulted from the hydroly- 
sis of phosphoribosylamine. Chemically preparcd 12 was active in  
the enzymatic synthesis of 5'-phosphoribosyl-glycineamide (13), the 
subsequent step in purine biosynthesis (scction II.E)y thus suggesting 
that phosphoribosylaminc is in fact a truc product. 

The transfer of the amide nitrogen probably consists of a single dis- 
placement reaction with a n  inversion at C(l) of ribose. 32 has the 
a-configuration whereas the naturally occurring purine nucleotides 
possess the p-configuration. 

IV. ADDITIONAL BIOSYNTHETIC REACTIONS O F  
G L UPAM I N E 

A. Histidine 

All mammals studied, with the cxception 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 nitrogcn of glutamine. I n  studies on cultures ofE. coZi, 
Ncidle and Waelschl10 demonstrated the incorporation of 15N- 
labelled amide nitrogen of glutamine into histidine. Ammonia, the 
a-amino nitrogcns of glutamate and aspartatc, and asparaginc amide 
nitrogen did not compete with glutaminc as a nitrogen source. By 
enzymatic dcgradation of thc isolated histidine, it was shown that 80'7, 
of the incorporated 15N was in Ncl) of the imidazolc ring. The bio- 
synthesis of hisitidinc is a multistcp process involving the formation of 
a t  least nine intermcdiatcs. Elucidation of part of the pathway has 
been achieved through studics on the synthesis of imidazoleglyccrol 
phosphate (35), one of these intcrmediatcs. The carbon-nitrogen 
structural skeleton of 35 is synthcsized from ATP, ribose 5-phosphate 
and glutamine. I n  a condcnsation reaction ribose 5-phosphate forms 
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a covalent bond with No, 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 I  T A T P I  

CONH, 

H,C> NH k) Glutamine , 
I I .  -H03POCH2CHCH-C+ H C a  

HO OH I 
I I  O N  

ribose-P 

(34) 
CONH2 
I 

+ Glutamate 

Isotopic tracer studies demonstrated that C,,, of adenine and C,,, of 
ribose are incorporated into 35 without dilution lll. 

Bacterial extracts containing ATP, ribose 5-pliosphate and Mg2 +, 
allowed to react in the abscnce ofglutamine, accumulate 34, which was 
isolated and identified by Smith and Ames1I2. The intermediate 34 
contained a reducing group, lacking in earlier intermediates, and the 
enzyme responsible for its formation catalyscd 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 rcaction. Some information has Ixen obtained 
in studies112 with Salmonella typhinurium mutants, which lack certain 
enzymes necessary for the biosynthesis of 35. Thc combined extracts 
of two of these mutants are capable of converting the intermediate 
and glutamine to 35, however, whcn 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 gencral nicchanisms could 
account for a two-stcp reaction. .An intcrnicdiate SchifF Imse may be 
formed by transfcr of thc amidc group to the ribulosc 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 oversome by using high concentrations of ammonia in- 
stead ofglutamine 2s the nitrogen donor. Since glutamine is probably 
the normal substrate, i t  is conceivable that the binding or catalytic 
functions concerned with the amide transfer reaction have been modi- 
fied in the mutant. Clarification ofthc 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 nucleophilic 114 catalysis. Detailed considerations of enzyme 
reactions involving imidazole catalysis can be found in publications by 
Bender and I<Czdy115, Bruice, and Benkovic116, and Anderson and 
coworkers lI7. 

B. Anthranilate 

Anthranilic acid (37) arises from the biosynthetic pathway re- 
sponsible for the formation of the aromatic amino acids phenylalanine, 
tyrosine, tryptophan and p-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-dcoxy- 
7-phospho-~-glucolicptonic acid. A series of enzymatic conversions 
culminate in  the formation of shikimic acid (3S), one of the first recog- 
nized intermediates in  the biosynthesis of aromatic amino acids. 
Only recently has attention been focused on the sequence ol' 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 
MgZ + ions as shown in equation (29). 

Glutaminc was found to be the most efficient nitrogen donor in the 
conversion ofshikimate 5-phosphate and chorisniatc to anthrani- 
late. The transfer of the amide nitrogen rather than the cr-amino 
rlitrogen of glutanline was established in experiments employing 
glLitan1inc labelled with 16N in the amide ~ ~ O U P " ' .  Isolation and 
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coo- 
l 

Mg*+ + Glutamine occoo- 
O H  

(36) 
chorismate 

coo- 

a n t  h r a n  i late 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 providcd relatively 
high concentrations are used at alkaline pI-1 values. Antliranilate 
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- 
0x0-L-norleucine inhibited the synthesis of anthranilate in bacterial 
extractsllg and whole cellslZ0 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, 
biosynthcsized 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 

*$OOti 'GOOH 

OH 

(37) (38) 

a n t  hl-an i I ic acid shikimic acid 

and the known reactions used in thc degradation of the aromatic ring, 
i t  was possible to establish that the amination reaction occurred at CC2) 
of the intermediate rather than at C,,,. 

Chorismic acid, was isolated I Z 2  as an intermediate in the biosyn- 
thesis of aromatic amino acids by bacterial mutants. These mutants 
lackcd cnzymcs capable of utilizing the intermediate in further reac- 
tions and as a consequence accumulated an isolable quantity ol' 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. and Neurospoia cmssa124 and 
with extracts of Aeiobacler aerogei~es~~~. The relative stereochemistry 
of chorismate was deduced from the known structures of shikimic and 
prephenic acids and the n.m.r. spectrum125. 

Purified 
enzyme prcparations 123*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. DeMoss 124 achieved an 83-fold purification of the Neuro- 
spol-a 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 aniidc nitrogen of glutaminc a t  C,,, of 
chorismate with the simultaneous cleavage of the para-hydrosyl group, 
an  intermediate having the structure 39s would be formed. Subse- 
quent reactions of this intermediate may involve the cxpulsioii of 
pyruvatc to form 39h, the expulsion ofglutamate followed by migration 
of the pyruvyl moieLy to form 4Olz7, or the cxpulsion of glutamate to 
form 41 128. Lingen and coworkers 129, syntliesizcd compounds 39b 
and 40 and found that they were inactive in extracts capable of syn- 
thesizing anthranilate from sliikimatc, pyruvate and alutaminc. 

Lc\iin alld Sprillsoll128 1lavc proposed a scheme w h d l  involvcs thc 
formation or intcrmediatc 41. A SLieptonzyccs a i m 0  f(icie?u mu tan t 

Little is known concerning the mechanism of the reaction. 

? 
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was reported 130 to accumulate large quantitics of trans-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 

C@O- 
N H COC H,C H -C H COO - 

I 
NHZ 

J,-N H coc H,C H -5: H COO - 

uo-c-coo- NHZ 
' 

(39b) 

FIGURE 4. 

(4Oj 

coo - coo - 

CH, 
(41) 

Possible derivatives of thc chorismate-glutamine reaction. 

acid. SrinivasanlZ1 found 2,3-dihydro-3-hydroxyanthranilate would 
not serve as a precursor for the hiosynthesis of anthranilate and sug- 
gested the true intermediate still bears the enolpyruvyl side-chain. 
Consistent with thcsc obscrvations, an intermediate of anthranilate 
biosyntliesis has becn isolated which corresponds to structure 3923 13'. 

The results of kinctic studics l z 3  indicate a sequential mechanism in- 
volving two substrates and thrce products for the catalysed formation 
of anthranilate and are consistent with the mechanism postulated by 
Levin and Sprinson. 



11.  Biological formation and reactions of the amido group 65 1 

C. p-Aminobenzoate 

The biosynthctic pathway for aromatic amino acids also gives rise to 
p-aminobenzoate. Shikimate 5-phosphate and glutamine were found 
to be precursors 132. Isotopic labelling studies demonstrated that the 
amino nitrogen was derived from the amide nitrogen atom of glut- 
arnine 133. First recognized as a growth factor, p-aminobenzoate is a 
constituent of the folic acid vitamins. 

D. Glucosarnine 4-Phosphate 

The transfer of an  amino group from glutamine to hexosc 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 glucose 134*135. Analysis of glucosamine iso- 
lated from cell cultures administered with l-14C-glucose showed the 
radioactivity was present almost exclusively at  C,,,. Similar results 
were reported for blood glucosamine isolated from rats following ad- 
ministration of labelled glucose 136. A partially purified enzyme from 
Neurospora utilized either glucose-6-P or fructose-6-P as a nitrogen 
acceptor 137, but the preparation probably was contaminated with 
phosphohexoisomerase since subsequent studies 138 showed fi-uctose-6-P 
was the only substrate. 

Glutamine served as the only nitrogen donor for the purified enzymes 
from E. coli, rat liver and Neurospoya138. A decrease in amidc nitrogcn 
paralleled a n  incrcase in glucosamine and glutamate concentrations 
during the course of the enzyme-catalysed reaction 137. Enzymatic 
activity was strongly inhibited by 6-diazo-5-oxo-~-norleucine 138. 

The stoicheiometry of the equation was established for the E. coli 
and rat liver enzymes. However, measurerncnts with the Neurospora 
preparation gave high values for glutamine utilization due to the 
presence of glutaminase. 

No evidence could be obtained for a cofactor rcquircment by di- 
alysis or ion cxchange trcatment of the enzyme. Elucidation of the 
mechanism for this reaction awaits further studies. 

E. y- Glu tam ylamides 

A large number of naturally occurring dipeptides, formed by the 
reaction of the y-carboxyl group of glutamic acid with the a-amino 
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nitrogen of various amino acids, have becn isolated mainly from higher 
plants. Virtanen and his associatcs 13’ havc reportcd thc isolation of 
y-glutamyl derivatives of valinc, isolcucinc, leucinc, phenylalaninc, 
methioninc and others from plant sources. Dipeptides, Containing 
amino acid dcrivatives, such as y-glutamyl-S- ( 1 -propenyl) cysteinc 
sulphoxide and y-glutamyl-S-methylcysteine havc also been found. 
For a comprehcnsive list of y-glutamyl peptidcs and sources for their 
isolation see Thompson and c o ~ o r k c r s ~ ~ ~  and Fowden 141. Scvcral 
y-glutamyl derivatives in which the amidc moiety stems from a 
nitrogen compound other than an amino acid havc bcen isolated and 
characterized. Thcaninc (42)) a component of tca leaves, is thc 
amidic N-ethyl derivative of glutaminc. Morc rcccntly y-glutamyl- 
j-hydroxyanilinc (43) 142 and /3-N- (y-glutamy1)-p-hydroxymctliyl- 
phenylhydrazinc (44) 143 have Ixen isolatcd from mushrooms. 

coo- coo - coo - 

CHNH,+ 
l I 

I I I 
CH2 CH 2 CH2 

I 
CH2 

I I 
CH2 CH2 

I 
CONH-NH-Cc;I-I,CH2OH-P 

I I 

(42) (43) (44) 

Glutathionc, y-glutamyl-cysteinylglycine (section 1I.D)) is widcly 
distributed in nature and functions as a cofactor in a number of 
enzymatic reactions. Two related y-glutamyl dipeptides, in which the 
cysteinyl residue is replaced, have been isolated from calf lens; opthal- 
mic acid containing the a-amino-n-butyryl group 144 and noropthalmic 
acid with a substituted alanyl residue 145. 

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 amino acids. I n  mammals, dipeptidcs are excrctcd in 
the urine. Three y-glutamyl and fifteen /3-aspartyl dipeptides havc 
been isolated from human urine 146. The localization of y-glutamyl 
transpeptidase, an  enzyme catalysing the formation of dipeptides, in 
mammalian kidney tissue, indicates a possiblc function in  tlie excrction 
of amino acids. A role iri the synthesis of structural components may 
bc of biological importance as, for example, the capsular material of 
some microorganisms contains a y-glutamyl polypeptide. 

Thc biosynthcsis of y-glutamyl dipcptides may occur by a mechanism 

CHNH; 
I 
CHNH,C 

CONH-C,H,CH-p CONHEt 
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involving the direct formation of thc amide bond bctwecn glutamatc 
and an amino acid or by the transfer of a y-glutamyl residue from a 
dipeptide alrcady formed to a free amino acid or polypeptide in a 
transpeptidation reaction. 

The formation of y-glutamylcysteine from glutamate and cystcinc, 
the first step in the biosynthesis of the tripeptidc glutathione, occurs by 
direct synthesis (equation 1 la). 

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 (scction I1 .A). Catalysis 
by the hog kidncy cnzymc, purified 2500-fold, is Mg2+ ion and ATP- 
dependent, the nucleotide is cleaved to ADP and inorganic phosphate 
and an oxygen atom of glutamatc is transferred to inorganic phosphate 
during the course of the rcaction6”. This enzyme, in contrast to the 
glutamine-synthesizing enzymc, catalyses the rapid transfer of ADP 
into ATP, which is dcpendeiit on Mg2+ ions but not on glutamate or 
cysteinc. However, this reaction may be a consequence of an impure 
enzyme since an analogous exchange reaction was also observed19 in 
partially purified prcparations 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 rcactions. Hanes and coworkers147 demonstrated that a 
mammalian kidncy enzyme catalyscd the transpeptidation reaction of 
glutathione as well as its hydrolysis. The two activities are frcquently 
associated with hydrolytic enzymcs (phosphatases, glycosidases, pro- 
teascs, amidases) in which thc formation of an activated cnzymc- 
substratc 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 residuc from glutathionc to an amino acid 
acceptor molecule (equation 31). 

Y-L-Glutamyl-L-cysteinylglycine +-L-Amino acid --+ 
y-L-Glutamyl-L-amino acid + L-Cysteinylglycine (3 I )  

The specificity fbr the acceptor molcculc is low and the y-glutamyl 
group of glutathionc may bc transfcrrcd to valine, phcnylalanine, 
l ~ u c i n e ~ ~ ~ ,  mcthionine, arginiiie and glutamate as well as certain di- 
peptides 149. Similarly a number of y-glutamyl dipcptidcs may serve 
as donors and this lack of spccificity permits thc usc of AT-(y-gIutamyl)- 
~ - ~ ~ a p h t ~ ~ ~ l a m i n c 1 5 0  and Ar-(y-glutamyl)-b-nitroaniline 151 as the y- 
glutamyl donor and providcs 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 N-ethylmaleimide, mercury and iodoacetate. 
In time studies I 5 O  employing the substrate iV-(y-L-glutamyl)-a- 
naphthylamine, 407, of the theoretical a-naphthylamine appeared in 
the first few minutes of the reaction and N-(y-glutamyl-y-glutamy1)- 
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. 

J. E. Reimann and R. U. Byerrurn 

N-(7-L-Glutarny1)-a-naphthylamine __f 

N-(7-L-Glutamyl-y-L-glutamy1)-u-naptithylamine + a-Naphthylarnine (32) 

An enzymc which catalyses the hydrolysis or transfer of the y- 
glutamyl residue from 44 to p-hydroxyanilinc has been partially puri- 
ficd 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 matcrial of Bacillus microorgan- 
isms 153 and from exoccllular matcrial in the cultural medium. 
Polyglutamate synthetase activity in ccll-free extracts is not inhibited by 
chloramphenicol, streptomycin, penicillin, deoxyribonuclease or 
ribonucleasc 154, reagents which inhibit protein synthesis. In contrast 
to thc a-linkage of the peptide bond of proteins, the glutamate residues 
ofthe polymer secreted into the culture medium are joincd through an 
amide bond of the y-carboxyl group 155,156. Growth of the polymers 
occurrcd by the transfer of a y-glutamyl moiety to the free amino end- 
group of the polypeptide. By labelling a dipeptidc substrate and 
determining the location of the I4C laliel in the product, Williams and 
Thornc 157 postulated the sequencc of reactions (33). Partially puri- 

E +- y-D-Glutamyl-D-giu* - z E-glu + D-glu* 
(33) 

E-glu + y-D-Glutamyl-D-glu* ---+ E + 3.-D-glu-D-glu-D-glu* 

fied enzyme preparations from culture filtrates were capable of syn- 
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thesizing short-chain polypeptides Accumulation of high mole- 
cular weight polymers was probably not observed due to competing 
hydrolytic reactions or an unhvourablc cquilibrium resulting from 
the uncoupling of subsequent reaction of the polypeptide. Trans- 
pcptidation 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-mercaptoethanol 154; hydroxamate formation 
and appropriate exchange reactions have been observed suggesting the 
formation of an activated enzyme-substrate complex 15'. 

Two observations have been reported that indicate the a-hydrogen 
atom is removed during the process of catalysis. Cell-free extracts of 
Bacillus lichenifomis catalyse the synthesis of polyglutamic acid which 
contains about 407, 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 viuo 
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 
unrcactivc carboxyl group and an amine, analogous to nucleophilic 
catalysis of ester hydrolysis by imidazole. The tetrahcdral addition 
intermediate 45 becomcs stabilized on losing the a-proton, and the 

0- H C H 

-C-N-C- __t -C-NH-C- 
1 c. (1 I I  I 

l -  
(34) 

(45) 

hydroxide ion is then prefcrcntially expelled leading to amidc forma- 
tion (equation 34). 

V. AMlDE HYDROLYSIS 

Several enzymes arc 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 antitwnour activity in thc 
case of asparaginasc. 

G,%enstein and collaborators 159*160 orignally described two activities 
in rat liver digests which catalysed the deamidation of glutamine. 
One of the activities requircd the prcsence 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. Erreral'l established that thc two activities observed 
in livcr digests were separate enzymes. Activation of hydrolytic 
activity by anions, however, was not observed in rabbit and guinea pig 
kidney extracts 162 indicating that three types of deamidating enzynics 
occur in animal tissue. Two asparaginc deamidating activities werc 
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. co-Amidose 

The enzyme w-amidase catalyses the deamidation of a-keto- 
glutaramate and a-ketosuccinainate. In  liver tissues tlic w-aniidase 
activity was coupled with transaminases Sor 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 arc shown in equation (35). 
C O N H 2  C O N H Z  coo - 

I I l 

I 
CH2 

CH2 + NH:, 
I I I I 

- 1  - I  c=o I I I 
I coo - I coo- l 

coo- COO- CH, CHz 

C H 2  + C==O Transaminase CHNH,' -t- 'HZ w-Amtdasc 

CHNH; C H 3  

coo- 
glutamine pyruvate alanine a-ketoglutaramate a-ketoglutarate 

C H 3  c=o 

(35) 

I n  reaction mixtures which contained an a-keto acid (pyruvate), 
15N-labelled glutamine and a partially purified enzyme preparation, 
Mcister and Ticc 163*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 coursc of the reac- 
tion glutamine had lost both nitrogen atoms. Subsequently the 
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cnzymc rcspoiisible fbr arniclc hydrolysis was separated fi-om the 
transamination cnzymc mid it was demonstrated that a-ketoglutara- 
mate and a-ketosuccinamate wcrc the substrates for the dcamidation 
reaction. 

The o-amidase is found in a large number of animal tissues, in 
microorganisms and plants. 

B. Glutcrmine 

The glutaminase enzyme, activated by anions, has been purified 
from pig lG5 and dog kidney cortex 166. Sulphydryl reagents including 
mercuric chloride, p-mcrcuribenzoate, iodoacetamidc and N-ethyl- 
malcimide were found to be potcnt 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 Roberts 16G 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 involvemcnt of a sulphydryl group since it would be suffi- 
ciently ionized a t  this pH. 

Polyvalent anions enhance kidney glutaminase activity markedly. 
Phosphate, arsenate, sulphate, and nitrate "O, in decreasing order of 
effectiveness activated the enzyme, whereas chloridc, bromide, and 
cyanide166 were inhibitory in the presence of phosphate. Anion 
activation appears to be related to binding of the substrate. T h e  
Michaelis (dissociation) constant decreased about 1 0-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. 

i- i- 
t I 

cool HS 1 E 

(46j 

According to this model the negatively charged groups of the dye mole- 
cules, by binding with the enzymc, 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 Jencks 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 Handler 165 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 15NH, 
into glutamine but  not l’C-labelled glut am at^^^^. Similar results 
were obtained with an amidase isolated from Pseudomonas jluorescem, 
which catalysed dcamidatioii of 2- and 3-carbon primary amidcs168. 
Presumably the complex, which is in equilibrium with reactants, is 
hydrolysed in an irreversible step according to equation (36). 

Enzyme + Glutarnine T Enzyme-glutamate + NH, &> 
H -0 

Enzyme + Glutarnate (36) 

The glutaminase from E. coli bears a resemblance to the esterascs 
and  peptidases, which presumably involve acyl-enzyme in tcrmediatcs, 
in  that it catalyses the transfer reaction of an  acyl group fi-om a 
number of donors including amidcs, esters and tliioesters to suitable 
acceptors. H a ~ - t m a n ~ ~ ~  has initiated studies in an attempt to deter- 
mine if this enzyme is mechanistically related to the proteolytic 
enzymes. 

Glutaminase fi-om 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-~-norleucinc irreversibly inhibited glut- 
aminase. Glutaminc provided protection against this inhibitimi, 
indicating that the substrate and inhibitor react with the same site. 
14C-Labelled inhibitor was covalcntly bound to the enzyme. Assum- 
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ing a one-to-one ratio of inhibitor to active site, titration of the cnzymc 
with inhibitor showed two active sites per molccule. 

I n  addition to amides, the enzyme catalysed the hydrolysis of y- 
glutamyl derivatives including N-substituted amides, hydroxamic 
acid, esters and thioesters. Binding constants werc determined for thc 
catalytically active substrates from the Michaelis constant, which was 
shown to be equal to thc dissociation and from the in- 
hibition constants for substrates that were bound but did not undergo 
reaction. Little specificity was found for the substitucnt 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 werc required for binding. 
Compounds that contained an oxygen atom in thc principal chain werc 
not bound and this obscrvation accounts for tlic failure of azaserine to 
inhibit the enzyme. 

The acyl group can be 
transferred to hydroxylamine and methanol but a t  relatively slow 
rates. In  view of the relative nucleophilicities of hydroxylamine, 
methanol and water, thesc results were interpreted to indicate a watcr- 
binding site on the enzyme. 

The  protcolytic enzymes may be grouped according to a common 
catalytic entity: thc serine estcrases chymotrypsin, trypsin, subtilisin ; 
the thio acylases papain, ficin and pepsin; and the metallocnzyme 
carboxypeptidase. A comparison of glutaminase with these groups of 
enzymes did not reveal characteristics that would suggest a common 
mechanism was operative. Diisopropylphosphorofluoridatc wliich 
inhibits the scrine estcrases by reacting irreversibly with thc alcohol 
oxygen of the serinc active site, has no effect on glutaminase. Therc 
is no convincing evidence that glutaminase is a thiol cnzymc; although 
inhibited by organic mcrcurials, it is insensitive to more specific sul- 
phydryl reagents such as iodoacetate and N-ethylmalcimidc. 
Glutaminase behaviour also dilfcrs from papain with respect to in- 
activation by hydrogen peroxidc 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 treatnicnt is totally reactivated by the prcscncc of a 
dithiol reducing agent. Metal-binding agents, which inactivate 
metallohydrolascs, do not inhibit glutaminasc. The mcchanism of 
action for glutaminase appears to differ from that of the csterascs and 
peptidases. 

Glutaminase is primarily a hydrolasc. 
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The studies on glutaminase activity were extcnded 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 tliiol a c y l a ~ e s ~ ~ ~ J ~  l. 

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 indicatc 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 tlie enzyme. 

The  
enzymes isolated from yeast and Bacillus congulans were found to be in- 
active. The report that asparaginasc 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 tlie two enzymcs 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 p H  6.0-8-4. Due to this 
diflcrencc in pH optima it is possible to dctcrniine tlie activity 
attributable to EC-1 and EC-2 in a mixture of the two enzymes. 

In  contrast, 
EC-2 preparations at high dosagc levels frequently resulted in cures of 
mouse lymphomas and a t  intermediate dosagc levels caused the dis- 
appearance of sulxutancous tumour mass and extcnded survival 
timcs. There appcars to be no correlation hctwcen optimal activity at 
certain pH values and antitumour acti\.ity since tlie pH-rate profile 

Not all asparaginases are capable of antitumour activity. 

EC-1 preparations showed no antilymphoma activity. 
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of guinea pig serum asparaginase 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. F O R M A T I O N  O F  CARBAMOYL PHOSPHATE 

The second major pathway for the incorporation of ammonia into 
organic compounds considercd 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 cliemistry is the introduction of the NH,CO group 
by the use of cyanic acid. Carbamoyl phosphate is primarily utilized 
for the biosynthesis of the pyrimidines and of argininc in the urea 
cycle (Figure 3, section 1II.C). 

Jones and coworkers174 first demonstrated that synthetic carbamoyl 
phosphate, prepared by the reaction of dihydrogen phosphate with 
cyanate, reacts with ornitliine in the presence of liver cxtracts 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- 
r o o m ~ ~ ~ ~ * ~ ~ ~ .  Two types of synthetases have been described which 
differ primarily in that one utilizes ammonia as substrate and requires 
N-acetylglutamate, or an analogue, for activity and the other utilizes 
glutamine and is not activated by N-acetylglutamate. 

A. Carbamate Kinase 

Carbamate kinase catalyses the biosynthesis of carbamoyl phos- 
Carbamate is considered the true phate according to equation (37). 

0 0  
II II 

I 
NH; + HCO; NH,COO- + ATP NH2COP-0- + ADP (37) 

carbamate 0- 

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 fiom carbamoyl phosphate. 
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A kinctic study 177 on the crystallized cnzyme supportcd a mechan- 
The  ism described by the following serics of reactions (38a-38c). 

Enzyme + MgATP E-MgATP (384 
Slow 

MgATP 

L ~- E-MgADP + Carbamoyl phosphate 
/ 

\ 
E-MgATP + Carbamate E 

carbarnate 
(38b) 

(38c) 

kinetic bchaviour indicated that the nucleotides werc the first sub- 
strates to be bound and their dissociation from the enzymc was the 
rate-limiting step in both the forward and rcverse directions. 

Slow 
E-MgADP 4 Enzyme + MgADP 

6. &arbarnoyl Phosphate Synthetase I 

is represented by the overall reaction of equation (39). 
The catalysed formation of carbamoyl phosphate by tlie liver enzyme 

This reaction 

0 
Me2 + II 

NH,-C-0-PO:- + 2ADP + Pi (39) NH‘ + HCo‘ + N-acetylglutarnate ’ 
differs from the carbarnate kinase-catalysed reaction in that two moles 
of ATP and one of N-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 cornpared to that of liver. 

obtained evidence that the rcaction 
takes place in two steps and postulated the intermediate formation of 
an ‘active CO,’. When relatively large amounts of enzymc were in- 
cubated with ATP, N-acetylglutamate and bicarbonate, ortho- 
phosphate was released in the absencc of ammonium ions. Reversal 
of one reaction step was demonstrated by incubating 14C-labelled 
carbamoyl phosphate and ADP in the presence of the synthetasc. 
The  ATP synthesized was equivalent to the carbamoyl phosphate that 
disappeared during the course of the rcaction. 

The synthetase catalyses the cleavage of Pi from ATP in the 
presence of amines other than ammonia, namely : hydroxylamine, 
hydrazine and 0-methylhydroxylamine. In the presence of ornithine 
and ornithine carbamoyltransferasc some evidence was obtained for 
the formation of a citrulline analogue with 0-methylhydroxylamine as 

Mctzenberg and coworkers 
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the amine donor179. The enzyme-bound carbamatc analogues 
formed from hydrazine and hydroxylainine presumably were un- 
stable. 

Jones and Spector180 showed that 180-labellcd atoms of bicarbonate 
were transferred to the orthophosphatc released and the oxygen 
bridge atom (C-0-P) of carbamoyl phosphate. The reaction 
sequence (40a-40~) is consistent with the above findings lal. 

Enzyme + ATP + CO, E-[-OOCOPOi-] +- ADP (404 

(40b) 

E-[NH,COO-] + ATP E + NH,COOP0,2- + ADP (40c) 

The role of N-acetylglutamate, is probably that of an activator. 
Phosphorylatcd and CO, 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 N-acetylglutamatc 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 inactivation lE2J03. 

E-[-OCOOPOz-] + NH3 __f E-[NH,COO-] + Pi 

C. Curbamoyl Phosphate Synthetase I/ 

A second type of synthetase has been found in yeast184, E. C O Z ~ ~ ~ ~ ,  
Ehrlich ascites cells186, foetal rat liver and pigeon which 
differs from synthctasc I in that acctyl glutamate is not required, and 
cither glutamine or NH, 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 coworkers 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 
CO, 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 (41 a-41 c) was proposed for the biosynthesis of 
carbamoyl phosphate catalysed by synthetase 11. Huston and 
Cohenlgos recently reportcd that biotin was not significantly present 
nor did i t  function as a coenzyme in purified preparations of carbamoyl 
phosphate synthetasc from E. coli or liver mitochondria. 

J. E. Rcimann and R. U. Byerrum 

s“ 
biotin biotin 

+ ADP + / 

\ 
+ ATP + HCO; 6 E 

/ 
Enzyme 

[- ocooPo.~-] 
(47) 

E-biotin-CO, + ADP + Pi (4 I n )  

(48) 

biotin 

+ Glutamate (411)) 
/ 

\ 
E-biotin-CO, + Glutamine + H 2 0  + E 

“H2CO;I 

E /biotin 

[NH,COJ + ATP E-biotin + NH,COOPOZ- + ADP (4 1 4  

Hager and Jones187 haw noted that in mammalian tissues, synthe- 
tase I1 and the enzymes responsible for pyrimidinc synthesis, are lo- 
cated in the soluble fraction, whercas, synthctasc I and the enzymes 
specific for urca biosynthesis are present in liver mitochondria. They 
suggest that the two pathways derive their carbamoyl phosphate from 
separate synthetases and that pyrimidinc biosynthesis is catalysed by 
the glutamine-dependent enzyme. 

\ 

D. Miscellaneous Pathways for Carbamoyl Phosphate Formation 

Carbamoyl phosphate can also be formed in the course ofdegradation 
reactions of certain nitrogen-containing compounds. Some organisms 
are capablc of dcriving part of their energy requirement from car- 
bamoyl phosphate formed fi-om csscntially catabolic processes. The 
phosphate group of carbamoyl phosphate can bc transferred to ADP 
in an endergonic reaction to form ATP. The ureido compounds that 
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probably coiitribu tc to A L P  biosynthcsis include citrullinc from thc 
urea cycle (Figure 3) aiid degradation products which arise from 

For example, in Stre$/ococcus faecnlis argininc is hydrolyscd to citrul- 
line and a m m ~ n i a ~ ~ ~ , ~ ~ ~ .  The  citrulline in  turn is pliosphorolysed in 
an enzyme-catalyscd reaction to yield carbamoyl phosphate. I n  the 
presence of ADP the phosphate group is transferred io form ATP in a 
reverse of the reaction described for carbamoyl phosphate synthesis 
catalysed by the k i n a s ~ l ~ ~  (equation 37). 

ATP biosynthesis has been reported to occur by the reaction of ADP 
with carbamoyl phosphate in extracts from S. a l l a n t o i c u . ~ ~ ~ ~ .  I n  this 
case carbamoyl phosphate is formed by the phosphorolysis of carbamoyl 
oxamate, a product of' purine degradation (equation 42). 

,L creatininc, purine and pyrimidine catabolism. 

00 0 00 0 
I' II II II II I I  ADP > -OCCNH2 + NH2COP0,H- + -OCCNH-CNH2 + Pi - 

carbamoyl oxarnate oxarnate 
ATP + COz + NH, (42) 

Degradation reactions catalysed by a liver enzymc give rise to 
carbamoyl-13-alanine and carbamoyl-P-amiiioisobutyric acid from 
the pyrimidines uracil and thymine respectively194. The subsequent 
degradation of these compounds to p-alanine or p-amiiioisobutyric acid 
and CO, plus ammonia probably proceeds through the intermediate 

0 0 
II 

> H2NCOP0,H- + H2NCH2CH2COO- (43) HzNCNCH2CH2COO- + Pi - 
carbarnoyl-/3-alanine /3-alanine 

formation of carbamoyl phosphatelS5 (e.g. equation 43). Eucobac- 
terium sarcosinogetiunz extracts have bccn reported to degrade creatininc 
in a multistep reaction sequence (44) to carbamoyl phosphate lg6. 

II H 

N HQ 0 
I 1  

L N H  d_3- > NHQCOPOaH- + NH, + CHaNHCH2COO- 
I 

CH,NCH,COO- 
creatinine 

sarcosine 
(44) 

VII. REACTIONS O F  CARBAMOYL PHOSPHATE 

A. Citrulline Biosynthesis 

according to equation (45). 
Ornithinc carbamoyl transfeerase catalyses thc formation of citrulliiie 

The  enzyme has been found in the livers 
22* 
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NH, 
I 

CH2 
I 
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NHz 
I 

C=O 
I 

CH, + H2NCOOP03H- NH + Pi 
I I 
CH2 CH2 

I 
CH!2 

I 
CHNH,+ 
I I 

(4.5) 

coo- 

ornithine 

CH, 
I 
CHNH$ 
I 
coo- 

citru l l ine 

of all vertebratcs that eliminatc ammonia as urea, i.e. the ureotelic 
animals197. Citrullinc participates in the urea cycle (Figure 3, 
section III.C), a serics of rcactions which convert ammonia, rcsulting 
from the catabolism of nitrogen-containing compounds, into urea for 
elimination. 

Studies on the rat liver Ig8 and bovine liver lg9 enzymes established 
the specificity for thc substratc since ornithine could not be replaced 
by naturally occurring amino acids or by alkylamincs such as sper- 
mine, spermidine, diamiiiopentane and others. The pH optimum for 
enzymatic activity and thc more favourable Michaelis constant at 
alkaline pH values suggested that thc unionized S-amino group of 
ornithine was probably the activc form. Participation of a sulphydryl 
group was suggestcd by the inhibition of the enzymc at low concentra- 
tions ofp-mcrcuribenzoate. Either ornithinc or carbamoyl phosphate 
provided partial protection against this inhibition. 32P-Labelled 
phosphate did not exchange with carbamoyl phosphate in the absence 
of ornithine. Since thcre was no indication for partial reactions which 
would be expcctcd for a mechanism involving the intermediate forma- 
tion of carbamoyl-enzyme, Rcichard concludcd that the rcaction 
occurred by a single-displacement mechanism. 

0. Carbarnoyl 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, cytosinc and thymine. The transfer of the car- 
bamoyl group to aspartatc is analogous to the transcarbamoylation 
reaction to form citrulline. Experiments with 100-fold purified 
cnzymc from E. coli dcmonstratcd a strict substrate specificity as only 
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the physiological reactants of equation (46) were catalytically reac- 
tive Again, the enzyme was inhibited byp-chloromercuribenzoate 
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 - coo - 
I I 

I 

CHZ 0 
I I  

Aspartate 0 CH2 
carbarnoyl transferase I 

L CHNHCNHz + Pi (46) 
I 1  

NH,COPO3H- -+ L N H ;  ~ 

I I coo- 
aspartate 

coo - 
carbamoy I as partate 

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 
Scliachman201 concluded from studies with the purified E. coli enzyme 
that the inhibitor was bound at  a specific regulatory site. The regu- 
latory enzymcs are referred to as nllosteiic (other site) enzymes. In- 
hibition by the allosteric effcctor 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 conccntration. A plot of reaction velocity 
against substrate concentration, for most enzymes, gives a hyperbolic 
saturation curve. Similar plots of aspartate carbamoyl transfcrase 
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 
transfcrasc is the most extensively studied allosteric enzyme, and obscr- 
\rations on the cnzymes lxhaviour thus far are consistcnt with the 
Monod-Wyman-Changeux model 202 for the nicchanism of allosteric 
enzymes. According to this hypothesis allosteric enzymes are 



668 J. E. Rcimann and R. U. Byerrum 

composed of two or more idcntical 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, displaccs thc equilibrium to that state which favours binding. 
Thc transition from one state to another results in the simultancous 
change of all thc identical subunits and hence facilitates the subsequcnt 
binding of additional substrate molecules. 

Briefly, aspartate carbamoyl transferasc has been dissociated into 
subunits and the existencc of distinct substrate and inhibitor sites 
located on separate subunits has bcen demonstrated 201*203. The 
catalytic subunit of the dissociatcd enzymc 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 sccn with the dissociated cnzymc. The  proposed 
alterations of protein conformation which rcsult with ligand binding 
have been substantiatcd by chemical and physical m c a ~ u r e r n e n t s ~ ~ ~ ~ ~ ~ ~ .  

As we have seen, the formation of amidc, amidine and guanidine 
groups play an important role in the biosynthcsis of purine and pyrinii- 
dine compounds. These compounds, as constituents of thc helical 
deoxyribonucleic acids 206 (DNA) , proved a vital function in the storage 
and traiisn-ksion of genetic information. 

C. Biotin 

A biosynthetic pathway has bcen proposcd 207 in which carbamoyl 
phosphatc contributes a carbon and nitrogcn atom to the formation 
of the amidine group of biotin (56)). From thc results of studics in 
Bchl-omobactel-, employing isotopically labcllcd precursors, the invcsti- 
gators postulated that piniclic acid, cysteinc a id  carbamoyl phosphatc 

0 
H,N NH, II 

&@ H N ~ N H  
-- __j \a (CH,), ?oo - (47) 

I 
cti --- c 

I 
CH,(CH,j,COO - 

I 
H2C S 

\ SH (50; 
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condensed in a scrics of reactions to form biotin. Carbamoyl phos- 
phate prcsumably reacted with tlic hypothetical intermediate 49 as 
shown in equation (47). I t  was known that pimelic acid stimulated 
biotin synthesis in microorganisms and isotope studies showed that 
the label from [3-14C]-cysteinc was incorporated into CC5) of biotin. 
Radioactivity originating from I4CO2 was found in thc C,,., and 
C,,,, positions. According to this schemc CO, was utilizcd for the 
syntliesis of carbamoyl phosphate and subscquently incorporated into 
the C(2,) position of biotin. 

Dcsthiobiotin (51) is also utilizcd by a number of microorganisms in 
the biosynthesis of biotin, but it is not clear how the proposed schcmc 
accounts for its utilization. 

0 
!! 
r 

1; I' /=N H 
I I  

H-$-C-H 
i l  

C! is  CH,(CH,),COOI-I 

(51) 

VIII. FORMATION O F  GUANIDINES 

For the most part, guanidino compounds arc biosynthesized by the 
transfer of the argininc group to an amino acceptor. Biological 
compounds that dcrive an  amidine group in transamidination rcac- 
tions include guanidinoacetate the immcdiatc precursor to creatine 
(equation 48), hypotaurocyamine (52),  lombricinc (53), streptomycin 
and probably canavaninc (54) found in jack bcan and y-guanidino- 
butyric acid which is biosynthcsizcd in brain tissue 20**200. 

Although argininc is probably the donor for synthesis of most 
guanidines in naturc thc enzyme amidino transfcrase, purified from 
mammalian kidney 210 and streptomyces ,11, does not show strict 
substrate specificity. Argininc, guanidinoacetate, canavanine, 4- 
guanidinobutyrate and 3-guanidinopropionate can servc as amidine 
donors and ornitliine, glycinc, canalinc, 4-aminobutyrate, 3-amino- 
propionate and liydroxylaminc can act as amidine acceptors with thc 
kidney cnzyme. 

Hypotheses for a single-displacemcnt 210 and a double-displaccnient 
mcchanism have been postulated based on competitive inhibition 
kinetics and the hydroxylaminc reaction. More reccntly direct evi- 
dcnce was obtained by Grazi and coworkers212 for the formation of' an 
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CHNH; 
I 

CHz 
I 

CHNH; 
I coo - 

I 
CHz 
I coo- 

CH3 I 
d N-CH, 

I 

coo- 
arg i n ine g I yci ne orn i th i ne guan idi noacetate creat i ne 

NHz NH2 coo- NH 

C=NH 
I1 

0-N HC N H 2 
I I 

C=NH 0 CHNH, 
I 

I 

I 
(CHZ), 

I HP!JCH,CH,OPOCH, I1 I 
HNCH,S02H 

H,NCHCOO- 
I 
0- 

hypotau rocyam i ne lornbricine 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 -I- Arginine + Ornithine + Enzyme-amidine (494 

Enzyme-amidine + Glycine Enzyme + Guanidinoacetate (4%) 

transamidinase retained hydrolytic activity corresponding to 1 7, 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 rctrospcct 
resulted from hydrolysis of an  enzyme intermediate. In  the absence 
of an  acceptor compound, an enzyme-amidine complex was formed 
from a reaction mixture of enzyme and arginine labelled in the carbon 
atom of the guanidino group. The complex, separated on a sephadex 
G25 column, decomposed on heating, liberating urea. When in- 
cubated with glycinc or ornithine the enzyme complex transferred the 
amidinc group to the acceptor and 14C-labelled products were identi- 
fied by cochromatography with authentic samples. 

Walker '11 postulated that a thioamidine derivative was formed 
by reaction of thc amidine moiety with a n  essential sulphydryl 
group of the enzyme. Amidino transferase was inhibited by p -  
mercuribcnzoate and thio compounds, such as 2-thiouracil and 2- 
thiohistidinc, provided an oxidant was present. The inhibition was 
attributed to the formation of a mixcd disulphide with the enzyme 
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sulphydryl. Consistcnt with this hypothesis, formamidinc disulphide 
(55) containing both amidine and disulphide groups, was reportcd to 
be a potent inhibitor (equation 50). 

NH NH 
I1 I 1  

Enzyme-SH + H2N-C-S-S-C-NH2 --+ 
(55 )  NH S 

II II 
Enzyme-S-5-C-NH, -!- H2N-C-NH2 + H+ (50) 

Grazi and associates 214 observed that thc amidino transferasc, in 
the presence of labelled amidine donor substratcs, 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 suggcsted that the 
cnzyme-amidinc intermediate had interacted to form a stable co- 
valcnt bond. Enzymatic hydrolysis of the protein yielded fragments 
which retained the radioactive amidine. The amount of amidine 
moiety ‘fixed’ to the enzyme paralleled the extcnt of inactivation. 
Thesc investigators proposed that the bicarbonatc-catalyscd inactiva- 
tion rcsulted from an intramolecular cyclization reaction with a vicinal 
amino group on the enzyme to form a stable product. An analogous 
non-cnzymatic conversion of S-2-aminoethylisothiourea to 2-amino- 
tliiazoline is shown in equation (51)215. The amino group of the 

enzyme is probably involvcd in the binding of the acceptor moleculc 
since ornithine prevents the carbonate inactivation. I n  the absence 
of acceptor molecules, a maximum inhibition of 60oJ, was obtaincd 
when the enzyme was incubated with arginine and bicarbonate. 
Complete inactivation of the enzyme presumably did not occur be- 
cause as the reaction procecded, ornithine was formed from the sub- 
strate and a t  a sufficient concentration prevcnted furthcr inactivation 
of the enzymc. 

IX. FORMATION OF N-ACYL COMPOUNDS 

Many of the biological amincs arc known to occur as AT-acyl deri\ra- 
tives. Classes of compounds that contain N-acylated groups incluclc 
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the amino acids, alkaloids, hormones, proteins, carbohydrate amincs 
and  lipids. Thc biological function of  acylatcd amino groups is not 
undcrstood, however, two consequeiiccs of chemically modifying a 
molecule by amine substitution are obvious. The  blocked aminc is no 
longer free to react and thc protonation of thc nitrogen atom is avoided. 
A decrease in the potential electrostatic interactions may bc of im- 
portance in reactions with other proteins (enzymes) and with inter- 
actions with biological structures such as cell walls. 

Several of the niany acylamino acids, which occur in nature, are 
eliminatcd as waste products hencc a mechanism for detoxification’ is 
considered onc function of N-acylation reactions. Oral administra- 
tion of benzoate and phcnyl acetate to higher primates results in the 
cxcretion of benzoylglycinc and phenylacetylglycinc. Phenylacetyl- 
qlutaminc is a normal constituent of human urine and the phenyl- 
acctyl moiety probably arises from the amino acid phcnylalanine. 

A unique role for N-acctylaspartate in the metabolism of nervous 
tissue is suggested by the fact that it is found only in tlic brain. Thc 
distribution pattern of N-acetylaspartate correlates with enzymatic 
respiratory activity and increased vascularity or blood supply. 
Tallan 216 has proposed that the significant conccntration of this com- 
pound makes up in part for the known anion clcficit in brain tissue. 

A number of proteins havc been found to contain an N-terminal 
amino acid which is acetylatcd, and more rcccnt reports indicate 
that  an amino acid with a blocked amino group is tlic starting point 
for protein synthesis. The formation of polyphenylalanine, catalysed 
by bacterial extracts, rcquircs N-acetylphenylalaninc-transfer-RNA 
for tlic initiation of synthesis of the peptidc chain 217. 

In addition to the N-acetylamino acids, derivativcs of malonyl, 
cinnamoyl and indolacetyl groups are found conjugated to eithcr 
amino acids or amino acid degradation products in plants 218. hluco- 
peptides, constituents of ccll walls of bactcria and other organisms, 
are  polymers which contain N-acctylmuramic acid and N-acetyl- 
glucosaminc. Amidc bonds of lipids GCCLW in spliiiigornyelins and 
ccrebrosides which are syntliesizcd from fatty acids and sphingosine. 
Fatty acids also form acyl derivativcs with ethanolaminc, phenylal- 
anine and other amino acids. 

The  most common mcchanism for tlic formation of AT-acylamines is 
representcd by the reaction sequence (52a-52c). Initial activation of 
the carboxyl grolip is achicvccl by formation of an acyl-AMP dcriva- 
ti\*c from the rcaction of an acid and AT1’ in ;I mechanism analogous 
to the acetate activating systcm first describcd by Berg219. In  a second 
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step acyl-AMP reacts with coenzyme A to form tlic acyl-CoA deriva- 
tive which is the actual acylating reagent. The acyl moiety is trans- 
ferred to an amine acccptor in a third reaction. The enzyme systems 

I1 

I1 I I  

0 

(52a) Enzyme + RCOO- + ATP - E-R-C-AMP + PPi 

0 0 

E-R-C-AMP + COA-SH + E + R-C-S-COA + AMP (52b) 

0 0 
II 

I coo- 

N-Acylasc II 
> R-C-N-C--R' (52c) R-C-S-COA + HZN-C-R' ~ 

H I  
coo - 

from mammalian tissues that catalyse tlic formation of N-benzoyl- 
glycine 220, N-plienylacetylglutamine 221 and N-acetylaspartate 222 by 
this pathway have been studied in detail. 

Alternative mechanisms appear operative in fatty acid amide bond 
formation. Soluble rat liver preparations, which catalyse N-palmi- 
toylphenylalaninc hiosyntliesis, do not require the addition of ATP 
or C O A ~ ~ ~ .  Hydrolytic activity was associated with the enzyme and it 
was concluded that synthesis was attributablc to a reversible amino- 
acylase (equation 53). Diisopropyl fluorophosphate, a reagent which 

Aminoacylase 
N-Acylarninoacid + H 2 0  . Fatty acid + Amino acid (53) 

reacts with enzyme serine groups, inhibited activity suggesting a 
mechanism analogous to estcrases and pcptidases, i.e. the formation 
of an  acyl-enzyme intermediate. 

A microsomal system obtained from guinea pig and rat tissues has 
been described 224 which catalysed the formation of fatty acid amides 
of cthanolamine 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. I t  was known from preliminary 
studies that fatty acids are bound to microsomcs in a relatively stablc 
manner, and the authors suggested that free 14C-labelled palmitoyl- 
ethanolamide may be formed in a two-step reaction sequence. I t  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 aminc. 
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X. FORMATION O F  HYDROXAMATES 

The oxidized amide bond, a hydroxamatc, 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 plants 225*226. These compounds, for the most 
part, possess antibiotic properties. The  ability 10 inhibit growth has 
been attributed to the hydroxamate function since i t  is thc unique 
chemical feature of thcsc otherwise diverse compounds. Moreover a 
number of chemically synthesized liydroxamates exhibit antibiotic 
activity. The physiological cffccts have most frequently bcen 
attributcd to the special affinity of hydroxamate anions for ferric ions. 
Thesc compounds are thouglit to complex and make inaccessable, 
fcrric ions normally ncedcd for growth. Thc i'crrichromes, a group 
of trihydroxamate cyclic peptidcs, which arc isolatcd as iron chelatcs, 
are able to revcrse the toxic effects of other hydroxamates and, for 
some organisms, function as growth factors. It has been assumcd the 
ferriclirome compounds act as iron transfer agents and that thcy are 
instrumental in providing iron for thc protoporphyrin molecule. 

The  hydroxamatc group occurs in aliphatic and cyclic structures. 
Rcpresentative structures among the aliphatic liydroxamates in- 

CHZ-CONH-CH, 
I I 
I I 

I 
CH-(CIiJ,NCOCHj 

I 

I 
co 

I 

I 
NH 

I 

I I 

I I 

I 

co 

NH 

NH 

co 

CH2 

NH 

co 

CH-NHCO-CH(CHZ)3NCOCHj 

CHzCH2CHzN-COCH3 OH 

I 
OH 

OH 
ferrichrome 

(56) 

clude hadacidin (57) , fusarinine (58) ,  and thc only primary hydroxa- 
matc, actinonin. Cyclic pcptidc structures which contain a hydroxa- 
mate group arc cycloserinc, mycobactin, which is a dihydroxamate, 
and the trihydroxamatcs, ferrioxamincs and ferricliromcs (c.g. 56). 
A numbcr of the cyclic liydrosamatcs arc pyrazine dcrivativcs and in- 
clude the aspergillic acids (e.g. 59) inyccliaiiainide (60) and pul- 



11. Biological formation and reactions of the amido groLlp 

I 1  I 
OOH 
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HCNCH,COO- -OOCCH(CH,),N -CCH =CCH2CH,0H 
I I I I  I 

N H j  OH 0 CH, 

hadacidin fusarinine 

(57) (58) 

cherrimin. T h e  cyclic hydroxamate DIh4BOA (61) is a bcnzoxazinc 
derivative. 

The carbon skeletons of the aliphatic hydroxamates, in those com- 
pounds that have been subjected to biosyntlictic studies, are formed 
from amino acids with corresponding carbon skeletons. The  u- 

amino group for some of thesc compounds becomes the hydroxylamino 
group of the hydroxamatc. For csamplc hadacidin is biosynthcsizcd 
from glycine and f ~ r m a t e ~ ~ ~ ,  aspcrgillic acid from a moleculc each of 
leucine and isoleucine 228 ; and mycelianamide from tyrosinc and 
alaninc 226. Ornithine is incorporatcd into fusarinine and tlie fcrri- 
chromes229 bu t  in these cases thc S-amine is convertcd to a hydroxyl- 
amino group and the acyl substituent arises from a compound related 
to mcvalonic acid or acetate. T h e  cyclic hydroxamate DIh/IBOA, 
which occurs as the glycosidc in certain plants, derives its benzenc 
ring from tlic shikimic acid pathway for the biosynthcsis of aromatic 
compounds and  the carbon atonis of the hetcrocyclic ring arise from 
C,,, and C,,, of ribose230. 

The  formation of the hydroxamatc group can occur in one of two 
ways; by tlie oxidation of an amidc bond or by hydroxylation of' an 
amino group to form hydroxylaniine followcd by a condensation 
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reaction with a carbonyl group to yield the hydroxaniate. 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 (N-formyl-N-hydroxyglycine) bio- 
synthesis by Penicillium aul-antioviolaceunz showed that 14C-labelled 
glycine and formate were rapidly incorporated into the compound. 
N-Hydroxyglycine 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 cxtcnt and doublc- 
label studies with 14C in both the formyl and glycyl portions of thc 
molecule indicated that the formylglycinc was degraded, probably to 
formate and glycinc, prior to incorporation. Supporting evidence 
that N-hydroxyglycine was an immediate precursor and that incor- 
poration into hadacidin occurred without prior degradation was 
obtained from isotopic dilution studies. The incorporation of I'C- 
glycine into hadacidin was significantly decreased when added to 
cultures contaixhg N-hydroxyglycine. This observation is consistent 
with the hypothesis that thc hydroxylamino compound is a direct 
intermediate in the biosynthctic pathway. Formylglycine and other 
compounds which werc tested as possible precursors did not affect 
the incorporation of glycine. Stimulation of hadacidin synthcsis by 
N-hydroxyglycine, which was not observed with other addcd com- 
pounds, was also suggestive of a precursor relationship. Stevcns and 
Emery 227 concluded from these studies that the hydroxaniate group 
of hadacidin is biosynthctically formed by N-formylation of the pre- 
formed N-hydroxyglycine. 

The hydroxamate group of fusarinine and the ferrichromes is 
formed from the 6-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 hadacidinZz9. Cultures of Ustilage 
sphaeyogena utilized N-hydroxyornithine more readily than ornithine 
for synthesis of fcrrichromc and during longer time periods, which 
probably compensated for permeability differences, 6-N-acetyl-S-N- 
hydroxyornithine was the most efficient precursor. These results 
suggested a reaction sequence of N-hydi-oxyornithine synthcsis, 
acetylation to yield thc hydroxamate and finally, in the case of 56, 
formation of the pcptide bonds. 

There is substantial evidence that hydroxamatcs can also bc syn- 
thesized by oxidation of the amidc bond. Thc formation of the 
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aspcrgillic acid hydroxamates reportedly occurs by oxygcnation of the 
nitrogcn atom of the pyrazine ring, i.e. after amide bond formation 
(equation 54). Micetich and MacDonald 231 found that deoxyasper- 
gillic acid and dcoxyncoaspergillic acid (62) scrvcd as intermediates in  
the biosynthesis of tliesc cyclic hydroxamates. 

Although hydroxamates have not bccn found to occur normally in 
animal tissues, administered arylamincs such as 2-aminofluorene and 
2-naphthylamine are converted to their respective acetyl hydroxamates 
These compounds are excreted as conjugated giucuronidcs. From in 
uiuo experiments it could not be determincd whether the hydroxyla- 
tion reaction preceded or followed amide bond formation. Irving 232, 

however, has demonstrated that liver microsomal preparations from 
several mammals are capable of hydroxylating 2-acetylaminofluorcne 
(equation 55). 

0 0 

T h e  biosynthcsis of the oxazinc ring of DIMBOA from C ( l )  and 
C,,, of ribose suggested a biosynthetic pathway analogous to the for- 
mation of the imidazole of histidine, thc pyrrole ring of tryptophan 
and the azine moiety of pteridines. The sequcnce 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 includc 
Ccl) and C,,, of ribosc with climination of the triose moiety. This 
reaction sequence infers hydroxylation of thc nitrogen atom occurs aftcr 
amide bond formation. Subsequently 2- (2-hydroxy-7-mctlioxy-1,4- 
11enzoxazin-3-onc) -~-~-~lucopyi-aiiosicle was isolated from corn roots233 
which suggcsts that the deoxy compound may serve as an intcrmediatc 
in thc biosynthesis of DIMBOA, 
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XI. A B B R E V I A T I O N S  

Adenine 
Adenosine diphosphate 
Adenosine monophosphate 
Adenosine triphosphate 
Coenzymz A 
Cytidine tripliosphatc 
2,4-Dihydroxy-7-methoxy- 1,4-benzoxazin-3-one 
Deoxyribonucleic acid 
Enzyme (in formulae) 
Ethylencdiaminetctraacetic acid 
Guanosine inonophosphatc 
Guanosine triphospha te 
Inosiiic monophosphate 
Nicotinamide-adcninc dinuclcotide 
Phosphoric acid residue (in formulae) 
Phosphate 
Pyrophospliate 
Riboiiucleic acid 
Xanthosinc monophospliatc 

Ad 
ADP 
AMP 
ATP 
CoA 
CTP 
DIMBOA 
DNA 
E 
EDTA 
GMP 
GTP 
IMP 
NAD 
P 
Pi 
PPi 
RNA 
X M P  
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1. SUBSTITUENT EFFECTS O F  A M I D 0  GROUPS iN 
AROMATIC COMPOUNDS 

Eflects of amido substituents in reactions of aromatic compounds have 
not been extensively studicd, since in many cases the possibility of 
destruction of amido substituents, for example, by solvolysis, must be 
considered. Thcrc is enough information available, however, to 
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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 niesomeric 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, q, or the rate constant k:, for a chemical reaction, y, can often 
be represented by the Hammett l  equation (1). (See reference 2 for 

log (K$/Kg) or log (k$/ki)  = axpy 

additional discussions of the scope and limitations of the Hamnictt 
equation.) The corresponding equilibrium and rate constants for 
the reaction of the unsubstituted derivatives are KE and k i ,  respec- 
tively. The constant py depends on the reaction and the reaction 
conditions being studied, and ideally, the substituent constant, a,, is 
dependent only on the substituent, and is dcfiiicd by equation (2) 

where C / 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 detcrmin- 
ing the value of py for a reaction resembling the ionization of benzoic 
acid in watcr from the eirect of substituents with known a's. Once 
the value of py is establishcd, equation (1) may be solved for the un- 
known sulxtituent constant from the effect of this substituent on thc 
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 solvcnt dcpendencc of the substituent constant 
for the acetylamino group. Lcfflcr and GrunwaldZc have attributed 
the depcndeiice of the substituent constant (determined from the acid 
dissociation constants of benzoic acids in ethanol-watcr mixtures) for 
the hydroxyi group on the solvent composition, to changes in the 
solvation of the hydroxyl group. For purposcs of comparison, data 
from thcir tabulation of the change in tlic substituent constant for thc 
liydroxyl group arc also listed in Table 1 along with thc corresponding 
substitiient constants determined by Jaffk and coworkers '. The data 
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TABLE 1. Ilammett substitucnt constants for acetylamino and hydroxyl 
groups. 

~ ~~~ ~ ~~~ 

Acetylamino Hydrox yl 

Reaction used to define ua UP urn UP Om 

Acid dissociation constants 
of benzoic acids 

in water -0.06b 0*15b -0.37" 0.12" 
in 50y0 ethanol 0*053b 0*27* -0.34" -0.05" 

First acid dissociation 
constants of phenylphosphoric 
acidsd 

in water - 0.2 1 0.07 
in 507" ethanol - 0.01 - 0.30 0.04 

Second acid dissociation 
constants of phcnylphosphoric 
acidsd 

in watcr -0.10 - 0.25 - 0.02 
in 50y0 ethanol - 0.02 -0.31 - 0.03 

At 25". 

23, 420 (1958). 
From refcrencc 7c, p. 174. 
Reference 3. 

b From substitucnt constants tabulated b y  D. 1Ll. LIcDaniel and H. C. Brown, J .  Org. Chn . ,  

in Table 1 indicate that the effects of ethanol on the substituent con- 
stants for the acetylamino group and the liydroxyl group are com- 
parable in magnitude. 

The tautomeric and inductive effects of a substituent on the reaction 
centre are represented by ax, whereas p y  represents the sensitivity of the 
reaction to these effects. Hammctt's equation may be rcwritten 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: 

+ OXnPyn, (3) log ( A y /  .> = ~X.1Pyl + a x 2 p y 2  + * - * 

ax = 10s (K$/K:) = '+xlPal + O X ~ P ~ Z  + * * * + Or;nPan, (4) 

'X h'0 

where 

P!, = ~ z / l  + ~ y 2  + * *  + Pyn ,  (5) 

(6) 

a n d  

1 = p a l  + pa2 + * *  * + Pan. 
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When thc valucs of p in  thc ap tcrms making significant contributions 
to the overall substituent effcct havc the same rc!ativc iniportancc as 
they do in thc ionization of benzoic acid, i.e. 

P u I I P g  = Pal ,  PuzlPv = ~ a 2 ,  * . . PunlPv = 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 tcrms), thereby incrcasing thc probability that equations (7) 
will hold. T ~ L I S ,  effccts of meta substituents on almost all reactions of 
aromatic compounds can be correlated reasonably well by the two- 
paramctcr Hammett equation ( l ) ,  where a is defined by equation (2). 

When the usc of CT values as defincd by equation (2), lcads to pro- 
nounced deviations from the Hammctt equation for ccrtain reactions, 
special sulxtituent constants arc defined by determining the values of 
py fi-om the cffect of 'normal' substituents (usually meta substituents) 
on a given rcaction. Equation (1) is then used to establish the valuc 
of u, for the 'abnormal' substituent. A spccial substitucnt constant 
(as) for a substituent in the para position which withdraws electrons 
(through tautomeric effects) is recommended for usc in reactions in- 
volving unshared clectrons on an atom attached to the benzene ring. 
Another special substituent constant (a;) is recommended for use in 
aromatic clectrophilic substitution rcactions as well as in  reactions in- 
volving the production of a positive charge on an atom attached to the 
benzene ring". Use of a+ valucs (as opposed to u values) in these 
reactions becomes important for para. substituents which donatc clec- 
trons (through niesomcric cffccts). Substituent constants for amido 
groups are listed in Table 2. 

The  values of cr' for thc two acylanilidcs werc defincd from rates 
of bromiiiation (a' = -0.75) and chlorination (a' = -0.79) a t  25" 
in acetic acid givcn by de la Mare and Hassan5*6 and thc values of p 
for thcse reactions determined by Brown and Okamoto 4b. It should 
l x  mentioned that thc dissociation of triphenylcarbinol derivatives to 
triphcnyl carbonium ions in aqueous sulphuric acid leads to a+ valucs 
of 0.47 and 0.42 for the acctylamino and bciizoylamino groups4". 
Spccial difficulties associated with detcrmining thc dissociation con- 
stant of ac)llamino-substitutcd triphenylcarbinols might be re- 
sponsible for this discrepancy7. This difference in thc values of o+ 
might also rcflcct changcs in solvation of thc acylamino substitucnts in 
the two rcactions. 
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TABLE 2. Substitucnt constants for amido groups. 

Substitucnt 

p-Acetylamino - 0.06" - 0*77b 
m-Acetylamino 0.1 5" 

m-Benzoylamino 0.2 1 7 c  
p-Carboxamido 0-28OC 0627c*" 

p-Benzoylamino 0.078c - 0.77"." 

a Defined by thc acid dissociation constant ol'bcnzoic acids in water at 23". D. h.1. McDanicl 
and 1-1. C. Brown, J. Org. Cirent., 23, 420 (1958). 

Ucfincd by rates of brornination and chlorination at 25", sec tcst. 
From the compilation in rcfcrcncc 2a. 
T h e  rates of para chlorination of b(:nzanilidc a n d  :icctanilidc wcrc assumed equal a t  25O, 

Dcfincd by the rate of rcduction of nitrobcnzcncs by 'TiC1, in cthanol-I-IC1. 
since thcy are essentially equal at 20"'O. 

B. Chlorination and  Brornination of Anilides in Acetic Acid 

There is considerable evidence suggesting that molecular chlorine 
acts as the electrophile in chlorinations of bcnzeiie derivatives in 
acetic acid solutiona. Partial rate factors (i.e. the rate of substitution 
a t  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 lo5, reflects stabilization ofthe 
transition state through resonance. 

CH,C P S- 

H' 

When a 4-methyl substitucnt is introduced into acetanilidc, the 2- 
and 6-positions become 5 timcs more reactive. The agreement bc- 
twecii this factor and the partial rate factor of 5 for the chlorination of 
toluene in the nzetn position9 has been pointed out by de la Marc and 
Hassan6. This result indicates that the contribution of thc acctamido 
and methyl substituents to the fiee energy of activation are independent 
and additive. Significantly, the methyl group in 2-mcthylacetanilide 
does not enhance the rate of' chlorination a t  the 4- and 6-positions. 
Instead of thc expected partial rate factors of 125 x lo5 and 31 x lo5 
for chlorination in the 4- and 6-positions, valucs of6-2 x lo5 and 1.6 
x lo5 arc olxcrvecl. 'This 20-l'old decreasc has been ascribcd to the 

23 + C.O.A. 
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T A B L E  3. Partial ratc factors for chlorinaticn of acetanilidesa 

Reactant lo-" x Partial rate factor at position 

2 3 4 5 6 

Acetanilide 6.1 25.2 6-1 
4-Methylacetanilide 31 31 
2-Methylace tanilide 6.2 1.6 

2,6-Dimcthylacetanilide 0.23 0.012 0.23 
1,4-Diacetarnidobenzene 8 2-3 2.3 2.3 2.3 

N-Methylacetanilide 0.02 

In acetic acid at 25", from reference 6. 

steric inhibition of resonance caused by the interactions between the 
methyl and acetylamino groups 6. Interestingly, N-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 N-methyl 

,H 

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. I t  is not surprising, that a second methyl 
substitucnt in 2,6-dimethylacctanilide decreases thc 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 lo5), since an ortlzo-methyl group should 
interact more with an acetyl group than a hydrogen atom. Compari- 
son of the partial ratc factors for 2-chlorination of 1,4-diacetamido- 
benzene with acetanilide leads to a partial rate factor of 0.38 (ix. 
2-3 x 105/6.1 x lo5) for the 3-chlorination of acetanilide. This 
result reflects the predominance of electron withdrawal from the mela 
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 thcse second-order mesomeric effects 
on the meta position are reduced, and the inductive effect of the acct- 
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0 0 

amido group is more pronounced. Comparison of the partial rate 
factors for the 4-chlorination of lY3-xylene and the 3-chlorination of 
2,6-dimethylacetanilide leads to a partial rate factor of 0-05 for the 3- 
chlorination of acetanilide6. I t  should be noted, however, that 
resonance is probably not completely inhibited in ZY6-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 lY3-xylene 6 .  

Studies of Orton and Bradfieldlo 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. 

Reactant 

Product (yo) 
ortho flara k (scc- 111- 1) 

Formanilide 30 70 0.15 
Acetanilide 33 67 1.0 
Benzanilide 30 70 1.2 
Benzenesulphonanilidc 35 65 0.73 

a In  acetic acid containing 17' watcr at 20", from rcfcrcncc 10. 

acetanilide and benzanilide gives ortho isomers in 30y0 yield, but 
bromination * of these compounds under essentially identical con- 
ditions gives only the paya isomer '. . This change in selectivity might 
be reflecting differences in the mechanism of chlorination and bromina- 
tion. Although C1+ and Br+ have been ruled out as the active 
electrophiles, the rate of chlorination is strictly first order in CIz6, 
whereas the rate Iaw for bromination is primarily second order in Br, 
with an additional term first order in Br211, Moreover, specific rate 
constants for bromination have been reported to depend on the initial 
concentration of the aromatic reactant 12. 

* Interestingly, acetanilide and benzanilide are also brominated a t  cqual 
rates. 
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Eromination of 4-methoxy-2-nitroacetanilidc can lead to dis- 
placement of its acetamido and nitro groups13. Harrison and 
R / I ~ O r n i e ~ ~  h a w  suggestcd a conccrtcd elimination reaction as a 
possible mechanism for this rcaction (equation 8). 

GNo2- 
C H ,CON 1-1 Br 

C. Nitration of Acetanilide 

As shown in Table 5 thc dirccting effect of the acctylamino sub- 
stituent in acetanilidc is markedly depcndcnt on the solvent. 
attributes the high yield of ortho isoiner 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 

Paul 

TABLE 5. Product distribution in mononitrations of aromatic compounds. 

Substrate and nitration medium T("c) Iielative yicld" (0.5 orlho/paru) 

Acetanilidcb 
HN03 ,  H2S04 20 0.12 
HN03 ,  acetic anhydridc 20 1.1 
90% aq. H N 0 3  - 20 0.15 
80y0 aq. H N 0 3  - 20 0-34 

ChlorobenzeneC 
90% aq. H N 0 3  0 0.2 1 
HN03,  acetic anhydride 0 0.056 

90% aq. H N 0 3  0 0.30 
HN03 ,  acetic anhydride 0 0.16 

HN03 ,  H2S04 15 0.23 
HN03 ,  acetic acid 65 0.34 
HN03 ,  acetic anhydride 10 1.3 

a The yields of niefa isomers wcrc less than 37". 

BromobenzeneC 

Anisoleb 

From rcfercnce 8, p. 53. 
From rcfcrcncc 14. 
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charge density in the optho position rclativc to thc para position. 
Paul's rationale also explains thc decreased yicld of orllio isomer in the 
nitration of bromobcnzene and chlorobcnzcnc on goin" from an 
aqueous medium to acetic anhydride. With electron-withdrawing 
substituents the positive charge density at the ortho position would be 
expected to iiicrcase 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 changcs in solvation 
of the methoxy sulxtitucnt (and thc diffcrcncc in temperature) are 
responsible for the changes in thc dircctivc effects of thc methoxy 
group listed in Table 5. 

? 

D. Nitration of Benzarnide 

Cooper and Ingold l5 determined the dirccting 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"J,, 70y0,, and less 
than 3y0, respectively. Obviously under these conditions, the para 
position is selectively deactivated. I n  light of Paul's arguments it 
would be interesting to see if thc yield of para isomer increascs in 
acetic anhydride. 

E. Hydroxylcltion of Acetanilide 

The hydroxylation of acetanilide by sevcral hydroxylating systems 
has recently been investigated 16. Studies with p-2H-acetanilide 
(using n.m.r.) indicate that 7 ~ 5 ' 7 ~  of the deuterium migratcd to the 3- 
position on hydroxylation with trifluoroperacetic acid. Isotope studies 
with other hydroxylating systems showed in less than 27, retention of 
the hydrogcn originally at the para position in the p-hydroxyacctanilide 
formed. A pathway suggested for hydroxylation of acetanilidc in 
trifluoroperacetic acid is given by equation (9) 16. 

D' 
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Fo Ortho MetaClation 

In hexane-tetrahydrofuran, n-butyllithium reacts with N-methyl- 
benzamide forming o, N-dilithiobcnzamide (1) 17. This compound 

readily condenses with aldehydes and ketones, offering a convenient 
route to substituted phthalides and o-carbinols of N-methylben~amidel~ 
(equation 10). Similarly, benzenesulphonamides are ortho metallated 
by excess n-butyllithium to o,N-dilithiobenzenesulphonamides, which 
may be condensed with aldehydes and ketones, to form substituted o- 
sulphamylbenzyl alcohols and substituted sultams (equation 1 1) lo. 

. .  
LI 

0 S0,NHCH3 
\ 

II LL as%H3 / 

,OH C 

+ ArCAr - a 
C 

Ar’ ‘Ar Ar’ ‘Ar 
(’1) 

11. EFFECTS ON ALIPHATIC CARBON ATTACHED TO 
AMID0  NITROGEN 

The enhanced reactivity of a methylem carbon attached to an amido 
nitrogen can be attributed to interactions between the unshared pair 
of electrons on the nitroger? 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 N-alkylamides and N,N-dialkylamides in the 
solid state produces amidomethyl radicals (equation 12), which can be 
characterized using e.p.r. spectroscopy 19. Primary amides yield 
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radicals on the carbon atom adjacent to the amido carbonyl on ir- 
radiation in the solid stateI9 (equation 13). Free radicals derived 

CH3CONHCH3 x-ray> CH,CONHtH, (12) 

CH3CONH2 x-ray> cHzCONH2 (13) 

from acetamide and formamide have been generated in solution*O 
using the hydroxyl radical (from H2O2-TP) for hydrogen atom 
abstraction. Surprisingly, in the radical from formamide, the un- 
paired electron appears to be located on nitrogen 20. 

Amidomethyl radicals are probable intermediates in the per- 
sulphate-mediated dealkylation of N-substituted amides 21. A possi- 
ble pathway for this reaction put forth by Needles and Whitfield2I 
appears in equations (14a-14e). Amidomethyl radicals are also 

szo:- _j 250 ; -  ( 144 

( 14b) SO;- + HOH + I-IOSO; + HO- 

CH3 CH:, 
I I 

I 

RCONCH3 + SO;- (or HO-) --+- RCONcHz + HOSO; (or HOH) (14c) 

CH3 CH3 

( 1 4 4  RCOkH,  + SO;- + RCONCHzOSOg 

CH3 CH3 
I 

RCONCHZOSOC + HZO - > RCOI?H + CH,O + HOS0,- ( 144 

likely intermediates in the formation of N-acetoxymethyl-N-methyl- 
acetamide from N,N-dimethylacetamide and peracetic acid 22a, and 
in the formation of N-benzoyloxymethyl-N-methylformamide from 
N, N-dimethylformamide and benzoyl peroxide 22b. 

Formation of amidomethyl formates and acetates through the elec- 
trolysis of solutions containing a N,N-dimethylamide and an acid salt 
may also involve formation of amidomethyl radicals 23. Stabilization 
of amidomethyl radicals through resonance may account for their 
facile formation. 

0 ?HZ 0 CH2 
II ../ II . /  

RC-N RC-N 

An amidomethyl radical has also been implicated as an intermediate 
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in thc decomposition of thc cliazonium ion derived fiom o-amino-N,N- 
dinicthylbcnzamidc (equation 15) 24. Cohen and coworkcrs 25 have 
s!iown that in this rcaction, the rate of intramolccular hydrogen 
transfer to the I~cnzenc ring is faster than rotation about the carbon- 
nitrogcn bond. Intercstingly, in the dccornposition of thc diazonium 

0 6 

ion from substituted benzanilidcs, reactions betwcen the phenyl radical 
and another beiizenc ring appears to be favoured over iiitramq!ecular 
hydrogen transfer (cquation 16) 26. Substituents (NOz, and CH,) 

major product 
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O ~ O  to the nitrogen cause hydrogen transfer to the phenyl radical to 
become predominant (equation 17) 27. Interactions betwcen an 
ortho substituent and the N-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 lons 

Kinetic studies of Firestone and coworkers 28 indicate that cyanide- 
catalysed racemization of a-acetamido-a-methyl nitriles in dimethyl 
sulphoxide proceeds via a carbonium ion rather than SN2 attack by 
cyanide (equation 18). 

0 II - c T H 3 ]  

HNCCH:, NaCN 
(base cat.) 

DMSO 
140- 180" 

R-CH,-C~CN - I 

I 
RCH2-C-CN - 

CH3 

The acid-catalysed acyl interchange of N-formyloxymethyl-N- 
methylformamide (2) is also convincing evidence for the existence of 
amidomethyl carbonium ions (equation 19) 29. The facile generation 
of carbonium ions fi-om N-formyloxymethyl-Nmethylformamide (2) 

0 0 0 
I 1  II II 

HCNCH,OCH + ArCOH 

H 
I 

(2) (19) 

II 
0 0 
I1 I1 

I " c H3 CH, 1 CH3 

0 
II 

HCOH + HC--N==CH, +-+ HC-N-CH; HCNCH,OCAr 
I 

0 

makes it a useful clectrophile, as exemplified in cquations (20)-(23) 29. 

Similar examples of amidomethylation (and imidomethylations) using 
amidomethyl (and imidoniethyl) -halogens, -alcohols and -amines 

* 
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0 0 
I I  I1 

HCNCH,OCH + 
I 
CH, 

(2) 

0 
[H+] 11 
temp. I 

EtOH room- HCNCH,OEt + HCO,H 

CHi  

[H'] 11 
C,H,OH - HCNCH, 

I 
CH, 

S 0 NH,+CI- 

+ HCOzH 
I I  II II 

NH,CNH+,CI- DMF- HCNCH,SC, 

N H, 
room I 
temp. CH, 

NO; __f e + NO; 

0 CH3 0 &i2 
II / II / ---+ IHN03 + RCN NO; + RCN 

CH3 
'CH3 \ 

(3) 

0 ?Hz 0 CH; 

+ e  
li / ---+ RCN 

I1 / 
RCN 

(3) (4) 

NO, - t 2e + NO,+ 

0 CH3 0 CH,C 
II / 

\ 
-> HN03 + RCN 

I 1  / 
\ 

NOS + RCN 

CH3 CH3 
(4) 

(25a) 

(25b) 

have been discussed by Hellmann 30. Howevcr, the ease of preparation 
of amidomethyl esters should favour their use as amidomethylating 
agents. N-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 Amidomethyl 
carbonium ions are probable intermediates in these reactions. Two 
possible mechanisms proposed by Ross and coworkers 23b are given in 
equations (24a-24c) and (25a,b). 

Cohen and coworkers 31a-d have shown that amidobenzyl carbonium 
ion 7 is an intermediate in the thermal decomposition of diazonium 
ion 5 to N-benzylbenzamide. 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 N-benzylbenzamide 
without forming G31d. Thus, 7 is not an intermediatc in the formation 
of 6 in the thermal decomposition of 5 in aqueous solution. Cohen 

A. qr 

(5 )  

acJYr CH,Ar 

II 

(7) 

0 
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and Lipowitz 31d have suggested that the benzene carbonium ion 
formed from 5 inserts into a C-H bond of a benzyl residue forming 8 
which then decornposcs to 6, and perhaps also to carbonium ion 7. 
Other interesting examples of reactions of similar benzene carbaniurn 
ions have been reported by Hey and c o w o r k c r ~ ~ ~  (equation 27). 

C. Amidomethyl Carbanions 

Examples of reactions involving the devclopment of a negative 
charge on a carbon atom attached to a nitrogen atom of an amido 
group have been reported by Tennant and (equations 
28a,b). Thesc authors assume that 10 arises from the reduction of 
intermediate 9. 

0 
II 

0- 0- 

0 
II 
r- 

OH 6H 
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0 0 

0- 

Also, Chambers and Stirling3* have observed promotion of p- 
elimination by a /3-toluenesulphonamido substituent, as shown in 
equations (29) and (30). The effect of the p-toluenesulphonamido 

CH3 
I 

H,C H H 

(29) 
1 I C NaOEt 

I 1 EtOH 
TsN-C-C-I TsNCHxCH, 

(947") H H  

CH, 
I 

(30) 

CH3 
I CH, 

I 
T~NCH,--CH,OTs TsNCH=CH, + TsNCH,CH,OEt 

(3 1%) (577") 

group on the product distributions is similar to that reported by DePuy 
and F r o e m s d ~ r f ~ ~  for a p-phenyl substituent (equations 3 1 and 32). 

NaOEt 
ArCHzCHzl x- ArCH=CH, 

( 1 owo7, )  
NaOEt 

ArCH,CH20Ts EtOH - ArCH=CH, + ArCHzCH20Et 
(33Y") (6770) 
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111. EFFECTS ON ALlP HATlC CARBON ATTACHED 
TO AN AMlDQ CARBONYL 

Since carboxamido groups withdraw electrons through inductive and 
tautomeric interactions, a methyl or mcthylene 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 N-alkylation 

K 

> ArCONCOCH,K 
I 

(11) 

Liq. NH3 
ArCONHCOCH3 + ZKNH, 

(33) 

K 
I NH4CI 

11 + (Ar),CO - ArCONCOCH,C(Ar), - ArCONHCOCH2C(Ar)2 
I I 

OK 

K 

OH (34) 

I NH4CI 
11 + ArCHzCl 

(35) 

occurs, indicating that the carbanion is a much more efficient nucleo- 
phile than the nitrogen anion. Wolfe and h6a037 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 

> ArCONCOCH,CH,Ar ---+ ArCONHCOCH2CHZAr 

K K  
I I 

(12) 

ArCOCH,CONHCOCH, + 3KNH2 L'q NH3 \I ArCOCHCONCOCH,K (3G) 

K K  

ArCO~HCOkCOCH,K + ArCI4,CI - > +  

(12) ArCOCI-I ,CONHCOCH &H,Ar (37) 

(69%) 

anionic centre. Surprisingly, when thc potassium in 12 is replaced 
by sodium, the yield of equation (37) is lowered to 87 , .  Wolfe and 
Mao 37 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 
tripo tassium salt. 

The trisodium analogue of 12 seems to be more effective than 12 
itself in Claiscn condensations with diphenyl ketones (equations 38 



12. Directing and activating cffects of the amido group 703 

Wolfe and Mao3* have used similar reactions to produce and 39) 37. 

K K  

> ArCOCH2CONHCOCH2C(Ar), ArCOCHCONCOCH,K + (Ar),CO -> - I I  

(12) 

N a  N a  

z ArCOCH ,CON HCOCH ,C(Ar), ArCOCHCONCOCH,Na + (Ar),CO -z - I I  
(40%) OH I 

(39) 

derivatives of N-acetylsalicylamides, c.g. cquation (40). Alkali metal 
salts of amides can also be aroylated with methyl benzoate (equation 

OH 
&OIkCH2Na CONHCOCH,Bu-n (40) 

+ n-BuCI - & 
41) 39. Aroylation and alkylation of alkali metal salts of amides and 

(41) 

imides should provide useful routes to carboxylic acids, since the 
resulting imides are readily hydrolysed to carboxylic acids by aqueous 
base. 

Tennant 40 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 

CH,CONH2 + 2ArC02CH3 + 4NaH - + + ArCOCHzCONHCOAr 

such as 14 in aqueous ethanolic sodium hydroxide produces a quin- 
oxaline N-oxide (equation 43) 40. 

Carbanions are also probable intermediates in the nitration of 
amides with amyl nitrate (equation 44) 41. 
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E t  
I 

H 
I 

0-  

0- 0 - K +  
\+/ 

N 
I I  

> CH3(CH2)2CCON(CH3)2 
c-BuOK 

n-C5HI10NO2 + CH3(CH2)2CH2CON(CH3)2 ___ 

(4 9 
Patai and coworkers 42 comparcd thc cffect of carboxamido, carbo- 

ethoxy and cyano substituents on the reactivity of activc methylene 
compounds towards aromatic aldcliydes (cquations 45a,b). The  

CH,(CN)R T H+ + -CH(CN)R (454 

ArCt.10 + -CH(CN)R + ArCH(OH)CH(CN)R - > ArCH=C(CN)R 

(45b) 

relative order of reactivity of these active methylcne compounds to- 
wardaromaticaldehydesisR = CN > R = C0,Et > R = CONH,. 
I n  the presence of excess aldehyde, thc reactivity of these active methy- 
lene compounds appears to be dependent on their rate of ionization 
(equation 45a), rather than the nucleophilicity of their coiljugate 
bases 42. 

IV. NEIGHBOURING GROUP EFFECTS 

By interacting with adjacent atoms ncighbouring amido groups often 
facilitate solvolytic and oxidation-rcduetion reactions. Ncighbouring 
amido groups are potent nucleophiles which can facilitate intra- 
molecular displaccrnents. Both neutral amides and their conjugate 
bases are effective as nucleophiles. Oxygen appears to be thc nucleo- 
philic centre of neutral amido groups, whereas both oxygen and 
nitrogen can serve as nucleophilic centrcs of conjugatc bases of amido 
groups. 
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A. Intramolecular Displacements by Amido Anions 

Methoxidc ion facilitates displacement of' bromide ion from AT- 
aryl-4-bromobuty&midcs (equation 46a) 43a. Failure to obscrve a 

0 
BrCH,CH,CH,CNHAr II + CH30-  K 

(15) 0 

Ar 

product of oxygen attack (an iminolactonc) is surprising, since 17 
readily cyclizes to oxazaline 19 in the prescnce of metlioxidc ion 
(equation 46b) 43b. Electron-withdrawing substituents on the aro- 

0 
II I: 

ArCNHCH,CH,Br + CI-1,O- ====== 

0- 
(17) 

Ar 

(19) 

matic residue of 15 and 17 facilitatc cyclization, suggesting that the 
concentrations of intermediates 16 and 18 (rather than the nuclco- 
philicity of the amido group) is limiting thc reaction rate. Thc rate 
of tlie mctlioxide ion-catalysed cyclization of 15. is equal to 
Kk,[CH30-][15]/(1 + K[CH,O-]). I n  calculatingK, avalucofone 
was assigncd to the activity of the purc solvcnt. When K[CH,O-] 
<< 1 second-order kinetics are observed. The second-ordcr rate con- 
stants (Kk2) for the metlioxidc ion-catalyscd cyclization of 15 (3.0 x 

sec-lhl-l at 22.9") and 17 (2.2 x sec-lhl-' a t  22.9") are 
nearly equal. Since 15 is a strongcr acid than 17, cyclization of 18 
via oxygen attack appears to be more facile than cyclization of 16 
through nitrogen attack. It should bc cmphasized, howcver, that thc 
reactivity of a neighbouring amido anion is a sensitivc function of its 
local environment, and gcncralizations concerning the relative 
reactivity oi' oxygcn versus nitrogen arc difficult to dcduce. For 
cxanqilc, amide 20 CycIizcs with attack by oxygen 44, wlicrcas amidcs 
21 and 25 cyclizc primarily with attack by 
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HZC-CH, 
N a O E t -  / \ 

ArCONHCH,CH,OTs - EtOH N \r,O 

NHCOAr 

__c + f u  9' 
ArCONH g-p] (21) ArC=O (=I 6 ('4.7701,) 

+ EtO- 
-ArCO,Et I NaOEt  - 

Et0 l - l  I 

(47) 

Zioudrou and Schmir 47 demonstrated that neighbouring amido 
anions facilitate displacements of phosphate esters from compounds 
like 26a. I t  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 neighbourin? 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 casily 
displaced by the ncighbouring amido anion in 26. 

Neighbouring benzcnesulphonamido anions are also efficient nucleo- 
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NH-CH, 
~-No,c,H,c/( ,CH, - x 

(26) 

0 
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+ E t 0 . -  

!I 
(26a) X= OP(OAr), 
(26b) X=CI 
(2612) X=OTs 

philes. Scott and F l ~ n n ~ ~  studied effects of substituents (X) on the 
rate of cyclization of 27. This reaction is facilitated by elcctron- 

I 
I 

(27) 

CH2-CH2-CI CH2-CHZ-CI CH Z-CH, 
I 
N: - 

I 
XC,H,SO, 

+ "' (51) 
d 
7 NH 

I 
XC,H,SO, XCsH 4SO2 

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 suhstituents 
facilitate cyclization of 28 ( p  = 1-72) and 29 ( p  = 04), and like 
reactions (46a) and (46b) the velocity of reactions (52) and (53) also 

TABLE 6. Rate constants for reaction (50)". 

Substrate k2 (sec-1) Kk, (sec- lr.i- ') 

26a 
26b 
26c 

0.0 19 0.35 
0.0 16 0.095 

18 
~~ 

" Sodium ethoxidc in ethanol at 30". From reference 47. 

appear to be limited by the concentration of amide a n i ~ n ~ ~ * ~ O .  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 Winstein4* 
have detcrmined 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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0 0 0 
I1 
C 

Ii II 
C'.T. 

gc?dC,H,X (52) 
0' 'NHC,H,X O/ 'NC,H,X , 
I - 1  

H,C-CH,Br H,C-CH,Br H,C-CH, 

(28) 

Ts TS Ts 
1 I I 
N N 

H,C/ 'CH, H,C' 'CH, H,cJ YH, 
I I - I I - I I  (53) 

H,C, CHzl - H,C, CH,I H&, ,CH, 
N 
I 

N H  N 
I 

(29) 

I:.:. XC,H,&C=O 
XC,H,C-0 XCGH,C=O 

cyclizcd ten timcs faster than amidc 17 and one hundrcd times faster 
than ureidc 30b. 

Ar  Ar  Ar  
I I I 

(54) 
pJ&.>O wC\o 

I I  
L 

- I  
HN"+O 

I 
H,C-CH2Br H,C-CH,Br . H,C -CH, 

(17) 

0 
II 0 9 

II 1:- - X'"NAr 1 1  (55) 
X"\NHAr X/C2NAr 

I - 
H,C-CH,Br H,C---CH, 

I 
H2C-CH,Br 

(30a) X = 0 
(3Ob) X = NH 

Neiglibouring amido anions can also carry out nucleophilic dis- 
placements on carbonyl carbon atoms. Hancock and Linstead 51 
proposed the formation of an imide intcrmcdiate in the alkaline l y -  
drolysis of estcrs of anilic acids of methylsuccinic acid (equation 56) in 
order to explain thc migration of the amido group during alkaline 
hydrolysis. This pathway is also supported by the absence of re- 

CHJHCONHAr CH,CHCONHAr 

CH,C0,CH3 I \ H3c$NAr /' CH,CO; I 
(56) 

CH,CHC02CH3 / \ CH,CHCO; 
I 0 I 

CH,CONHAr CH,CONHAr 
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arrangement in the alkaline hydrolysis of the corresponding N- 
metliylanilic esters which cannot form an imide. Alkaline hydrolysis 
of esters of asparagine and glutamine derivatives has been shown to 
proceed through imide intermediates 52*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 glutarimidcs in sodium methoxide-alcohol 
solutions (equation 57) 52.54. 

Bernhard and coworkers 55 determined rate constants for the base- 
catalysed cyclization and hydrolysis of several P-benzyl esters of N- 
carbobenzoxyaspartyl amides and peptides. The hydroxyl group in 
/3-benzyl-N-carbobenzoxy-L-aspartyl-L-serinamide (31) was found to 
further enhance (by a factor 
hydrolysis of the benzyl ester. 

CONH, 

ArCH,OCONHCH \CH,OH 

/ 
,CONHCt-I 

\CH,CO,CH,A~ 

(31) 

9 
II /CONHB 

H,C-C CHZOH 

,C, 
YH\ 
\O 

ArCH,OCONHCH 
I 

of 2 to 4) the rate of base-catalysed 
Apparently, the effect of the hydroxyl 

OH-, 

ICONHZ 
CONHCH 

\ 
.=+ ArCH,OCONHCH / CH,OH + 

\ 
CH,CO; 

CONH, 
/ (58) 

A~CH~OCONHC'H 
\ 

CH,CONHCH 
\ 
CH,OH 

group in 32 is much more p r o n ~ u n c e d ~ ~ .  The base-catalysed hy- 

drolysis of the corresponding p-hydroxyl isomer is reported to be 10 - 
that of 32. According to Shalitin and Rernhard", 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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ArCH,OCONHCHCONH 
I 

SH” OH 
CO,CH,Ar 

(32) 

O R  

Sodium methoxide catalyses cyclization of poly-(benzyl P-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 

CO,CH,Ar H,C-C 

Y 

OMS0 or DMF 
CH, NaOCH, 

CO,CH,Ar 
I 

X 

(59) 

of sodium methoxide, but an equivalent amount of sodium mcthoside 
converts the polymer to sodium ~,~-2-pyrrolidone-5-carboxylate 
(equation 60) 57.  The mechanism for this reaction is unknown. 
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Thc basc-catalysed cyclization of N-carbobcnzoxyglycyl-L-proline 
p-nitrophenyl cster (35) probably involves attack by a neighbouring 
ainido anion on a carbonyl carbon atom (equation 61) 58. The ease 

Base ~ ArCH,OCON 0 4 3  (61) 

ArCH,OCONHCH,CON 

CO,C,H,NO,-p ;7 
(35) 

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 prolinc 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 increascs the iiucleophilicity of an intermediate 
anion is almost completely counterbalanced by the accompanying dc- 
crease in the concentration of anionic intermediate caused by the 
decreased acidity of the 

0 

amide 59. 

0 

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 (Kk,) and hydroly- 
sis of these intermcdiates (kh) from amides 3744) are compared in 
Table 7 with the second-order rate constants for the hydroxide ion- 
catalysed hydrolysis of estcrs 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 lo5 
(4-9/1-1 x 10-5)59*60. The amido group's ability to accelerate the 
hydrolysis of the adjacent ester group in methyl phthalamate (37a) is 
considcrably 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 
0-acetylsalicylamide (39) efficiently displaces the o-phcnoxy group 61. 
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@I:- &NR 0 

(37a) R = H 
(37b) R = CH, 

CONHCOCH, 

a C O N H 2  a 
OCCH, OH 

I! 

(39) 0 
,P 

CH,COI\J I ti2 -QH 

CH ,CO N H, 

0 

- dNCH3 
0 

refs. 59,60 (63) 

refs. 59,60 ( 6 3 4  

ref. 61 (64) 

ref. 62 (65) 

ref. 63 (66) 

The inability of Behmc and Cordes to detect an acetamide-catalysed 
displacemcnt of p-nitrophcnol from p-nitrophenyl acetate led them to 
conclude that the rate of thc intramolecular displacement by the 
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neighbouring amido group in 39 is at least 6 x lo4 faster than a 
comparable bimolecular process. Because of slow hydrolysis of the 
imide intermediatc, the amido group in 0-acetylsalicylamide (39) 
causes a decrease ratlicr than an increase in the ovcrall rate of hy- 
drolysis of the adjacent phenyl ester group 61. Ncighbouring 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 csters and 
amides". 

Compound 

Phthalamide (38) 
Benzamide 
Mcthyl phthalamate (37a) 
Methyl benzoate 
0-Acetylsalicylamide (39) 
Phenyl acetate 
p-Nitrophcnyl hippurate (40) 
p-Nitrophenyl acetate 

4.9 20 d,e 
1.1 x 10-5 f 

3.1 x 103 20 d,e 
2.3 x 10-29 h 

j 2.0 x 104 1.3 x 10-2' 
3.7" 1 

1.1 x 104'~ m n 
24" I 

I n  water at 25" 1". 
* Apparent sccond-order rate constant for the hydroxide ion-catalyscd cyclization to imidc. 

K is thc equilibrium constant for the reaction: Amide + 01-1- f Amide anion + H,O, and k z  
is the first-order rate constant for cyclization of a n  amidc anion. 

Second-order rate constant for thc hydrosidc ion-catalyscd hydrolysis of an imidc (to an 
amic acid) or for the hydroxide ion-catalyscd hydrolysis of an amidc or an cstcr without a 
ncighbouring amido group. 

Kcfcrcnce 59. 
Refcrencc GO. 

f Intcrpolatcd from thc tcmperature dcpcndcnce of rate constants listed by M. I>. I3cnder, 
11. D. Ginacr, and.J.  P. Unik,.I. Am. Chenl. SOC., 80, 1044 (1958). ._ - 

I n  1 : 3 dioxan-water. 
'l  X I .  I,. Bcnder, 13. Matsui, R. J. Thomas, and S. W. Tobcy, J .  A ~ t f .  C h i .  Soc., 83, 4193 

(196 1). 

(1.3 x lo-' sec-lb1-l). 
' The rate expression also contains a tcrm second ordcr in the hydroxide ion concentration 

Kcferencc 61. 

T. C. I3ruicc and hl.  F. Mayahi, J .  Anf. Chcnf. Suc., 84, 3067 (1960). 
" At 30". 

Above p H  7, thc osazolinonc (pic: 9.3) appears to bc hydrolyscd through attack by water 

ICcfcrcnce 64. 
on its conjugate base ( I ;  = 5.6 x 10-2 scc-I). 

by the fact that the neighbouring amido group in p-nitrophenyl hip- 
puratc increases thc rate of hydrolysis of this nitrophcuyl cster by  
sc\~eral-liuiidrccl-fold at pI-1 7 G4. Above pH 7, the rate of hydrolysis 
of oxazolinonc begins to bccome 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- 
workers 6 5 9  67 have shown that oxazolinones racemize under conditions 
used for peptide coupling reactions. Williams and Young68 have 
shown that N-benzoyl-L-leucinc p-nitrophenyl ester is in equilibrium 
with 4-isobutyl-2-phenyloxazolin-5-one in a solution of N-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 aminolysis of the ester as well as the relative rates of enolization and 
ring opening of the o x a ~ o l i n o n e ~ ~ * ~ ~ .  

The cyclization of o-cyanobenzamidc to iminophthalimide is another 
cxaniple 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 thc ncighbouring 
amido group must be very effective, since the formation of phthal- 
amide (through tautomcrization of the intermediate) is not observed ". 

Attack of an amido anion on nitromen is probably involved in the 
decomposition of o-nitrosobenzamide in ethanolic sodium hydroxide 
(equation 69) 70a. This reaction supports Rosenblum's 70b conclusion 
that o-nitrosobenzamides are intermediatcs in thc von Richter reaction 
(cquation 70). 

* Above pH 7, the rate of hydrolysis of p-nitrophcnyl acetate is essentially 
proportional to the hydroxide ion concentration, whereas the rate of hydrolysis 
of the osazolinone is proportional to the fraction of oxazolinone (pKL 9.3) 
which is prescnt as the conjugate basc. 

9 
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II 
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6. Intramolecular Displacements by Neutral Arnido Groups 

I n  the absence of added base, compounds 17, 30a, and 3Qb, cyclizc 
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, 3Qb) changes from nitrogcn 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 80y0 aqueous 
ethanol at 50°, thc 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, 30;149, and 30b44, probably by increasing the negative charge 
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Ar 
I A r  

NHAr  
I N A r  

N H A r  
I 

C 
HN’ +o 

U 
__+ I 

H2C -CH,Br 

N H A r  
I 

C 
HN’ +o 

U 
__+ I 

H2C -CH,Br 

(30b) 

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 bc obtained by estimating the 
value of the equilibrium constant ( K )  for the reaction defined by 
equation (46). The pKa of benzamide is bctwcen 14 and 1571, and 
the pKa of methanol is 15.572, so that a rough estimate for K is 0.3 
(lO/[CH,OH]). Therefore, the first-order rate constant for the 
cyclization of anion 18 is roughly 7.3 x sec-l (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 sec-l (in methanol at 22-9°)43, the 
neutral amido group in 17 is about 1/300 as cffective as its conjugate 
base (18) in displacing bromide ion from zi neighbouring carbon atom. 

0- 
If 

Arc-NCH,CH,Br 

(1s) 

Winstein and his coworkers 73.74 found that the amidc-facilitated 
displacement of tosylate from 41 to form an oxazolinium ion was 200 
times faster (at 75”) than the acetoxy-faeilitatcd displacement of tosy- 
late from 42, and about 1,000 times faster than the displacement of 
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tosylate from the cis isomer of 41. Investigations of amide-facilitatcd 
displacements of 2-bcnzamidocyclohexyl methanesulphonates in 
which the conformation of cyclohexyl ring is fixed (by a t-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 sec-l for ethanolysis of 43), intramolecular 
displacement is also possible when amido and ester groups arc in the 
diequatorial conformation (k = 0.76 x sec-l for ethanolysis of 
44)75. Thc similarity in the rate constants for the ethanolysis of 44 
and 45 (0-76 x sec-l) indicates that dis- 
placement of methanesulphonate by the neighbouring amido group of 
45 might proceed without inversion to the diaxial conformcr of 45 75. 

sec-l vs. 2.5 x 

OSO,CH, 
I 

OSO,CH, t-BU 
NHCOAr  

OS0,CH3 GzT N H C O A r  

(45) 

Displacements of sulphonate esters by ncighbouring amido groups 
have been used in  the synthesis of  carbohydrate^?^. For example, 
H a n e s ~ i a n ? ~  used a neighbouring acetamido group to convert an 
arabinose derivative into a lyxose derivative (equation 73). 

Treatment of 13-hydroxy amides with thionyl chloride or phosphoryl 
chloride results in the formation of oxazoline salts ??. 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 /3- 
amino cster, whereas hydrolysis in neutral or basic medium yields the 
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original /3-hydroxy amidc with an inverted configuration about the 
,&carbon atom. Thus treatment of N-benzoylallothreonine methyl 
ester (46) with thionyl chloride yields the tram-oxazoline $7 which on 
treatment with water yields N-benzoylthreonine methyl ester (48) 78. 

,C-C+i 
\ 

H,' 1 OH 
CO2CH, 

- 
C,H, 
I 

Hy3 L%,,CH3 
,C-C--H 

CO,CH, 
\ 

H,' 1 OS0,CI 

J 

I 
C 

C,H, 
HN' \OOH 

H," 'CO,CH, H 

+,I, 
I 

C---CH, C- 
I HN' 0 H-0 

\ 

(47 ) (48) 

Welsh 79 has demonstrated that a neighbouring neutral amido group 
displaces a hydroxyl group from a carbon atom during the acid- 
catalysed N -+ 0 migration in N-benzoyl-( -)-Y-ephedrine (49). 
After ten minutes in 5y0 refluxing HCl49 is converted to the benzoate 
esters 50 and 51. However, ester 50 with an inverted configuration 
about the /3-carbon atom is obtained in 79y0 yield. No inversion of 
configuration accompanies the migration of N-benzoyl- ( + ) -Y- 

O* 
I1 Ar 

I ,C- Ar 

I , -  I I ,*' + CH,--N/~*O ,H H,Oa CH,NH o H CH,NH ,H 

(74) 
I 

,c-C'-Ar ,c-c< c-c 
H,C" 'H I Ar H,C-'' 'H \A, H,C,' \H &-=-A,- 

II 

(:;I) (2 1 % )  

OH 

(49) (50) (7970) 0 

ephedrine (52). When 5y0 HCl in lQO-enrichcd water is uscd as the 
reaction medium, lQO is incorporated into ester 50 when it is produced 
via reaction (74), but no l 8 0  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, whercas 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 morc favourable in isomer 49. This result is 

Ar 
I 

P 

(52) 

consistent with the finding that acyl migration in 49 is accompanied 
by inversion. 

Effects of amido groups on the hydrolysis of glycosides havc been 
studied by Piszkiewicz and BruiceaO. At neutrality, o- and p-nitro- 
phenyl 2-acetamido-2-deoxy-/3-~-glucopyranosides hydrolyse 1 O5 times 
faster than their a-anomers aOa. This enhancement has been attribu- 
ted to intramolecular nuclcophilic 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 

CH,OH 

H O  ;(;6,:3;-'" ___f 

bC 
I 
CH, 

H HO 47;- OH (76) 

HN\,/P 

1 
CH, 

nitrophenyl /3-D-glucopyranosidesY thc 2-acctamido group is 2 18-344 
times more cffcctiw than the 2-hydroxyl group in incrcasing the rate 
of hydrolysis of 0- and @-nitrophenyl /3-D-ghcopyranosides relative to 
the a-anomers 

The o-carboxyl group in o-carboxyphenyl p-D-glucopyranoside (53) 
enhances the rate of hydrolysis of this glycoside by a factor of 6 x lo3 
above that which would be cxpected for specific acid-catalysed hy- 
drolysis of this glucopyranosidc80b,81. Surprisingly, replacemcnt of 
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0 
co-qH 

n 

t i  
(53) 

the 2-hydroxyl group in 53 with an  acetamido group results in only a 
7-fold enhancement in the rate of liydrolysis of 5480b. 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 fi-om 
the rate constants for the acid-catalysed hydrolysis of other gluco- 
pyranosides. The  2-acetamido group in 55 is thought to displace 

CH,OH 

'CH, 
(55) 

methanol from the protonated glycoside 8oc. However, enhance- 
ments of the ratc of hydrolysis in neutral solution of P-D-glucopyrano- 
sides with poorer leaving groups than phenol have not yet been 
observed. 

Interesting examples of neighbouring amido group participation in 
the brominatioii of' olefins haw been reported by Winstein and his 
coworkers (equations 77 and 78) 82. Ilydrolysis of oxazoline 56 
completes a stercospecific 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) 03. The resulting iminolactone is easily hy- 
drolyscd to a lactonc and an  aminc or to a y-hydroxybutyramide. 
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H 

NHCOAr 

Hzo + a (79) 
0 OH 

I 

B r  Br 
(56) (57) 

Thus, heating y-bromobutyranilide (15) yields butyrolactone and 
aniline and not iminolactone 5883. Hydrolysis of 58 could liavc led 
to butyrolactone and anilinen4. Iminolactone 58 can be prcpared by 

cyclizing 15 in benzene-methylcne chloride solutiolis of silver tetra- 
fluoroborate (equation 81)84. Some of the important reactions used 
to cleave proteins selectively at specific amino acids residues probably 

(15) (58) 

involve displacement of a substituciit by a neiglib ouring neutral amido 
group to form an iminolactone intermediate (equations 82a-82c) 85. 

Nucleopliilic displacement by a neighbouring amido group on a 
24 4- C.O.A. 
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CH, 0 
\ \? 

CH, CH2 
I I 

S 
/ / \  

CH, CH, C-N 
(824  

0 0 
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0 0 
II NBS -CNHCH-C-NHCHRC- - 

I II 
c\H, 0 

B‘ 
0 

-CNI 
II 

0 
P- I1 

iCH-C-NHCHRC- 

carbonyl carbon atom is probably involved in the formation of iso- 
imides and nitriles from an amide with an adjaccnt 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,N-dicyclohexylamido 
group by more than 1.4 x 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 mixturc, it 
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Electrolysis 
-2e ' 

N HAr 
I 

0 
II + CH,CCI ---+ 

(82c) 
0 
II 

0 
II + NH,CHR-C- -cNHlfo 0 

GHAr 

0 0 

NHBu 
I 

HC, 

HC/'+O 
II + R-N=C=N-R - 

CO,H 

ArCH,OCONHCHCO,H + R-N=C=N-R ---+ 
I 
CH, 

C-NH, 
It 
0 

\ 

N Bu 

-l-$ 
0 

ArCH,OCONHCHCO,H 
I 

CH,CSN 

ArCH,OCON H 
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was obtained in 807, yield whcn 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 
anhydride This rcaction has been applied to the determination of 
amino acids at the carboxyl terminus of proteins O1. 

Unlabelled amino acidsf 
-CONHCHC' 'C-R' '- carboxyl-terminal amino 

R I NHYH 

It 1 acid labelled with 3H. 
0 CO,H 

C. Eflect of Amido Groups on the Reduction of 
Carboxarnidopentaamminecobalt(iii) Complexes by 
Chromium(1 I)  

Chromium (11) usually reduces both hexaamminccobalt (111) com- 
plexes and carboxamidopentaamminecobalt (111) complexes without 
transfer of ligand to chromium, whereas it rcduces carboxylatopcnta- 
amminecobalt(m) complcxcs with transfer of lig-and to chromiumg2. 
The amido group is coordinated to Co through oxygen (cf. 61). In- 
creasing thc size of substituents on eithcr carbonyl carbon or nitrogen 
of an aniido ligand causes an incrcasc in the rate of reduction of Cox" 
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(61) 

by CrII, suggesting that one or more Co-to-ligand bonds are stretched 
in  the transition stateg2. Although pcntaamminecobalt(1Ir) complex 
62 is reduced lvithout transfer of ligand to Crg2, ligand is transferred 
to Cr in the reduction of pentaamminecobalt (111) complexcs 63 and 64 

forming respectively 65 and 66a -+ 66bg3. I n  thc reduction of 63 and 
64 an electron is probably transferred from Cr“ to CoI’I through a n  
amido ligand”. 

{GSj 

(H,O),Ct----O 

H,N 

L 
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13. Reactions of the carbosamide group 

1. 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 0-C-N chain, arising 
mainly from delocalization of the n electrons along this chain. The  
consequence of such delocalization is to diminish both the inhcrent 
czrbonyl reactivity and the nucleophilic properties of the amide group. 

Nonetheless, the chemistry of amides is simplified considcrably on 
recognizing that the great majority of' their reactions proceed by one 
or other of two processes. Thc 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, dcamination, etc., are 
invariably parasitic to these two rcactions. 

An estimate of the nucleophilic properties of the amide function can 
be gathcred from its behaviour towards the proton (ix. conjugate acid 
formation). It is now well established (Chapter 3) that amides are 
relatively weak bases (the pK, 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 reactivc 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  0-substituted derivative. Although N-substituted products are 
commonly isolated from reaction mixtures, thesc usually arise from re- 
arrangement of the 0-substitutcd precursor and therefore represent the 
thermodynamically stablc product. Direct substitution at the nitrogen 
atom occurs only in special circumstances : either with powerful 
electrophilic spccies such as diazomethane (alkylation) , and nitroso 
derivatives (and cven here the evidence is far from conclusive) or under 
strongly alkalinc or acidic conditions wlierc the reactive species are 

733 

or the amide, respcctively. 

carbonyl reactivity is also subducd. 
Becausc or n-electron delocalization along the 0--C--N chain, the 

Amides, in fkct, arc 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 0-complex formation with an 
electron-deficient species as in the reactions of inorganic acid halides 
and metallo-organic reagents. 

The behaviour of amides towards many reagents often depends on 
the specific structure of either the acyl (RCO) or the amino part 
(-NR1R2) 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 K ~ , ~  atom, and to those directly attached to the nitrogen as uN atoms: 

0 
II 

C-C-N-C 
%=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. 

I I .  APKYLATIOM 

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 
arc 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 

- H '  - + t i  + RCONHZ RCONH- (2) 
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the nitrogen, the oxygen or the a,=,-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- 
phatesl, oxonium salts2 and diazoalkane~~, are synthetically useful. 
The products are the 0- and N-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 

RCONR; f R'X- 

0-Al kylat ion 
F 

N-Alkylation H0 - HX H0 
X -  R-C * R-C 

'AR;R~ ' N R ~ R ~  
(2) 

SCHEME 1. 0- and N-alkylation of amidcs 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. 

1. Alkyl sulphates and alkyl sulphonates 

Both reagents react readily with most amides at slightly elevated 
temperatures to form products arising predominantly from 0- 
alkylation l. Dimethyl sulphate, for instance, reacts quantitatively 
with an equimolar proportion of either primary secondaryla*c*d 
or tertiary amidele, to give the corresponding 0-alkylimidonium salt 
(3) but no N-alkyl products (equation 3).  Reaction temperatures of 

RCONR'R' + Me2S0, [ R-C: <:IR] MeSO; ( 3) 

(3) 
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20" to 60" arc required. The salt 3 is readily attacked by nuclco- 
philes including the amidc itself, and this explains the need for 
equimolar reactant concentrations, Thcse further reactions with 
excess amide ha17c been studied in the casc of formamidclb. With up 
to one molar excess, only the mctlioxy group is displaced to give the 
amidinium salt (4) and methyl formate (equation 4) ; but  with an even 
larger cxccss of formamidc, triformylaminomethane [CH(NHCHO) ,] 
is evcntually formed via a series of succcssivc substitutions. 

Brian C. Challis and Judith A. Challis 

NH2 + 
H 

(4) 
M e O : n  C=O 1, - [HCC 1 + HC0,Me 

HC I I  kq :NH, NH2 

+NH2 
I 1  (4) 

Alkyl benzene sulphonatcs (PhS0,Bu-n, orp-CH,C,H4S0,R where 
R = n-C8HI7, (CH.JnPh, etc.) must rcact in a similar way, although 
the evidence is less extensive. Formamide, for example, on treatment 
with an equimolar amount of thcse reagents, followed by hydrolysis, I [tic<:]+ PhSO; 5 NH3 + HC02R 

HCONH, + PhSOSR- 

HC Ho PhSO, HCONHR 

h H 2 R  

ScIinrE 2. Alkylation of formaniidc with a l k y l  benzcnes~ilphonatcs. 

gives ammonia but apparently no A~-alkylformamidelb (Scheme 2). 
Once again this is consistcnt with exclusivc 0-alkylation. 

2. Alkyl halides 

Generally higher temperaturcs ( - 150") or hcavy 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 moicty becomcs important. Thus either 0- or N-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 
structurc of the reagent. 

Thc  most extensive studies have Imm carried out with formamidc 
by Bredereck and his  colleague^^^*^ (Schcme 3). With excess 
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formamide, usually present as the solvent, reaction proceeds via two 
paths to give the N-alkylformamide (5) and the alkyl formate (6) 
r e s p ~ c t i v e f y ~ ~ . ~ .  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 
0-alkylimidonium salt4&. Obviously, direct hydrolysis of the 0- 
alkylimidonium salt would give the same formate ester product. 

x- ---+ HCONHR + HX N-Attack R0 

"\&H2R (5) 

HCONH2 + ~x-1 

I O-Atbck bc<oR 1' X-  
HC02R + NH.IX 

\. 
NHZ (6) 

HCONU2 i 
I 

ROH + HCN + HX 

HCONH2 

HCOzR + NH3 

(6) 

ScI-Imw 3. Reaction of alkyl halides with forrnamide. 

The ratio of 0- to N-substituted products is of importance as far as 
synthctic considerations are concerned. The data of Table 1 show 
that usually N-alkylformamides (i.e. N-substitution) are favoured 
with alkyl halides forming relatively stable carbonium ions (e.g. 
Ph,CCl, Ph,CHCI) , whereas less polarizable reagents, such as 
PhCH,Cl and C8HI7Br, preferentially form the alkyl formate. 
Judging from the rcsults 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 oC product isolation. 

The overall reactivity of various alkyl halides towards formamide 
has also been investigated, both by conductance measurements of the 
estent of alkyl halide decomposition (Table 2) and by kinetic studies 
(Table 3) under pseudo-first-order conditions (with a ten-fold excess 
of formamide)4". The kinetic experiments have been extended to 
N-methylf~rmamide"~ and these results, too, are listed in Table 3: 
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TABLE 1. 
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0- and N-suhstitutcd products for the rcaction of alkyl  halides with 
formamide at - 150". 

Product (7,) 

Alkyl halide N-Alkylforniamide Alkyl formate References 

n-C8H17Br 

PhCHzBra 
PhCHzI a 

p-MeOCGI-14CHzCl 
2,4,6-Me,CGH~CHzCl 

PhCHzCl 

PhzCHCl 
Ph3CC1 
PhCHzClb 

CHz=CHCHzBrC 

5 
4.4.5 
47.6 
36 
31 
95 
94 

367" PhCH,ru'hlIc, 
34Y0 (PhCH,) zNX/Ic 

100 

92 4a 
74 4a 
27.5 l b  
15.2 l b  

4a 
4a 
4a 
4.a 
5 

6 

a Products isolatcd by work-up from aqueous solution. 
Reaction ..?ith dimethylformamidc, products hydrolysccl. 
Reaction with acctamide, products hydrolyscd. 

the unexpectedly slower rates for N-methylformamide must arise fi-om 
differences in the solvent composition. The combined data clearly 
indicate that alkyl halide substitution of formamides has a good deal 
of S,l 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 para-substituted benzyl chloride is M e 0  > Me > H > NO,. 
These findings led Gompper and his coworkers to account for the 

TABLE 2. Decomposition of alkyl halides in exccss formaniidc by conductivity 
mcasuremcnts Ib. 

Time Tcinpcrnture Decomposition 
Alkyl halide (hr) ("GI (Y") 

fi-NOzCeHdCH2Cl 2 50 5 
CsH,CH,Cl 2 50 29 
fi-MeOCGH4CHzCl 2 50 78 
n-BuBr 5 50 9 
i-PrBr 5 50 21 
t-BuBr 5 50 89 
n-BuBr 5 70 4.2 
n-C8H17Br 5 70 1.5 
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tcndcncy towards 0- and N-substitution by various reagents in terms 
of the transition state s ~ ~ u c ~ u I - c ~ ~ ,  along the lines developed earlier by 
Kornblum for ambident nucleophilic anions7. The result is un- 
satisfactory, however, for it requires that thc most S,l-like transition 
state will be associated with substitution at the nitrogen atom, which 
is the atom of lower elcctronegativity. This is, of course, contrary to 
Kornblum's predictions. 

TABLE 3. Pseudo-first-order rate coeficients for the reaction of alkyl halides 
with ten-fold escess forniainide and A~-m~thylforrnamide~~. 

- 
Formairiidc Ar-Methylforinamidea 

Tcmp. A- Temp. k 
Alkyl halide ("c) (hr-') ("c) (hr-l) 

n-BuBr 
s-BuB~ 
t-BuB1. 
~ ~ - M C C G H ~ C H ~ C I  
CGH,CH2Cl 
p-N02CsH,CI-I2C1 
Ph,CHCI 
Ph3CCI 
CH,=CE-ICH,Br 

80 
80 
20 
55 
80 
90 
20 
10 
45 

0.040 a0 0.036 
0.1 19 80 0.040 
0.147 80 0.056 
0.104 
0.230 
0.1 10 
b 

b 

0.087 

Reaction in equimolar diosan: A'-niethylformamidc. 
Too fast to  measure. 

Other evidence suggests the tendency towards mixed 0- and N- 
alkylation may arise from the high tempcraturcs necessary to induce 
reaction. This comes from studies of both thc highly rcactivc trityl 
chloride4b and the effect of silvcr salt catalysis*. Trityl chloride is 
sufficiently powerful to alkylate formamidc a t  temperatures as low as 
20". Undcr these conditions the conductivity of the mixture com- 
posed of cquimolar amounts of reactants reachcs a maximum value 
almost instantaneously, and hydrolysis of this solution rcsults in the 
isolation of triphenylcarbinol but not N-triplienylmetl~ylformamidc 
(Scliemc 4.)4b. M7llcn the same reaction is carried ou t  at  110", 
however, the latter is the sole hydrolysis product"a. Alkylation by 
methyl and ethyl iodide can also be effected under mild conditions in  
the presence of silver oxide catalysts*. 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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HCONHp + PhSCCI 1 110" , Hc/P 5 HCONHCPh3 

'hH,CPh, CI- 

SCHEME 4. Reaction of formamidc with trityl chloride. 

emerges as that  for trityl chloride. Thus the reaction of N-phenyl- 
formamide with cthyl iodide in the presence of silver oxide at 4.0" 
produces only the 0-ethyl imidate (7), whereas mixed 0- and N- 
alkylated products are obtaincd at  loo"* (Scheme 5). Both these 
results point to a mechanism in which a t  least some of the N-alkylated 
product arises from a thermal rearrangement of the 0-alkyl imidate 
salt. Since substantial support for this hypothesis is forthcomin,o from 
the reactions of other alkylating agents, further discussion of the 
mechanism is deferred until section II.A.6. 

,OEt 

Jz, E t  I IAg,O k C < o E f  ]+ 1 -  - HC + HI 

\NHPh %Ph 
HCONHPh (7) 

/p 
I -  + tic l -  

'N H E t  P h 

SCHEME 5. Reaction of N-phenylformaxnide with ethyl  iodidc in the presence 
of silver oxide. 

3. Diazoal kanes 

Most amides react readily with these potent reagents even at low 
temperatures (0-20") to givc a mixture of both 0- and N-alkylated 
products3 (equation 5). This reaction is exceptional in the sense of 

RCONHR' + R'CHNz - > RC + RC (5) 

being the only reported example of N-alkylaiion proceeding at low 
temperatures, and the reasons for this behaviour arc discussed later. 

Various attempts havc been made to develop a yardstick for pre- 
dicting the site ofsubstitution. The most rcliable is due to G ~ m p p e r ~ ~ ,  
based on the infrared stretching vibration frequcncy ( v ~ = ~ )  of the 

OCH2R2 0 
/' / 

NR'CHZR' 
'\\NR' \ 
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methylation by d i a z o r n ~ t h a n e ~ ~ .  
TABLE 4. Correlation between amide vcz0 and the site of 

74 1 

Amidc Y ~ = ~  (cni-l) a Site of methylation 

1620- 1 680 
1680-1730 
1730-1800 

0 
0, N 
N 

a vCM measured by the KBr disc method. 

carbonyl bond (Table 4). I t  is apparent that enhanced single-bond 
character of the carbonyl group (lower v , - = ~ )  favours 0-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 a r n i d e ~ ~ ~  (equation 6). The results in Table 5 show that 

k 
five-membered (n = 2) cyclic amides undergo N-alkylation in con- 
trast to the specific 0-alkylation with six-(n = 3) and seven-membered 

(CH2)rI 
A \  

I 
TABLE 5. Alkylation of lactams of structure R-cH\N/c-o with diazo- 

H 
alkanes of structure R1CHN2. 

~~ 

12 R R’ Amidc Y ~ = ~  (cm-l) a Site of alkylationo 

2 H CH3 1706d, 1690“ N, N ”  
2 C0,Et CH3 IN 
2 COzH CH3 N 
3 H H 1672d, 1669’ 0 
4 H H 166gd, 1658’ 0 
4 H CH3 166gd, 1658f 0 

a From rcfcrcnce 9. 
From rcfcrcnce 3b. 
In the prescncc of Hl3P4. 

d Infrared spectrum takcn in CC1.1 solution. 
e Inrrarcd spectrum takcn in a liquid thin film. 

~ n f r a r e d  spectrum takcn 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 N-alkylation of five-membered lactams 
arises from inhibition of this conjugation in the constrained small ring. 
I t  is interesting to note, too, that the specific 0-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 chloroformatelo (equation 7) and triethyl- 
oxonium fluoroborate2 (equation 8). Both react readily at room 

OEt + 

RCONHR'  + EtOCOCl In$: ] CI- + COO_ ( 7) 

NHR '  

temperatures and thcrefore give only the 0-alkylimidonium salts in 
good yield. Other work has shown that alcohols will react with 
formamidc at  high temperatures ( -  170") to produce a mixture of 0- 
and N-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 of 60-1 00704a. 

5. Intramolecular alkylation 

Examples of intramolccular rearrangements resulting in the alkyla- 
tion of either the oxygcii 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 sitc of alkylation as with inter- 
molecular reactions. AT-Substitution predominates in strongly al- 
kaline conditions in which the anion of the amide is present (see section 
II.B), whercas in ncutral solutions only the products of 0-substitution 
are normally obscrvcd. For cxamplc, the thermal rearrangement of 
AT-(bromoalky1)amides (8) in water yields the oxazolines (9) via 0- 
substitution rather than the corrcsponding aziridines (10) from 



13. Reactions of the carbosnmide group 743 

cyclization a t  the nitrogen atonill. I n  this instance there is a pos- 
sibility that steric factors favour formation of thc larger (and therefore 
less strained) oxazoline product. This docs not seem to be the over- 
riding factor, however, for even whcn cyclic products of the same size 

R 
I 

(10)  

would result from either 0- or N-substitution, the former pathway is 
still favoured under neutral conditions. Thus fusion of 4-bromo-N- 
cyclohexylbutyramide ( l a )  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 
N-alkylarcd products obtained from intermolecular reactions with 
alkyl halides at - 170" probably arise from thcrmal rearrangement of 
an  0-alkylimidonium precursor. For the intramolecular reaction 
with 4-bromo-N-cyclohexylbutyramide (11), a corresponding 0 to N 
rearrangement should be prohibitcd by thc energetics of ring opening. 

n 

I 
CGHll 

(13) 

Other examples of amide-oxygen participation in  solvolysis reactions 
(effectively 0-alkylation) are numerous. An illustrative case is the 
enhanced ionization rate of t~a~ts-2-benzamidocyclohexyl $-toluene- 
sulphonate (14) relative to the cis isomer, and thc oxazoline product 
(14s) is suficiently stable to be isolatcd as the picrate deriva- 
tive fiom feebly basic solutions13. Detailed discussion of these 
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Ph 
I 

Ph 
I 

Ph 
I 

LOTos 

(14) 

reactions does not add significantly to our previous arguments, and the 
reader's attention is directed to recent reviews14 and p a p e r ~ l ~ ~ . ~ ~  for 
further information. 

6. Mechanisms of alkylation under neutral conditions 

The  ambident nucleophilic properties of amides are evident in 
alkylation reactions and i t  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 
furthcr examination. 

An overall appraisal of the 
experimental findings indicates that, with the exception of diazo- 
methane, only 0-alkylated products are associated with reactions 
conducted at 'low ' temperatures, whereas both 0- and N-substitution 
occur at 'high' temperaturcs ( > 60"). The  situation is summarizcd 
in Schemc 6. Thus all the highly reactive agents such as dimethyl 

a, Kinetic and thermodynamic products. 

Low temp. , (,c-oR3 ] L- 
' F \ JR~R~ 

RCONR1R2 + R 3 X  

X -  
\ +  

(R*, R2 = H, alkyl, aryl etc.) NR'R2R3 

SCIIEME 6. Effect of reaction tcmperature on thc products of alkylation 
reactions. 

sulphatel, trityl chloride4, ethyl chloroformatelo and tricthyloxonium 
fluoroborate2 form only 0-alkylatcd products at ambient temperatures, 
wlicreas trityl chloridc at looo4 and othcr alkyl l i a l id~s"~  and 
alcohols16 at  cvcn highcr temperatures yield varying proportions of 
both 0- and N-substituted derivatives. 
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This kind of temperature-dependent specificity clearly suggests that  
0-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 statc (15) for 

OR‘ /. ,OR1 

c 
X -  e R C  + H X  

H0 //O 
\6 i 

N...R1... 21 - RC “HR‘ 

RC 

“R’ 

(18) 
H’ ‘H H’ ‘H 

(16) 

SCHEME 7. Transition states and products for 0- and N-alkylation of primary amidcs. 

0-substitution. No comparable effect is possible in the corresponding 
transition state for direct N-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 amidcs, the 0-alkyl imidate (17) is more 
reactive (and presumably less stable) than the corresponding N- 
alkylamidc (18). Furthermorc, the rearrangement 17 -> 18 is known 
to proceed readily on heating, as discussed in  the next section. With 
tertiary amides, however, the corresponding 0-alkylamidonium salt 
cannot be neutralized by proton loss, and a comparable 0 to N 
rearrangement will be favoured only if the displaced N-alkyl sub- 
stituent forms a relatively stable carbonium ion. 

Either heating 
to about 180” or  to lower temperatures in tlic presence of an alkylating 
reagent is known to induce alkyl migration in 0-alkyl imidates. The 
purely thermal process, known as tlic Chapman rearrangement has 
been studied eXtenSi\dy8*17, but CI’CII so tlic niechanisni is not entirely 
understood. One important factor seems to be the structure of the 

b. Rearrangement of O-all;?ll imidates to N-alkylanzides. 
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migrating group, and reaction rates are usually faster when this is 
electron attracting" M7ith 0-aryl imidates, the rearrangement 
is definitely in t ram~lecular l~~ (equation 9) consistent with the for- 
mation of a tetrahedral intermediate stabilized by electron delocaliza- 
tion throughout the aromatic nucleus. The rates for para-substituted 

derivatives conform to the Hammett relationship with p = + 1.75, 
indicating that electron withdrawal facilitates aryl migration17". 
With 0-alkyl imidates, however, the rearrangement is at  least partly 
intermolecular as cross-products are obtained in experiments with 
mixed 0-alkyl compounds17b. Since benzoyl peroxide also catalyses 
these reactions, a free-radical mechanism probably operates17b. 

The Chapman rearrangement of 0-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 0-alkyl 

OMe N H P h  
1 / 
+ H C  

/ 

\ 
H C  

N P h  \N Ph 

formimidate to formamidine (equation The second is de- 
hydration to the corresponding nitrile in the case of both 0-alkyl and 
0-aryl imidates derived from primary amidess (equation 11). This 
is, of course, the reverse of the well-authenticated Pinncr synthesis of 

OR' 

R C N  -t R'OH (11 )  
/ A 

RC * 
imido esters8. We shall not engage in further discussion of these 
side-reactions, but clearly both influence the yield of N-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 Brcdereck and his  colleague^^^*^" 
for the reaction of alkyl halides with formamides (section II.A.2). On thc 
limited evidence available, both sets of results are irreconcilable which implics 
the intervention of additional paths for the reactions with alkyl halides. 

\ N H  
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of the 0-alkyl imidate occurs at temperatures as low as The 
most convincing evidence, however, comes from studies by Benson and 
Cairns with dimethyl sulphatelc. They found that slow addition of 
an equimolar amount of dimethyl sulphate to caprolactam at 60" 
produces only the 0-alkyl imidate (19), but with excess reagent a 
mixture of this and the N-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 rearrangement1C, 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 evidcncelg and arguments against the formation 
of N-alkylamides via rearrangement of the 0-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 
' S,l-like' transition states, alkylation of the more electronegative 
oxygen atom is favoured, whereas greater SN2 character in the 
transition state favours alkylation of the less electronegative nitrogen 
atom7. I n  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 



748 

obtained by rearrangement of the 0-alkyl imidate. Deciphering the 
relative importance of each process, which must vary with the sub- 
strate, reagents and experimental conditions, awaits further investi- 
gation. 

We have already commented on the exceptional 
formation of N-alkylamides with diazoalkanes at low temperatures 3. 
I t  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 N-proton. The resulting conjugate base of the amide 
would be expected (section 1I.B) to undergo direct N-substitution 

RCONHR’ + R T H N ,  RCONR’  + R2CH2N; --+ RCONR1CH,R2 + N, 

(12) 

(equation 12). Alternatively, diazoalkanes may be so highly reactive 
(and therefore unselective) as to attack both the oxygen and nitrogen 
atoms indiscriminately. 

Brian C .  Challis and .Judith A. Challis 

c. Diazoalkanes. 

- 

B. Alkylation under Basic Conditions 

Greater control over the site of alkylation can be exercized under 
alkaline conditions, and these reactions are more useful f- Tom a 
synthetic standpoint. Primary and secondary amides in the presence 
of a strong base normally react a t  the nitrogen atom, with only small 
amounts of other products20. This selectivity can be associated with 
formation of the carboxamidc anion (or a t  least an  ion pair) in which 
alkylation of thc nitrogen atom occurs directly (Scheme 9). 0- 

la- RCONRIRZ 

+ RCONR1R2 
~ ,OR2 

KOH 
RCONHR~ 4 RCONR~K+ 

RC 
RZX/Ag 

“R1 

ScmmE 9. Alkylation of primary a n d  secondary amides in alkaline media. 

Alkylatcd products (0-alkyl imidates) arc obtained, however, in the 
presence ofsilvcr saltsz1, and in this respect the reactions arc similar to 
those in neutral solutions. For compounds where additional structural 
features (e.g. R = PhCH,) enhance the acidity of the acE0 hydrogens, 
alkylation may also occur at  this site via a carbanion intermediate,,. 
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For tertiary amides, Of course, this is the only reaction of importance23 
(equation 13). 

R2 
- R2X I KOH 

PhCH2CONRi PhCHCONRi - > PhCHCONRi + KX (13) 

K +  

1. N-Alkylation 
Alkylation of primary and secondary amides with alkyl halides in 

the presence of such bases as sodium alkoxide, sodium hyd.ride 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 
known 24 (equation 14), and for convenience the details are summarized 

R' R2 R3 
I I  I Base - R2CH=CR3X 

(1.1) RCONHR' RCONR' - RCON-CH-CHX 

(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 f i rmz5 the bis-(benzamido)methane (22). Other work has shown 
that even epoxides sufier ring cleavage by secondary anilides in mild 
base to give several condensation products 26. 

TABLE 6. Base-catalysed Michael addition to amide nitrogen (equation 14). 

R R1 R2 R3 x Base Temp. Solvent Ref. 

H 
Pyrrolidone 
RCH=CR 
Heterocyclic 

amides 

H H H COR Na 90" HCONH, 24aa 

H H H SO,R NaH/NaOR -75" Diosan/THF 24c 

13 Alkyl CN NaOMe -50" h,IcOH 2 4d 

C1 H CN hTaH 25" CGHG/DMF 24b 

CONRZ 
C0,R 

a O n l y  for this case were yields reported ( 2 0 - 5 0 ~ o ) .  
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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 XCHzOR 
PhCONHz PhCOfiH ___f [PhCONHCH,OR] + X- (I5a) 

(1  5b) PhCOkH + PhCONHCH20R -> (PhCONH)&H, + OR- 

(22) 

this in connexion with the thermal cyclization of 4-bromo-N- 
cyclohexylbutyramide, where the tetrahydrofuran derivative 23a 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 

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 o- 
bromoamide (equation 16) ; virtually any base in a suitable aprotic 
solvent (e.g. Na in liquid NH,, NaH or t-BuO-K+ in dimethyl 

NHR & ( A N R  Hz),, - ( C A N R  (16) ‘/ 
A 

> -- 
Br G r 

n =  \ , l o r 3  

sulphoxide) is apparently effective with yields ranging from 50y0 to 
90%- 



13. Reactions of the carboxamide group 75 1 

Synthesis of the corresponding 3-membered lactams (aziridones) by 
treating a-bromoamides with either NaH or t-BuO -K + has also been 
reported by several workers 29. 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 N-substituent itself can also be achieved in 
alkaline solutions. Stirling 30, for example, has studied this trans- 
formation for a series of N-substituted benzamides with various w 

leaving groups and chain structures (Scheme 10). I n  dilute sodium 

(ylz= (y& N3 - N 

NH 

COPh 
I 

(24) 

COPh 
I 

COPh 
I 

Y = 0, CH,N-tosyl, S, SO, SO2 
z = 0-tosyl, I ,  CI 

SCHEME 10. Cyclization of N-substituted benzamides. 

ethoxide in ethanol cyclic products 24 arise only from N-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 N-proton: this 
indicates that the carboxamide anion is the reactive species. 

Intramolecular 0-alkylation is rarely observed under alkaline 
conditions and then only when steric factors (i.e. much larger ring size) 
are particularly favourable. For example, N-(2-bromoethyl)-4- 
chlorobenzamide (25) on reaction with sodium methoxide in methanol 
yields the oxazoline 26 rather than the aziridine 2731. With tram- 
2-benzamidocyclohexy1 p-tolucnesulphonate under closely similar 

CGH,CI 
I 

Br 

C,H,,CI 
I 

CICGH.IC= -0 
I 

(27) 
A 
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conditions, ho\vevcr, a mixture of the corresponding aziridine and 
oxazoline are obtained 32. 

2. 0-A1 kylation 

The preferencc for N-alkylamide formation in alkaline solutions is 
drastically altered by the addition of silver salts to the reaction 
mixture, and appreciable amounts of 0-substituted products are then 
obtained 'l. This interesting phenomenon, which has been known 
for a long time, is often used to effect the synthesis of 0-alkyl imidates. 
For example, treatment of the silver salt of N-phenylformamide (28) 

NaOtl/AgNO, - E t l  /OEt 
HCONHPh , --_ HCONPh Ag+ > HC 

( 2 8 )  \NPh 

(29) 

with ethyl iodide in solvent petrol produces 74y0 of the corresponding 
0-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 21a. 

The reason why silver salts promote 0-alkylation has not been 
investigated thoroughly and no entirely satisfactory explanation is 
available. Since these reactions are conducted at ambient tem- 
peratures, i t  seems unlikely that 0 to N rearrangements of the kind 
encountered in ncutral solutions are important. As discussed 
previously in section II.A.G.b, Kornblum has suggested that in 
common with the alkylation of other ainbideiit anions, silver salts may 
enhance the unimolecular character of the reaction with alkyl halides, 
thereby promoting alkylation at the more electronegative oxygen 
atom. Recent studies21b with 2-pyridones, however, suggest that the 
situation is more complicated. In  particular, the hctcrogeneous 
nature of the silver salt reactions appears to favour 0-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  fi-om mechanistic reasons. 

3. C-Alkylation 

Alkylation a t  the a,,,-carbon atom in tertiary 
amides is readily effected with alkyl halides under strongly basic 
conditions23 (e.g. fused KOH or NaNII, in liquid NH,). Either one 
or  two groups can be introduced by cmployiiig the appropriate 

a. T'ertimy nmides. 
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quantity of base and reagent (cquation 17). Until recently it was 
generally assumed that only activated substrates such as phenyl 
acetamides (PhCH,CONR,) would react. This is now known to be 

R'X/ KOH R'XIKOH 
PhCH2CONR,  - PhCHR1CONR2 z PhCR4CONR2 

untrue and tlie reaction has wider applicability. By using sodamide 
in cither benzene23b or liquid ammonia23a as tlie base, even tertiary 
acetamides, propionamides and butyramides undcrgo mono- and 
dialkylation at the a,=,-carbon atom in reasonable yields. 

b. Primary and secondary amides. With compounds of this type that 
form relatively stable carbanions, alkylation of the a,,,-carbon atom 
competes with N-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 

PhCHRCONH,  (17a) 9 
(30) 2% 

2 NaNHJ 
Liq. NH3 

PhCHzCONHz d PhCHCONH 

PhCHRCONHR (1 7b) 

of alkylating rcagcnt 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 olefins 33. In  these cases, sodium hydride is used 
to generate the dianion intermediate, as in the reaction of phenyl- 
acetamides with ethyl cinnamate 33a (equation 18). 

C. Alkylation under Acidic Conditions 

Most alkylamides (and arylainides to a lesser extent) are sulficiently 
basic to exist mainly as their conjugate acids in even dilute (-0.5 N) 

acid solutions. Accordingly alkylation under these conditions is 
usually very difficult. One way, howcvcr, in which an acid may 
catalyse these reactions is by protonation of the alkylating agent and 
several examplcs or this cfrect are known. T ~ U S  alkylation by 

25 + C.O.A. 
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alcohoWb, acetals 34, ethyl orthoformatc 35, t-butyl acetate 36 and 
vinyl ethers37 are all facilitated by trace amounts of mineral acid. An 
important observation is that only products arising from N-substitution 
are usually obtained, even with reactions at low temperature. One 
possible explanation, albeit speculative, is that hydrogen bonding 

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). 

Q. Homolytic Alkylation 

Direct 0- or N-substitution of amidcs 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 ultraviolet 38a and 
electron irradiation 38b, or in the presence of t-butyl peroxide 38c, to 

+ R2CH (20) 

form mixed alkylamides (equation 20). With more highly sub- 
stituted amides, such as N-methylacetamide, the products are con- 

sistent with the formation of bH,CONHCH, and CH,CONHeH, 
radical intermediates, which then add across the olefinic double bond 
(equation 21) 38d. 

CH2RZ CH2R1 
/ 

\ 

hv / 

\ 
HCONR, + R'CH=CHR2 ___ > RICH 

CONRz CONR, 
t -BuO-  

~H,CONHCH~ RCHyCHa R(CH2)3CONHCH3 

(2') 
RCH=CH 

CH ,CON H H , CH ,CON H (C H 2 )  , R 

CH3CONHCH3- 

111. R E A C T I O N S  WITH A L D E H Y D E S  A N D  K E T O N E S  

In  common with other nucleophilcs, primary and secondary amides 
add to the carbonyl group of aldehydes and ketones. The  initial 
product is usually thc N-acylcarbinolamine (RCONHC(R1),OH) 
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resulting from substitution by the amide nitrogen ; unlike alkylation, 
no 0-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 
f ~ r m a l d e h y d e ~ ~  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). 

RCONHR' + R2CH0 T RCONR'CHR20H (22) 

High temperatures ( 100"-150") are necessary to induce reaction 39-40, 

and this may explain the absence of any 0-substituted products: 
0-alkyl imidates bearing electron-withdrawing substituents (such as 
OH) are known to rearrange rapidly at these temperatures to the 
corresponding N-alkylaniide (section II.A.6.b). Ketones, generally, 
are less reactive than aldehydes, but several examples of carbonyl 
addition are known 41*42. For instance, both hexafluoroacetone and 
syn-dichlorotetrafluoroacetone condense with primary amides at  50" 

RCONHz + (CFzX)zCO + RCONHC(CF2X)zOH (23) 

(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 

- 1500 

(31) 

500 

(X = F, CI) 

HY/:,OH HN 

HCONHz + R1COCHR2 -4gh - / CHzR2 + L s i l  (24) 

NHZ 

subsequent condensations result in the formation of imidazoles 
(equation 24) 42. 

I H :NH, 
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A. Hydroxymethylation 

The most intensive studies have been concerned with tlie addition 
of f ~ r m a l d e h y d e ~ ~  (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 
RCONHz + HCHO RCONHCHpOH ___ > RCON(CHz0H)z (25) 

(MgO) 
(32) (33) 

hydroxymethylamide 32 is stable and can be isolated in  good yield 
from neutral or mildly alkaline solutions. Primary aniides react 
further to form the bis-hydroxymethylated derivative 33 on heating 
with excess formaldehyde in the presence of MgO catalyst (equation 
25) 44. 

N-Hydroxymethylamides (32) are useful intermediates that con- 
dense readily with compounds bearing labile hydrogen (equation 26; 

XH 
RCONHp + HCHO RCONHCHZOH RCONHCHZX + H20 (26) 

XH = HCR,, H,C(COR),, etc.) 45. The best known example is the 
Einhorn reaction between amide, formaldeliydc and amiiie (XH = 
RlNH,) 46, but  in this case intermediacy of the N-hydroxymethylamide 
seems unlikely. The reaction is usually accomplished by heating the 
three reagents together a t  about 70°, which is much below that 
required for N-hydroxymethylamide formation 46. This, and other 
evidence46e, suggests the Einhorn reaction proceeds via the N- 
hydroxymethylamine 34 instead, and is therefore a Mannich reaction 
(equation 27) 47. For further information on the synthetic applica- 

R'NH, + HCHO R ' N  HCH ,OH > RINHCH,NHCOR (27) 

tions of amidomethylation, tlie reader is referred to a recent review 45. 

Nearly all the mechanistic information about the addition of amides 
to aldehydes and ketones conies from studies of hydroxymethylation. 
Like other carbonyl additions, this process is both reversible 39e and 
catalysed by acids48 and  base^^^,^^". Kinetic studies of the 
aqueous base-catalysed addition of acetamidc, bcnzamide and  urca to 
formaldehyde have been reported by Crowe and The 
reaction follows equation (28) and the rate increases rapidly with rising 
pH. In  aqueous solutions, formaldehyde is in equilibrium with its 

Rate = k,[Arnide][HCHO] (28)  

hydrated form. In  going from pH 8-6 to 12.7 tlic conccntration of un- 
hydrated formaldehyde increases by a fixtor of about 30, whereas the 

RCONH2 

(34) 



13. Reactions of the carboxamide group 75 7 

rate of hydroxymcthylation of acctamide, for example, increases by a 
factor of 300039d. This suggests, but does not provc, that at  least part 
of the base catalysis is associatcd with formation of the carboxamide 
anion, which then reacts with the dehydrated formaldehyde (equation 
29). This, in turn, may account for the incidence of N-substitution by 
these amides in alkaline solutions even at  low temperatures. A 

OH - 
RCONHZ + RCORH 

- RCONHCHZOH (29) 
HCHO(H,O) s HCHO +I- 

similar effect is observed in the alkylation of carboxamide anions 
(section 1I.B. 1). 

The acid-catalysed addition to formaldehyde has been investigated 
for a series of alkylamides and substituted benzamides4*. 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 range48. Substituent effects for the benza- 
mides and alkylamides correlate with Hammett ( p  = - 1-1) and Taft 
parameters (p" = - 2-16), r e s p e ~ t i v c l y ~ ~ ,  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 formaldehydc on the neutral amide (equations 30a,b) 48. 

However, an  altcrnative mechanism involving the protonated amide 

Fast 4. 

HzC=50 + H+ H,C-0-H (preequilibriurn) (30a) 

O.....H-O 

H,c=~-H + RCONH~ [ R C C N : 4 < d  - RCONHCH,OH (30b) 

H z  

and the neutral formaldehyde is not excluded by these results. I n  
either case, direct N-substitution would be expected from the findings 
for alkylation in acidic solutions (section 1I.C). 

B. Strongly Acidic Conditions 

Apart fi-om increasing the rate of carbonyl addition, acids often 
facilitate dehydration of the carbinolamine derivative3j 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*40. For aliphatic aldehydes 
carrying a t  least one a-hydrogen atom, elimination of water produces 
an  N-vinylamide (or enamide) (37)50. In  some cases, as with 
reaction between isobutyraldehyde and phenylacetamide or benza- 
mide 51, and between acetaldehyde and lactams 52, N-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. 

Brian C .  Challis and .Judith A. Challis 

OH 
H +  I 

RCONH? + R:CHCHO RCONHCHCHR: 
(R = Ph, alkyl, etc.) (35) 

11. +(--H20) 

[ RCO; H==CHCH R: - RCON HEHCH R:] 

(38) 

11-. + RCONH, 

RCON HCH=CRi 
I 

(RCONH) ,CHCH R: 

(36) (37) 

SCHEME 11. Reactions of amides and aldchydes under strongly acidic con- 
di tions. 

The reaction of ketones with amides under acidic conditions is rare. 
The single example reported thus far, cyclohexanone with phenyl- 
acetamide, yields an N-vinylamide via an addition-elimination 
sequence similar to that of Scheme 11 (equation 31) 53. 

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 a,,,-carbon atom 
may compete with N-substitution. This can be related, of coui-se, 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 benzaldehyde 54 or benzophenone 22a in the presence 
of sodamide in liquid ammonia react preferentially at  the a,,-carbon 
atom, presumably via a dianion intermediate (equations 32a,b). 

PhCH2CONHR T. PhCHCONR ( 3 2 4  
- - 

Ph Ph 

Unactivated amides, however, such as acrylamides or isobutyramide, 
react only a t  the nitrogen atom with formaldehyde under similar 
conditions (equation 33) 49a*56. The reaction is reversible, of course, 

Na or NaOMe ~ 

RCONHz + HCHO . RCON HCH 20H 
(CCM 

(33) 

and it  is necessary to precipitate the product (in this case by using 
CCl, solvent) in order to eKect a high yield. 

IV. ACY LATlO N 
Primary and secondary amides undergo N-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). 

RCN + R2C02H 
(R’= H) 

OCOR2 
RCON(COR2)2 (34) 

RCONR1COR2 

/ 
RCONHR’+ R2COX RC 

\N R1 
(R1 = H, alkyl, etc.) 
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Primary omides 
RCN + R'COZH 

'COX c RCONHCOR' b RCON(COR1)2 

RCONH, + RlCOX- 

Secondary omides 

RCONHR' + R T O X  - RCON(R1)CORZ 

OCOR2 
Tert iary omides 

RCONR: + R2COX 6 [R:< ]+ X -  

N R: 

SCHEME 12. Normal products from the acylation of amides. 

These reactions therefore resemblc 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 dircct substitution of the nitrogen atom. 

Other, more specialized, reaoents such as isocyanates, ketenes and 
oxalyl chloride also combine with amidcs, 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. 

3 

A. Acyl Halides 

Reagents of this type rcact with most amides a t  ambicnt or cven 
lower t e r n p e r a t u r e ~ ~ ~ - ~ ~ .  The  products are those listcd in Scheme 12. 
Substitution of the nitrogcn atom (ix. di- and triacylamine forma- 
tion) is favoured in the presence of base and worthwhile yields may 
be obtained in this way. Howcver, a number of other factors are also 
important, the relevance of which is bcst apprcciated from con- 
siderations of the reaction mechanism. 

Direct evidence for the formation of 0-acylated intermediates comcs 
from studies of tertiary amides 57. Thesc combine with acyl halides to 
form a salt-like 1 :1 addition complcx wliich can be isolated a t  low 
 temperature^^^. Various pieces of indirect c\,idence point to a mixed 
anhydride salt structure (39) for this adduct. For example, the 
complexes 40 obtaincd by condensation of' tlic imidoyl chloride 41 
with acctatc ion, and of dinicthylformamidc with acetyl chloride, are 
identical (equation 35) ", and it is also known that benzoyl chloride 
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(39) 

does not complex with tertiary amino compourids lacking a carbonyl 
oxygen atom (e.g. R/leSO,NMe,, Et ,NCeN, Me,NNO) 57. Morc 

OCOCH3 CI 

N(CH 3)2 

(40) (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 consistcnt with an 0- 
acyl structure (42) for the complex and not with thc corresponding 
N-acyl structure (43). The actual mechanism of complex formation 

HCON(CH3)z CHnCoC' t [ HC< 1' CI- +cH3C0a- [ HC< ] CI- 

1q ( C H  3) z 

HCONMe, + PhCOBr 

[ HC<coPh j 
NMe2 

+ 

Br- 

H 2 0  ?----I PhNH, 

PhCGzH PhCONHPh 

H2O PhNHz 

H C O z H  HCGNHPh 

PhCOzH PhCONHPh 
+ + 

SCHEME 13. Dcconiposition products from a tertiary amiclc-acyl halidc 
complex. 

with tertiary amides has not been investigated, bu t  it is known that 
the reactivity of acyl halides towards dimethylformamide decreases 
in the order McCOCl > PhCOCl > PhS0,Cl > EtOCOCl": this 

25* 
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suggests that steric factors are important and presumably the reaction 
is of the SN2 type. 

We have already noted that the reactions of primary amides are 
complicated by the formation of three products-both di.- and tri- 
acyIamines 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 acyI halides wi 
primary a r n i d ~ . ~ ~ .  

Major product 
Reaction 
variable RCN (RCOj& (RC0)ZNH 

Reagent Strong Moderate Weak 
(e.g. /I-NO&,&COCI) (e.g. P-CIC6H,COCI) (c.g. C3H7COC1) 

Temperature > 0" - 60" > 0" 
Catalyst Pyridine Pyridine 

in mind the capriciousness of generalizations, it is evident from Table 7 
that N-acyl derivatives are best obtained in the presence of a base 
catalyst (usually pyridine) with increasing yields of the triacylamine 
a t  low  temperature^^^. 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 
Holden 6o showed many years ago that acetamide reacts with benzoyl 
chloride to form acetonitrile, whereas benzamide and acetyl chloride 
yield only N-acetylbenzamide (Scheme 14). This clearly rules out 

CH,CONH, + PhCOCl + CH,CN + P h C 0 2 H  -+ HCI 

ScIiniE 14. Acylation of acctamide and bcnzaniidc. 
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the N-acylamide as a n  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. 

OCORl 
H +  / 

RCN + R1C02H + RC 
\\ 
"NH 

The importance of mixed anhydride intermediates in the sub- 
stitution of primary amides is suggested by a n  interesting observation 
of Thompson's on the benzoylation of b e n ~ a r n i d e s ~ ~ .  Under identical 
experimental conditions that favoured substitution a t  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 0 to N 
rearrangement. This situation is represented by Scheme 15 where 
k ,  > k,  >> k,. Unfortunately, detailed kinetic studies to establish the 
relative magnitudes of the rate coefficients have not been undertaken. 

,OCOPh ,OCOPh 

"H \NCOPh 

+ PhC C5HsN ki 
PhCOCI/C5H5N 

PhCONH, + PhCOCl PhC 

++ PhCON(COPh)z PhC, H0 
\ 

NHCOPh 

(45) 

(44) 

SCHEME 15. Rcaction of benzoyl chloridc 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. 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 

The  situation is summarized by equation (37).  
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RCN + R'C02H 

RCONH(C0R') (37) c OCOR' 
A .  

RCONH, + R'COX 1 RC 

- %-I 

'''OX RCON(COR1)2 

the reagent is particularly important. This is evident from the data 
in Table 8 for the reaction ofvarious 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 chloridcs, respectively, where the reactivity of the rcagent is 
linked to the acidity of the parent carboxylic acid. The tendency 
towards nitrile formation with the most powerful reagents may arise 
from the cnhanccd stability of the expellcd carboxylate ion, and 
disubstitution should be favoured with the more reactive agents 
whenever dchydration is not the dominant path. In addition, both 
temperature and pyridine catalyst conccntration, aKect the proportion 

TABLE 8. Product variation with acyl  chloride (RCOCI) reactivity in the 
acylation of primary 

Product yield (yo) with 
105 K,, 

RCO- of RCOzl-IU Kcaction type CH3COXII, RCONHzb 

2-Furoyl 
Propionyl 
Isocaproyl 
Anisoyl 
Cinnamoyl 

Benzoyl 
2-Naph thoyl 
3-Methosybenzoyl 
4-Chlorobenzoyl 
4-Bromobenzoyl 
Diphenylacetyl 
4-Iodobenzoyl 
3-Brornobcnzoyl 
3-Nitrobenzoyl 
4-Nitrobenzoyl 
2-Xi trobenzoyl 

fl-Tol~oyl 

0.7 
1-34, 
1.53 
3.38 
3.70 
4.24 
6.30 
6.90 
8.17 

10.4 
10.7 
11.2 

15.4 
32.1 
37.6 

67 1 *O 

h4onoacylation 
Monoacylation 
Monoacylation 
Monoacylation 
Monoacylation 
blonoacylation 
Monoacylation 
Monoacyla tion 
Diacylation 
Diacylation 
Diacylation 
Diacylation 
lliacylation 
Diacylation 
Dehydration 
Dchydration 
Dchyclration 

24 
38 
35 
25 
76 
86 
83 
75 
88 
84 
87 
92 
93  

80 
60 
65 
52 
23 
54 
89 
50 
81 
67 
76 
79 
74 
82 
84 
84 
57 

" 'l'lic reactivity or the ncyl cliloritlc: is esprcssetl in  terms of the acidity of (Iir parent acid. 
* 1: is thc same substituent as in tlie acyl chloridc (column 1). 
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of each product, The first may be related to the stability of tlic mixed 
anhydride precursor. 'I'riacylamine formation predominates a t  low 
temperatures ( -  SOo) because the precursor has a sufficiently long 
half-life for further substitution to occur, whereas, a t  0" and higher 
temperatures, the 0 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 a t  the expense of dehydration. 
However, diacylamines are  formed in areater yields with excess 
p ~ r i d i n e ~ ~ ,  and in this instance direct substitution a t  the nitrogen atom 
of the carboxamide anion may occur. 

Transformations with secondary amides have not been exarnincd 
thoroughly, although it is known that N-acylamidcs are normally 
obtained. For example, bcnzoyl chloride reacts with E-caprolactam 

? 

(47) 

in the presence of ~\~,N-dinietliylaniline to give 47". I n  view of our 
previous discussion, these reactions probably proceed via an 0-acyl 
intermediate under neutral conditions. 

6. Acyl Exchange Reactions 

Exchangc of acyl groups between the amide and the acyl chloride 
are known to occur. The simplest case is with tertiary a m i d e ~ ~ ~ . ~ ' ~ ,  
where an equilibrium (equation 39) is set up, which may be displaced 
in  either direction by removal of' the more volatile acyl chloride. 
With dimethylformamidc (R = H; R1 = Me) this process is a useful 
synthetic routc to tertiary amides since the equilibrium is displaced 
readily to the right-hand side by loss of carbon dioxide and hydrogen 
chloride 62. Although no detailed investigation has been reported, it 
seems probable that the exchange process involves the formation ol' 
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 diacylaniinc, 
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RCONR: + R2COCI [ RCCcoR2]+ (-1 - 

N R: 

ROC0 

RCOCI + R'CONR: + [ RiL;CR2] 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 + PhCH,COCI -+ PhCONHCOCH2Ph 

PhCH,COCI (40) 1 
(PhCH2C0)2NH + PhCOCl 

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 used65s66. Both dehydration to the nitrile 
and mono-N-substitution is observed with primary derivatives 65,  

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 conccntration. With small quantities 

OCOR' 
COR' 

/ + R'C02H 
43 (1 

RC 0-COR' & RC 

$, '3-H 
H 

RCN + R'C0,H RCONHCOR' 
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 diacylamine 65. 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 anhydridc 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. 

I 
H 

(48) 

High concentrations of sulphuric acid will convert the amide to the 
0-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. 

J 
RCONHCOR' + R'COZH + HZ504 

SCHEME 17. Sulphuric acid catalysed acylation of primary amides with anhydrides. 

A similar situation may prevail with dry hydrogen chloride catalyst, 
These 

Little is known about the 
as N-acylamides are also formed in preference to nitriles66. 
studies are, however, much less complete. 
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, diacylamincs 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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A 
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, p-nitrobenzonitrile, butyric acid, phenyl 
butyrate and phenol) obtained by heating butyramide with phenyl 
p-nitrobenzoate 68 can all be accounted for liy 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, howcvcr, in the presence of 
strong base 69, because of the higher reactivity of the carboxamide 
anion. Benzoate esters, for example, substitute both the a,,,-carbon 
and the nitrogen atom of various primary amides in the presence of 
excess sodium hydride (equation 4.2) 69. This reaction is, of course, 
directly comparable with base-catalysed alkylation (section 1I.B) and 

> ArCOCHRCONHCOAr (42) 

the absence of any nitrilic products is consistent with dircct sub- 
stitution of the nitrogen atom rather than rearrangement of a mixed 
anhydride. Reports of intrainolecular acylation by neighbouring 
estcr groups also reflect this tendency under alkaline conditions 70. 
Thus treatment of the amido ester 49a with potassium t-butoside 
results in rearrangement to the alcohol 49b 70a, most probably via 
nucleophilic attack by the carboxamidc anion on the ester carbonyl 

NaH 
RCH,CONH, + 2 ArCO,R1 - 

function (equation 43). More direct evidence comes from the iso- 
lation of the succinimide 50 alone, and not the anticipated hydrolysis 
product on treating the amido estcr 51 wit11 aclucous hydroxide 
(equation 44) 70b. Conversion of phthalamic esters (52) to phtlial- 
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CHZCONH, CHQCON I i  

RCH \CO,Me / 
OH- R C G s /  \ c=o __f R q C  (44) 

0 (51) C O M e  I 
(50) 

(R = PhCH,OCONH-) 

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 0-attack and 
subscquent slow rearrangement mechanism for neutral amides is 

followed (equation 45). The  low Ilammett p value (-0.1) found 
for the various Ar substituents of 52 would not be inconsistent with 
this mechanism 71, but further studies are required to resolve this point. 

Acidic species also appear to catalyse the reactions with esters. 
Isopropenyl csters, for instance, react with both primary and secondary 
amidcs in the presence of p-toluenesulphonic acid to form N-acyl- 
amides 73. Here, too, the absence of any nitrilic products is suggestive 
of direct substitution of the nitrogen atom. I t  is not known whethcr 
the protonated amide (as shown in equation 46) or the protonated ester 

L. @-H A~i"2 + 

\. 
CCH3 -+ RCONti,COR' + (CH,),CO H +  

(46)  l l  I 
RCONH2 + RC: + 

w 2  

L 7  5 
C O R l  RCONHCOR' 

is involved, but in either case hydrogen bonding between the amide 
oxygcn and the ester would direct attack by the acyl fragmcnt to- 
wards the nitrogen atom. It is interesting to recall that a similar 
situation prevails in alkylation reactions, where AT-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. 

Brian C. Cliallis and Judith A. Challis 

E. Oxalyl Chloride (COC1)2 

Careful investigations by Speziale and his coworkers 74 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 0-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 (RCONH,), 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. 
~ 

Amidc type Products 

fRC0NH- (R = t-nlkvl Ph etr RCONCO + co 

maryl 

Secondan, 

(RCH~CONH~ 

RCOIVHRI (R = t-alkyl, Ph, etc.) 

RCH,CONHR' 

Tertiary RCH,CONRi {+2(COC1),} 

I \  - 
H 

RCON R*COCOCI 

RCH 

R' 

or RCONR'COCOCI 
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Reactions of the carboxamide group 77 1 

(R = H, alkyl etc.) 

without a,=,-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 a,,,-hydrogen atoms (e.g. R = 
PhCH,) , 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 a,,,-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. 

RCONHz + (COCI), [..: 'C] CI- RC 'COG1 + HCI 
ococo + p - c o  

/ NHz 

R X S O  "- 

H 
(56) 

PhCH 0 

H 

( 5 5 )  I 
RCONCO + CO 

(54) 

SCHEME 18. Reaction of primary amides with oxalyl chloride. 
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Secondary amides (RCONHRI) devoid of a,,,-hydrogen atoms, for 
example, produce an N-acylamide derivative (57) via a cyclic i n t a -  
mediate 58 analogous to that postulated for primary amides (Scheme 
19)74b. The  formation of 57 is eminently reasonable in this case 

(58)  

SCHEhlE 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 chloride71b. During the early stages of the reaction ( < 20%), 
the trappcd 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 ClCH,CON(Ph) COCO,Mc, the expccted solvolysis 
product of the N-acylamide derivative CICH,CON(Ph) COCOC1. 
These findings clearly suggest that N-substitution by oxalyl chloride 
does not occur in the early part of the reaction. Secondary amides 
possessing a,,,-hydrogen atoms (e.g. C1,CHCONHR1) also form an 
1V-acylamide derivative similar to 57. O n  further heating, this 
undergoes cyclization and elimination of the a,,,-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 a,,-hydrogen 
atoms (e.g. RCH,CONRa) consume two equivalents of oxalyl 
chloride to produce an aniinofuranone (61) 74d*c. The proposed 
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CICH,CONHPh + (COCI), 

NHPh 

773 

[clcH2c<NHph ococo \OMe ] +CI - 

SCHEME 20. Products from the reaction of a-chloroacetanilide with oxalyl 
chloride in the presencc of methanol (trapping of the intermediate 60) .  

mechanism involves decomposition of the mixed anhydride salt 62 to 
a chloroenamiiie (63), which then reacts further with oxalyl chloride 
(Scheme 2 1). Tertiary amides lacking a pair of a,,,-hydrogen atoms 
(e.g. Cl,HCCONEt,) react only under forcing conditions 74d. The 
products, as yet, have not been characterized. 

CI 
/ 

\ 
RCH=C + HCI + CO + CO2 

N R: 
(63) 
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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 0-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 N-acetylbenzamide 
in good yield depending on the precise experimental conditions 75. 

With isocyanates, however, nitrile formation from primary amides has 
not been described, although, in principle, this reaction is possible. 

RCONHR' + X=C=o 

(X = R2CH or R2N) 

SCHEME 22. Reaction 

RCN + HXCOIH 
0 R1= H 

/ ---- RC 

RCONR'COXH 
R1= H, alkyl, Ctc. i_ (65)  

I I  
,OC-XH 

(64) 

of primary (R1 = H) and secondary amides with 
ketenes and isocyanatcs. 

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 S,i type process involving a four-centre intermediate (68))  
as experiments with 14C-labelled amide show the evolved carbon 
dioxide comes entirely from the isocyanate 76a. 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 
N-substituents (e.g. N-t-butylacetamide and acetanilide) to stabilize 
the N-protonated intermediate 66 76. Any increase in reaction 
temperature appears to favour amidine formation with N-s-butyl- 
formamide, but the reason for this eKcct has not been invest i~ated~~".  

Both secondary (acetanilide) 77 and primary amidcs7* react with 
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ketene in the presence of sulphuric acid to give nearly quantitative 
yields of the N-acylamide. 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 a n  identical transition state. 

No nitrilic products are formed. 

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 N-haloamide, although in a few 
instances carbon-substituted derivatives are also obtained. This can 
be associated with the instability of the N-haloamides and their 
dccomposition in acidic solutions to give ‘positive’ halogen, which 
may then attack other parts of the amide molecule. Of course, N- 
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 regeneratcs the parent amide. 

Molecular fluorine also reacts with amides, but this is a free-radical 
process producing a mixture of C- and  N-fluorinated species. 

A. Molecular Halogens 

Primary and secondary amides react with iodine 70, bromine *O and 
chlorinea1 to give N-haloamides. Conditions for reaction are not 
critical, but, as meiitioned 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. H,O) favour N-haloamide formation 'I. 

RCONHR' + C12 RCONCIR' + 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 0 to N rearrangement as with organic 
acylating reagents. It is known from infrared spectral measurements, 
for example, that tertiary amides form an 0-complex (69) with 
molecular iodine 79. O n  complex formation, the carbonyl stretching 
vibration shifts to a higher frequency and the enthalpy of formation 

(69) 

(AH,) correlates well with Taft u* p a r a m e t ~ r s ~ ~ .  The p* value of 
- 0.60 indicates that complex stability, as expected, increases 
slightly with electron donation from the a,,,-substituent. 

The reverse reaction, the hydrolysis of N-haloamides, has been 
studied kinetically in connexion with the Orton rearrangement of 
N-chloroacetanilides, which is catalyscd by halogen acids with rates 
proportional to [HXI2, i.e. to [H '1 [X-] 81. This, together with 
other observations, has been interpreted as evidence for a rate- 
controlling nucleophilic attack by halide ion (X- ) on the N-protonated 
substrate (step a) followed by a rapid intermolecular halogenation 
(step c) of the aromatic nucleus (equation 51)". Thc  important 
point as far as we are concerned is that, by the principle of micro- 
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scopic reversibility, thc molecular halogenation of acetanilides (step b)  
must then procced via direct substitution a t  the nitrogen atom (by 
XCl). This is, of course, countercurrent to our previous conclusions 
and thereforc requires explanation. Two come to mind. Firstly, 

RCONClPh & RC H0 ~ = 2  ( 0 )  RCONHPh + XCI kT H Ph (b) 

CI b- 
X -  (51) 

F' 

i t  is possiblc that molecular halogens are sufficiently rcactivc to 
attack the nitrogen atom directly, as in thc precedent set by diazo- 
methane (section II.A.6.c). Secondly, and more likely, the Orton 
rearrangement may proceed via the 0-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 N-haloamide formation particularly 
whcn aromatic substituents arc prcscnt, 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 supplementcd by a free-radical pathway 
catalysed by either light or radical initiators 81. Photocatalysed 
rearrangement of n~-lialoalkylcarboxamidcs to C-substituted products 
has also been discussed reccntly 82 (see also Chapter 5). 

B. Hypokalites 

Thcsc are prcferable to molecular halogens for prcparing 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 thc molecular halogen 
and the amide (equation 52) 83. Treatment of halogenated primary 

(52) 
RCON H R' 

X, + NaOH HOX + NaX -+ RCONXR' + H 2 0  

(R' = H, alkyl, Ph, etc.) 

amides (1<CONHX) ivitll further alkali induces the eliminating 
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rearrangement known as the Hofmann degradation (equation 53) 04. 

I n  practice the N-haloamide is rarely isolated, instead the amide is 

__f RNCO $. X- 
OH - //” 

RCONHX T R--C 
b\- p 

N-X 
(53) 

treated with halogen and excess hydroxide simultaneously. Details 
of this reaction have been amply discussed elsewherea4. 

Kinetic studies of the formation of substituted N-chloro-N-methyl- 
benzamides with hypochlorite ion and their hydrolysis in aqueous 
alkali have recently been reported 85. 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 a n  induction 
period, suggest that the hydrolysis reaction involves an initial re- 
arrangement (step k-3) of the N-chloroamide to the 0-chloro imidate 
71, which then undergoes a rate-controlling hydrolysis by hydroxide 
ion to the N-methylbenzamide (step k- 2) 85. Consequently, the 
chlorination reaction must involve attack by the hypochlorite ion on 
the amidic hydrogen (step k,) to give the 0-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- 

k-p (slow) kp 11 

Me Me 

(71) 

S c ~ m i e  23. Reversible chlorination of substituted N-methylbenzamides with 
hypochlorite ion. 
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chlorinated product, and this agrees nicely with the general Inechanism 
for electrophilic substitution of neutral amides. The second is that 
rearrangement of the 0-chloro imidate to the N-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. t-BuOX) will also effect 
N-halogenation of primary and secondary amides82,86. The mixture 
usually consists of t-butyl hypochlorite and molecular halogen with 
the amide in carbon tetrachloride. Since the halogen monochloride 
(e.g. IC1, BrC1) is surprisingly ineffective under these conditions, it 
has been suggested, and provena0, that the reagent is the t-butyl 
hypohalite formed in situ (equation 54). More recent work has shown 
that t-butyl hypochlorite itseif is effective under similar conditionsa2. 

(54) 

t-BuOCI + I2 + t-BuOl + ICI 

RCONIR' + t-BUOH 
(R1 = H, alkyl, etc.) 

C. Fhorination 

A mixture of C- and N-fluorinated products is obtained by treating 
most amides with gaseous fluorinea7. These are invariably free- 
radical processes. As an  illustration, dimethylformamide gives a 
mixture of (CF,) ,NF and (CF,) ,NN (CF,) 2, possibly via the routes 
outlined in Scheme 24. Otherwise, fluoride ion is reported to react 

F N  (C F3)2 

/6F* 

FCO' + FN(CH3)2 

FZCO + fi(CH3)2 

Dimcrization I 
(CH3)2"(CH3)2 

HCON(CH,), --% FCON(CHJ2 

SCHEME 24. Fluorination of dimethylformamide. 
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with tertiary acetamides at  160" to Corm only monofluorinated products 
(equation 55) 88. None of these reactions, however, has been 

C H , C O N P h M e  FCH,CONPhMe (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 (NO;) 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 N-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 N-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. Ntrosation reactions have evoked the greater interest and 
these are considered first. 

A. Nitrosation 

With primary amides, the overall reaction is one of deamination, 
This may be effected, 

R C O N H ,  + XNO + RCOZH + N z  -I- H X  (W 

as in the case of amines, by a number of reagents (represented as 
XNO) whosc presence depcnds on the reaction conditions. Sodium 
nitrite has been employed in aqueous mineral acids, but deamination 
is sluggish unless the acidity is carefully ad j~s t ed~ ' - ' ~ .  From a 
synthetic standpoint, either alkyl nitrites in inert solvents (ether, 
dioxan, etc.) 92 a t  room temperature or nitrosonium tetrafluoroborate 
(NO +BE';) in acetonitrile at 0" (higher tempcratures are required for 
sterically hindered amides such as Ph,CCONH,) 93 are better than 
nitrous acid, and 70 to 90% yields of carboxylic acid are ~ 1 ~ ~ a l l y  
realized. Nitrosonium tetrafluoroboratc is slightly unusual in that 

usually to the carboxylic acid (equation 56). 



13. Reactions of the carbosamide group 78 1 

with o,tho-t-butylbenzamide, the corresponding aldehyde and not the 
carboxylic acid is formed 93. 

Secondary amides arc converted to their N-nitroso derivatives by 
similar reagents (equation 57). As with secondary amines, the reac- 
tion is reversible and to ensure high yields of products a suitahle base is 

(57) 

added to remove the HX acid. The efficacy of several reagents has 
been tested by White 94, who concluded that nitrosyl chloride or 
nitrogen tetroxide in either carbon tctrachloride or acetic acid solvents 
are bcst: 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 ccczo group is RCHZg4. 

N-Alkyl-N-nitrosoamides are highly reactive substances which 
undcrgo both thermal 95 and photolytic decoinposition 06.  The 
thermal process (equation 58) produces both carboxylic acids and 
esters, probably via a diazo-ester intermediate (72) 05. Photolysis, 

Base 
RCONHRI + XNO RCON(NO)R1 + HX 

0 RCO2R' + Nz 
(58) 

II 
RCON=N R1 

RC0,H + N2 + Olefins 
(72) 

however, results in fission of the N-N bond to givc a mixture of 
aldehyde and primary amide (equation 59) 06. The thermal stability 
of N-nitrosoamides decreases with increasing branching at the aCEO- 

NO I RCON=CHR' + [NOH] 

(59) RCONCH2RL 

RCONH, + RICH0 

carbon atom. Thus compounds carrying either an RCH, or R,CH 
a,.,-group are stable up to 75" and 50°, respectively, whereas thosc 
where this gi-oup is tertiary decompose at  temperatures below 0" and 
are therefore difficult to isolateg4. Decomposition of N-aryl-N-nitroso- 
amides occurs similarly, but results in the formation of phenyl 
radicalsg7 and possibly a bcnzyne intermediate 98. 

Mechanistic studies have been coiicerncd mainly with the deamina- 
tion of primary amides in aqucous 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 reactivityg9 : 

N203 nitrous anhydride 
HalNO nitrosyl halides 
H 2 0 N O +  nitrous acidium ion 
NO + nitrosonium ion 

It is noteworthy that nitrous acid, itself, is quite ineffective. One 
expects the same schcdule 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*100 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 prcequilibrium step) and the un- 
protonated amide (equations 60). Logarithmic rate coefficients can 

(fast preequilibrium) 
Slow (60) 

HNOz + HCI zp=? ClNO + H,O 

RCONHz + ClNO --+ RC0,H + Nz + HCI 

be correlated with Taft o* paramctcrs (p* = -3.0) providing one 
assumes that steric effects are the same as in ester h y d r o l y s i ~ ~ ~ " ~ ~ ~ ~ " .  
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 anhydridc, the nitrous acidium ion and the 
nitrosonium ion in that order with increasing acidityg9. There is 
no evidence that nitrous anhydride alonc is capable of reacting with 
amides (although it does with amities) probably because of its low 
rcactivity. There is good evidence, however, that the nitrosation of 
both henzamidegO and acetamidea9 is strongly catalysed by mincral 
acids, although it is uncertain whether this corresponds to reaction of 
thc nitrous acidium ion or thc 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 
amidego, have been reinterpreted8' in the light of further data in 
favour of the nitrous acidium ion. The samc conclusion has been 
reached for acctamidc, but in both cases the results are not entirely 
consistent with this reagent and doubt remains 
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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 

+ HX 

N-N=O 

H 
I 

RCONH2+XN0 

RC 
N=N-OH 

\ 
RC02H + N2 

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 The site 
of initial substitution seems to be a n  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 0 to N rearrangement. With positively 
charged agents (e.g. H,ONO + 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). 

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 N-protonation (equation 62). Then by the principle of 

0 0 

\ +  

I 

H 2O 
& - RCONHR’ + H,ONO+ (62) 

H +  / 
RC 

// 
RC 

“R’NO NR’NO 

H 
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microscopic revcrsibility, the forward reaction, too, should involve a 
direct N-substitution by thc nitrosating agent. 

B. Nitration 

Only secondary amides have been investigated to any extent, and 
even with feeble nitrating agents these rcadily form the N-nitro 
dcrivative (equation 63). Several reagents have in fact been used, 

RCONHR' + XNOz RCON(N02)R' + HX (63) 

but  the general consensus is that either acetyl nitrate (CuNO, or 
HNO, in acetic acid)95a*101*102 or nitrogen pentoxide in an inert 
solvent arc most effective. T h e  N-nitroamides arc slightly more 
stable than the corresponding N-nitroso compounds, but otherwisc the 
two have closely similar properties lo4. Thus thermal decomposition 
does occur (equation 64), but requires temperatures in the region of 

25" to 75" depending on the structure of thc acylmoictylo4, The  
products, a mixture of the carboxylic acid and the ester are tlie same 
as from N-nitrosoamides, and decomposition probably proceeds via a 
similar pathway involving tlie diazoxy ester (73) -instcad of the diazo- 
ester intermediate (cf. cquation 58) 95a*104. 

If the secondary amidc is cither a benzamide or  an anilide deriva- 
tive, then nitration of tlie aromatic ring compctes with N-substitution. 
The  situation has bcen investigated most thoroughly for substituted 
N-metliylbenzamidcs and the results are summarized in Table 10. I t  
is cvident that the relative importancc of each pathway depends on the 
reactivity of the rcagent in  relation to the substrate : thus compounds 
with strongly dcactivated iiuclci only form N-nitro products even with 
the powerful nitronium ion; mildly deactivated, monosubstituted N- 
methylbenzamides undcrgo ."substitution with feeble reagents, such 
as acetyl nitrate, but ring substitution with tlie nitronium ion; and 
activated cornpounds suffer ring substitution with both weak and 
powcrful reagents lol. Nitration of the aromatic ring also secnis to 
I x  tlie predominant path for secondary anilides. In  reactions with 
both acetyl nitrate and mixcd nitric and sulphuric acids no N- 
nitrated products havc becn dctccted lo5*lo6. Howevcr the o1tho:para 
ratio dcpcnds on the reagent in an intcrcsting way, being considerably 
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higher with acctyl nitratc (ca. 5.0) than with thc mixed acids 
(ca. 0.05) Io5. A consistent rationale for this effect is that preferred 
ortho substitution with acetyl nitrate results from rearrangement of the 
N-nitro precursor, whereas the para substitution favoured in mixed 

TABLE 10. Nitration of substituted N-mcthylbenzamideslO1. 

Product orientation 

Reactivity of aromatic ring C113C02NOzu NO$ 

Deactivated 

Mildly deactivated 

Activated 

(c .g .  3,5-(N02)2; 2,4,6-C1,; etc.) 

(c.s. 4-NOZ; 4-CI; etc.) 

( ~ g .  4-Mc0; 4-rVIc; etc.) 

N 

N 

ring 

N 

N + ring 

N + ring 

a From either CuN03  or H N 0 3  in acetic anhydride. 
From mixed H N 0 3  and I-I,S04. 

acids arises from substitution of thc conjugate acid of the anilide 
substrate lo5. 

Few studies with primary amides have becn reported, although it  
appears that the N-nitro derivative is very unstablc and deamination 
occurs almost as rapidly as with N-nitrosoamides. Benzamide, for 
example, reacts with acetyl nitrate (either CuNO, or HNO, in 
acetic anhydride) to form henzoic acid in high yield (equation 65) lo'. 

PhCONtiz + CH3COZNOz F== [..' 0 ] + CH3COzH 
I II 

HN-N+O 

(74) 

I 
(65 )  

T h e  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 ail N-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-liydroxy-4-pyridinccarbox- 
amide with mixed nitric and sulphuric acids; this is believcd to be the 
N-nitro derivative and rapid decomposition occurs on melting Io7. 

Tertiary alkylamides appear to be inert towards all nitrating agents 
unless the a,,,-carbon atom is unsubstituted (RCH,COIVR$). In  
this instance, nitration of the site is reported with amyl nitrate in 
the presence of potassium t-butoxide (equation 66) lo* presumably via 
the carbanion intermediate 75. The product is isolated as the 
extremely hygroscopic potassium salt 76, which dccomposes violently 

NO; K +  
I1 

(66) 

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 exception loo. 

C ~ H I I O N O Z  RCCONMez t-BuOK - 
RCHzCONMez RCHCONMe, 

(75)  (76) 

VII. OXIDATION 

Littlc is known about the oxidation of amides-less than a dozen of 
the many available oxidants have been investigated-and this subject 
may bc regarded as one of thc underdeveloped areas of organic 
chemistry. Even thc limitcd information available, however, does 
reveal a complex situation, with hydrogen abstraction fi-om carbon 
and nitrogen competing effectively with oxidative substitution at the 
nucleophilic centres. In  reality, the predominance of free-radical 
pathways may well have discouragcd more extensive investigations. 

The commonest process with secondary and tertiary amides seems 
to be the removal of the a,-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 elcctrophilic species. 

Only when the N-substituent is devoid of a-hydrogens does oxidative 
substitution become important. For instance, N-phenylamides react 
with hydrogen pcroxide 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 N-alkyl- and N,N-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 means 109b~110-112 at lower 
temperatures both with and without suitable initiators. Three 
principal overall reactions have been identified (equations 67- 
71)10gb*110: 

(i) Formation of N-acylamides from N-n-alkylamides : 

RCONHCH,R’ --+ RCONHCORI (67) 

(ii) Formation of N-formylamides from N-n-alkylamides or N- 

RCONHCHZR’ - z RCONHCHO (68) 

RCONHCH + RCONHCOR’ + RCONHCOR2 (69) 

(iii) Oxidative dealkylation (carbon-nitrogen bond fission) to 

(70) 

+ RCONHz + R*COR2 (71) 

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 a,-hydrogen atom followed by oxygen addition to give 
the peroxy radical (77), which then decomposes to products by 
various routes (Scheme 26). Only the a,-hydrogen atom seems 
sufficiently labile to suKer abstraction, which explains the resistance 

acylamides from N-s-alkylamides, via carbon-carbon bond fission : 

R’ 
/ 

\ 
R2 

yield carbonyl derivatives : 
RCONHCHZR’ + RCONHz + R’CHO 

R’ 
/ 

\ 
RCONHCH 

R2 
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of both acetamide and N-t-alkylamidcs to autoxidation. This is 
clearly demonstrated by experiments with N-(l-[14Cl]-pentyl)- 

RCONHCH,R~ R C O N H ~ H R ~  + AH 

Brian C. Challis and Judith A. Challis 

(78) 

1.. (A* = radical initiator) 

RCON HCH R 
1 
0-0’ 

--+ Products as in equations (67-71) 

(77)  

ScmmE 26. Initial stcps for the autoxidation of N-alkylamides. 

hexanamide under conditions (uninitiated photooxidation at 50”) 
where oxidative dealkylation (cf. equation 70) is the principal product- 
forming The  isotopic label is found only in the valeraldehyde 
and valeric acid products, showing these originate solely from the 
N-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-C,H, ,CONH14CH,B~-n 

n - B u ” X H O  + n-Bu14C02H + n-C5HI,CO2H + n-C,H,,CONH, (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)11‘. 

hv.Oi 

(79) 

hu 0 2 ( 73) 

Other details of these reactions, in particular the nature of the 
product-forming steps, are not generally understood. SagarlOgd, 
however, has provided strong evidence for the operation of a radical- 
chain mechanism in the thermal oxidation ( < looo) of N-alkylamides, 
in  which product formation is governed by four processes. The first 
is a chain reaction of the substrate with oxygen giving N-alkylamide 
hydroperoxide as the primary product1o9c in  accord with our dis- 
cussion above; the second is thermal decomposition of this hydro- 
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peroxide; thc third is chain termination by condensation of two 
N-alkylamide hydroperoxy radicals ; ihc fourth, of importance only in 
the later stages of thc reaction, is interference with tbc 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 mechanism "O. 

RCONHCHR' 
I 

RCONHCH2R1 

RCONH~HRI 

Terminat ion 

RCONHqHR' RCONHCOR' + RCONH, + R'CHO + 0 2  

I 
Propagat ion 
RCONHCH2R' 

O-O' 1 
RCONHCHR~ + R C O N H ~ H R ~  

I 
0-OH 

11 
HO' + RCONHCHR' 

r" R'C02H 
y RCONH, + R T H O  

SCHEME 27. Radical-chain thermal oxidation of N-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 AT-arylamides. The 
preference for hydrogen abstraction can be associated with the low 
nucleophilic reactivity of the amide mroup. High reaction tempera- 
tures are thereforc necessary, and this, in turn, promotes homolytic 
fission of the weak peroxide linkage. 

? 
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Oxidation of N,N-dialkylamides with diacyl peroxide results in the 
introduction of an acyloxy moiet:: on the a,-carbon atom (equations 
74) ll5l1l6. A similar process would be expected for N-alkylamides. 
Both photoinitiation116 and inhibition by radical scavengers such as 
styrene 115 indicate a free-radical process, but no detailed mechanistic 
studies have been reported. A tentative mechanism involving 
removal of the a,-hydrogen followed by radical coupling (equation 74) 
is reminiscent of the first stages of autoxidation. 

III, or A 
(PhCO,), A 2 PhCO; e 

HCONMe, + PhCO; - HCONMkH, + PhC02H (74) 

Reaction of N-methyl and N-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 
N-alkyl substituent through to the carboxylic acid (equation 75)l17. 

(75) 

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, howcvcr, to identify the type of 
bond fission. 

I n  contrast to these rcsults, compounds without a,-hydrogen atoms 
available for abstraction do undergo substitution by peroxidic 
reagents. N-Phenylacetamide, for instance, ultimately yields nitro- 
benzene on treatment with 307, hydrogen peroxide in glacial acetic 
acid at 100" (Scheme 28)'18. The reaction is probably heterolytic, 
by analogy with peroxidic oxidations of N-arylamines, involving 
substitution of the nitrogen atom by electrophilic oxygen. Since 
acetylphenylamine N-oxide (82), but not phenylhydroxylamine (this 
couples with nitrosobenzene to form azoxybenzene in glacial acetic 
acid), is also oxidized to nitrobenzcne under the reaction conditionsll8, 
it seems probable that dimination 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 studiesll* have shown that 
formanilide is more reactive than acetanilide and this may be at- 
tributed to steric differences. Substituents in the aromatic ring 

HCONMkH, + PhCO; ___ > HCONMeCH,OCOPh 

H202/Fe3 + 

CH3CONHCHZR A CH3CONHz + RCOZH 
(R = H or n-Pr) 
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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 

RCONPh RCONHPh + HO-OH - RCONHPh + I +  - - H i  I n 

0 y 
t 

RCONHPh 
(82) 

(83) 

I 

[ R!<iPhI 0 OH 

HO-OH 

SCHEME 28. Oxidation of N-arylamides with hydrogen peroxide. 

C. Peroxydisulphate 

The lability of the a,-hydrogen atoms towards radical abstraction 
is also evident with this reagent. Thus N-alkylamides (both secondary 
and tertiary) suffer dealkylation with peroxydisulphate salts at 
moderate ternperaturcs (65"-90") to yield a mixture of the less highly 
substituted amide and a carbonyl derivative (equation 76) lIga. 

RCONH(CH2R') + R'CHO 5 2 0 ; -  
RCON(CH2R')z 

s,o:- 

RCONH,  + R K H O  
1 (76) 

Preliminary results of kinetic studies have been published and these 
show a 3 order dependence in peroxydisulphate ion concentration, but 
a zero-order dependence in  amide c~ncent ra t ion l lg~ .  This fits nicely 
with the usual behaviour of the reagent, as the effective oxidant is 
thought to be a sulphate radical ion (SO; - )  produced slowly from the 
peroxydisulphate ion 120. I t  is also consistent with a radical-chain 
process (Scheme 29) involving induced decomposition of the peroxydi- 
sulphate ion by intermediate ilmidic radicals-liencc the + dependence 
in oxidant concentration. Both the products and related kinetic 
studies with N - a c e t y l - ~ - a l a n i n e ~ ~ ~ ~  are consistent with abstraction of 
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szo;- -L 2 so: 
RCONI-lCH2R1 + SO: - RCONHtHRl + HSO; 

s,o;- i 
RCONHCHR' + SO: 

RCONH, + RKHO 4- HSO, 

S c I i E h m  29. Oxidation of secondary alkylamides by peroxydisulphate salts. 

the a,-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)llgC. 

(CH,)" 
fl O=C, ' 'CHO 

R 

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 formy! hydrogen although 
this has not been provenllga. Smaller amounts of carbon dioxide and 
ammonia are also recovered in the reactions with N-alkylformamides 
and these probably arise from further decomposition of formamide 
obtained by dealkylation llga. Apparently acetamide does not react 
unless silver salts are added to the reaction mixture llSd. Under these 
conditions, rapid deamination occurs even a t  30" to give a quantitative 
yield of acetic acid. The rate ofoxidation has a first-order dependenec 
on both the peroxydisulphate and silver ion concentrations, but i t  is 
independent of the acetamide concentration119d. This again suggests 
that  the effective oxidant is the sulphate radical-ion (SOi) 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- 

(78) > 2 CHaCOZH + 2 Nz 2 CHSCONHz 
slow szo:- 
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straction fi-om the nitrogen atom followed by dimcrization of the 
resultant radical to 1,2-diacetylhydrazine (85) l I g d .  This, on further 
oxidation, would form an azo intermediate (86) which is known to 
suffer liomolytic fission of the carbon-nitrogen bonds giving nitrogen 

2 CH,CONH, Sa0;-!Ag f z 2 CH,COkH __t CH3CONHNHCOCH3 

(85)  

+ 
2 CH3C02H + 2H' 2 CH3e0 + N2 - CH3CON=NCOCH3 

(86) 
S c I - I E m  30. Perosydisulphatc ion oxidation of acetamidc. 

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 amidcs react with lead tetraacetate via a peculiar 
oxidative rearrangement similar to  the Hofmann reaction 121*122. 
T h e  initial product is an isocyanate (87) but this can only be isolated 
when an inert (aprotic) , basic solvent such as dimethylformamide is 
the reaction medium 122. 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 t-BuOH solvent to 
give urethanes (90) (Schemc 31)1219122. 

RCONHz + Pb(OAc), --+ RNCO + Pb(OAc), + 2 HOAC 

(87) 

I 
1-BuOH 

RNHCOZBU-t 
1 1 t iOAc 

RNHAc + RNHCONHR 

( 8 8 )  (89) (90) 

Reaction of primary amidcs With lead tetraacetate. 
40-80x 3 4 %  

SCHEME 31. 

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 conceiitrations ; also the oxidation 
is catalyscd by base (pyridine, tertiary amincs, etc.) and favoured by 
polar solvents (dimethylformamidc is one of thc bcttcr 0 1 1 ~ s ) ~ ~ ~ .  By 

26* 
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analogy with the Curtius rcarrangemcnt 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 0-substitution by  electrophilic 
reagents, is outlined in Scheme 32. This requires formation of an 

RNCO + Pb(OAc)2 + H B +  + OAC- 

ScHEhrE 32. 

0-imidate precursor (91) followed by base-induced rearrangement 
with elimination of Pb(OAc), to the isocyanate. Other mechanisms 
have been suggested involving a n  initial substitution by lead tetra- 
acetate on the amide nitrogen atom121J22, bu t  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 ortho-substituted 
aromatic a m i d e ~ l ~ ~ .  Two examples are given in equations (79a,b). 
Further applications will be keenly awaited. 

Mechanism of the lead tetraacctatc oxidation of primary amides. 

I 
H 
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VIII. REDUCTION 

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 eflective; of these, tlie 
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 

R C H  zN R i  

3; R:NH + RCHO __+ RCHzOH 

RCON R i  

(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 treatise 124 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 1 1. Exceptions are not unknown, however, 
and tlie cited references should also be consulted. 

1. Primary and secondary amides 

One can see fiom Table 11 that the majority of hydride reagents 
reduce these compounds to the corresponding aniine (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 amidcs react sluggishly and periods of the 
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TABLE 11. Normal products from complex nietal hydride reductions of amidcs. 

[A mid c] / Special 
Arnide a Reagent [ReagcntJ conditionsb Product Refs. 

RCONH2 LiAIH, I :1 
RCONH2 LiAIH4 1 : 0.5 
RCONHRl LiAIH, 1 : 0-75 
RCONR; LiNH4 1 : 0.5 
RCONR;" LiAIH4 1 : 0.25 

LiAIH4 1 :0*5 
/" 

\ 
/" 

\ 

RCON 

LiAIH4 1 : 0.25 RCON 

RCONR; LiAlH4/A1Cl3 1 : 0.5 

RCONHz LiAIH(OMe), 1 :4 
RCONR; LiAIH(OMe), 1 :2 

RCONR; LiAlH(OEt), 1 :1 

RCONHz AlH3 1 :1*33 
RCONR; AlH3 1 :0.67 

RCONHz NaBH, 1 :0*5 

RCONHRl NaBH4 1 : 0.75 

RCONR; NaBHa 1 :0.5 

RCONHz BH3 1 : 2.33 

RCONK; BH3 1 : 1 *66 
RCONHRI BH3 I :2.0 

Inverse 
addition 
- 70" to 0" 

Inversc 
addition 
- 70 "to 0" 

Reflus i n  
diglymc 

Via 0-ethyl 
iinidateC 

Via 0-ethyl 
imidatce 

RCHzNHz 

RCI-IzNHR1 
RCH,NRg 
RCHO 

n c N  

hTH + RCH20H 
\ 
/ 
\ 

/ 
NIi  + RCHO 

RCHzNR: 

RCH2NKi 

RCHO 

RCNzNHz 
RCHzNR; 

RChT 

R C 1-1 KIi R1 

RCH,NRi 

RCHZNHZ 

RCHZNHz 
RCMzNHR1 
RC13,NRi 

125,126 
125 
126 
126 
124 

124 

124 

127 

128 
128 

129 

128 
128 

130 

2b 

2b 

131,132 
132 
132 

a R and 11' = alkyl, aryl or heterocyclic. 
Usually the amide is added to the hydride solution, unlcss otherwise stated. 
Tendency to RCHO formation incrcases with bulky R1 groups. 
Heteroaromatic compounds only. 
The  0-ethyl imidatc is prepared previous to thc reduction (rcnction 80). 

order of 24 hr  at  0" and 3 to 6 hr at 25" are required for comple- 
tion 126*128. 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 (13-) for reduction of 
the carbonyl group, it is essential to add an extra one equivalent per 
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N-hydrogen atom present in the substrate, probably because the 
hydride also functions as a base for neutralization of the N-proton. 
The  [amide] : [reagent] ratios listed in Table 11 take account of this 
requirement. 

There is, in  fact, fairly good evidence that reduction of primal-y 
amides proceeds via base-induced dehydration to a nitrile, which is 
then reduced to the amine (Scheme 34)12". I t  has been shown, for 

RCONHZ + 2 MH + RCN + MzO + 2 Hz 

RCN + 2 M H  + RCHzNMz 

RCHzNM, + HZO + RCHZNHZ + MZO 

(M = AIHz, LIAIH,, BHz, 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 LiAlH, is used, the nitrile derivative can be isolated 
from the reaction mixture as the major productlZ5. Otherwise, not a 
great deal is known about the mechanism. Probably, an 0-aluminate 
complex (92a) is formed first, but its exact structure has not been 
ascertained. I t  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 
conditions 126. This tentatively fixes the rate-controlling step as 
hydrogen elimination from an  0-imidate intermediate (92 b). A 

A1203 + RCHZNH, :i2 RCN + [HAIO] + HZ 

SCHEME 35. Tcntative 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 AlH, reduction in 
Scheme 35, but clearly some thorough investigations are required. 

Reduction with borohydride reagents warrants special comment. 
For many years these wcrc regarded as unreactive towards amidcs 
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 conditions 131*132. 
With special techniques, NaBH, also reacts ; primary amides, for 
example, are reduced to thc nitrile on refluxing in solvent diglyme13'. 
This latter reaction seems to be a useful alternative method for de- 
hydrating primary amides in the absence of acidic reagents such as 
PCl, or SOCl, (section IX and section I11 of Chapter 4). Both 
reductions with NaBH, shown in Table 11 arc obviously analogous to 
those with LiAlH,. 

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 dcalkylation 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 AlH,,BH,, 
LiAlH(OMe), and LiAlH,. 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 AlH, and LiAlH(OMe), arc not unusual128, but 
the other hydridcs require slightly longer periods. I t  is interesting to 
note, too, that recent developments have enabled reduction with the 
relatively unreactive NaBH, under mild conditions. The ploy here 
is to form an @ethyl imidate salt ofthe tertiary amide (93) by reaction 

NaBH, 
[RCfEt]+ BF, ,OO,EtOH RCH,NRi (80) 

R C O N R i  
CH2C12 

N Rf 

(93) 

with (Et,O) +BF; (section II.A.4) which is then rapidly reduced in 
quantitative yield to the amine by NaBH, a t  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 
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other functional groups. Sccoiidary amides may be reduced in a 
similar way 2b. 

Reductive deamination to an aldehyde (path b of Sclieine 33) is less 
common, but often competes with amine formation (path a) in LiAlH, 
reductions. It is, in fact, the main reason for the low yields of aminc 
sometimes obtained with LiAlH,. Aldehyde formation is particularly 
prevalent when the N-substituents are bulky124. It will become the 
major pathway if deficient amounts (ix. less than 0-5 equivalents) of 
LiAlH, are used at low tempcrature ( - 70" to 0") and if the hydride is 
added to thbe 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 rcaction with N-hetcroaromatic 
amides, irrespective of the expcrimental technique 124. The most 
satisfactory synthetic method for aldehyde formation is, however, to 
use a substituted hydride such as LiAlH(OEt), or LiA1H,(OEt)2: 
even unhindered tertiary alkylamides give yields of aldcliyde to the 
extent of 607' to 90%, and the method seems to have general ap- 
p l i ~ a b i l i t y l ~ ~ .  

?';he 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 Weygand 133, invoking a common 

(94) 

RCHZNR: + M20  (b) H a 0  RCH,OM + MNR; 

b.0 
RiNH + RCHO MH, RCH,OH + R i N H  7 (97) 

(95) 

ScrrEhrE 36. Weygand's mechanism for reduction of tertiary aniidcs with 
h ydrides. 

tetrahedral intermediate (94) for all the products, seems to be the 
most satisfactory (Schcmc 36). The intermediate 94, some kind of 
0-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. 

I t  has been suggested that bulky N-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 arnine formation. Steric hindrance has also 
been cited to explain the prevalence of reductive deamination with 
substituted hydrides ( cg .  LiAlH(EtO),, etc.)129, but  the absence of a 
second hydride ion (H - ) for intramolecular substitution of the carbon- 
oxygen bond must be another important factor. 

B. 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. 

/ O '  0' - R C H  -/ H '  RCONR; 5 RC 
\NR: \NR: 

/ O  - /OH 

le - 
* RCH, R C H O  + RiNH - RCH 

\N 3; NR: 

Birch reduction of tertiary amidcs. SCIIEXIB 37. 

C. Electrolytic Reduction 

In  contrast to the Birch method above, electrolytic reduction in- 
variably produces an amine without C-N bond scission (path a of 
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Scheme 33)135. The process is usually carried out in acidic solutions 
(e.g. conc. H,SO,) using a lead cathode, and is most facile when the 
carbon or nitromen atoms bear electron-donating substituents 135. 9 Presumably, the initial steps are similar to the Birch reaction, but 
further reduction of the amino alcohol 88 occurs (equation 81). 

OH 

D. Catalytic Reduction 

These tcchniqucs have attracted little attention as far as amides are 
concerned. I t  is known, however, that amines (path n of Scheme 33) 
are produced wit!i copper chromite 136 or rhenium catalysts137, but 
with substituted amides scrambling of the N-alkyl 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 N-aminomethylamides, dcalkylation is the major reaction 
(equation 82)138. 

HJNi or Pd 
RCONR’CH,NRZ A RCONR’H $. CH,NR% (82) 

(R’ = H, alkyl, ctc.) 

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(CI)=NRB) +CI-], 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 RCF,NRB. 

A reasoned explanation of tliese reactions is that formation of a n  
0-complex (99a) between the amide and the acid halide polarizes the 
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carbon-oxygen bond, which then suEers a rapid internal nucleophilic 
substitution by halide ion (an S,i process) with synchronous elimina- 
tion of a neutral fragment such as COz, SO, or POCI, (equation 83). 
The imidoyl chloride (99b) may then react further, depending on its 
structure and the conditions, as is discussed in detail below. 

CI 

RCONR; + ClzX __+ [ RC. <TR;.x\ . u C I  ]+ CI- NL, S '  (RC=NR:)+ I CI- + X=O 

(99b) (83) 
(99ri) 

(X = CO, SO, PCIz, etc.; R1 = H, alkyl, Ar, etc.) 

Not all acid halides react in this way. Two distinct structural 
features making the S,i process unfavourable can be envisaged and the 
initial 0-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 Vilsmcier reactions with phosphorus oxy- 
chloride (equation 84)-the P0,Cl fragment is known to be a hypo- 

[ .?....!a]+ CI - 
RCONR; + POCIS ----+ RCq-  

CI 
I 

N R: 

(100) 

CI -1 
(RC=NR:)+CI- + [PO,CI] 

CI 
I +  

RC=NR$ P 0 2 C I ~  (84) 

thetical (and therefore unstable) species; the second is where the 
0-complex lacks a suitable internal nucleophile as with 101, derived 
from arylsulphonyl chloride (equation 85). Both I00 and 101 are 

(101) 

known to react readily with nucleophilic species, and in this way they 
have attracted application as formylating and acylating reagents 
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(Vilsrneicr reactions). I t  therefore seems probable that imidoyl 
chloride formation in these instances results from an intermolecular 
attack by chloride ion. 

A: Tert iary Amides 

1-  Phosgene, thionyl chloride and phosphorus pentachloride 

The most stable imidoyl halides are derived from tertiary amides. 
Pllosgene Will react readily at  room temperature 139 and is probably 
the best reagent for their preparation (equation 86). Recenz work 

CI 
I 

RCONR; + COClp + (RC=NRi)+CI- + COZ (86) 

has shown that with excess phosgene (two equivalents) a-chloro-(3- 
chlorocarbonyl enamines (102a) are also formed in up to 30y0 yield 
from tertiary amides bearing a,=,-hydrogen atoms (equation 87)140. 
These may be readily separated from the ionic imidoyl chloride (182b) 

CI 
I +  

RCH2CONR: + COC12 c_+ RCH,C=NRi CI - + C02 

COCI, 

(102b) 

I 
COCI 

(87) 

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 required 130a. The stronger 
conditions may account for some dealkylation to the nitrile with 
phosphorus p e n t a ~ h l o r i d e ~ ~ ~ ,  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 (RCCl=NR;Cl-) is now preferred 
over the isomeric covalent structure (RCC1,NRl) 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 acids13’. A typical 
example is given in equation (88) for sodium alkoxide, in which 
subsequent hydrolysis yields the ester 103a and the amine 103b. 

I 
RC=.CCINRi + 2 HCI 

(102a) 

+ 
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Further details of these useful transformations have been reviewed 
elsewhere 139a. 

CI OR2 
I +  I +  

RC=NR: CI- NaoR2 t RC=NR$ CI - + NaCl 

b20 
R C 0 2 R 2  + R:NH 
(103a) (103b) 

2. Acid fluorides 

Carbonyl 
fluoride and sulphur tetrafluoride, €or example, both react with 
tertiary amidcs to give the difluoroalkylamine 104, usually a volatile 
liquid totally devoid of ionic properties (equation 89)142*143. 

Covalent products are obtained with acid fluorides. 

SF4 or COFz 
RCONR; > RCF,NR; (89) 

(104) 

Carbonyl fluoride appears to be the more effective because product 
purification is simpler, and the eliminated CO, has been shown by 
14C-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). 

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 (cquation 9 1) and the resultant enamine 

- HF 2 COFz 
CHSCFZNR; RCHz-zCFNR: ___ > (FCO),C=CFNR; (91) 

(106) 

reacts further to yicld 106142. 
reaction obscrvcd with excess phosgcnc (cf. equation 87). 

This is closcly similar to the competing 
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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 c o m p l ~ x ~ ~ ~ .  The  
structure of this complex has been a contentious issue for several years 
and is not yet settled. I ts  typical salt-like properties are consistent, 
however, with a n  ionic formulation. Arguments based mainly on 
infrared spectral measure men!^^^^*^^^ in favour of the 0-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 
(107 b)14'. We have previously suggested, however, that structure 

(107a) 

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 complexcs are 
readily attacked by nucleophilic species and in this way they fulfil an 
important role in synthetic organic chemistry. These reactions have 
been extensively reviewed 144 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 0-acyl precursor 107a 
to the imidoyl salt 107b. Furthermore, the range of reactivity of these 
nucleophilic substitutions is much wider than with imidoyl chlorides 
prepared from othcr 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 spccics derived from 
phosphorus oxychloridc and tertiary amides is thcrcfore 107a. 

The most important substitutions are those by aromatic and hetcro- 
cyclic compounds, which are known as Vilsmeicr-Haack formylation 
reactions. This process results in  thc introduction of the CHO 

* See also section I V  of Chapter 4. 



806 

substituent into the aromatic or heterocyclic nucleus. I t  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 thc 
aldehyde (e.g. 14)s). N-Methylformanilide is usually employed, but 
either dimethylformamide or N-formylpiperidinc arc suitable alter- 
n a t i v e ~ ~ ~ ~ .  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, OCH,, 
NMe,, NHMe) are successfully converted to their aldehyde deriva- 
tives144. This is illustrated in Scheme 38 for diinethylformamide and 
phenol: as expected, orientation is usually ortho and para. 

Brian C .  Challis and .Judith A. Challis 

HCONMe, f POCL, __+ HCCOPOCI 

qoH + Me,NH 

CHO goy CH=-NMe2 p o , ~ ~ ,  

P O f 4  
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 thc 
corresponding keto derivatives. These transformations have not been 
widely exploited, but the early patent literature lists many examples of 
aromatic acylation 144 and recent investigations have demonstrated 
their viability with b e n ~ o f u r a n l ~ ~  (Scheme 39) as well as with several 
indole 149*150 and pyrrole149*151 derivatives. 

t 

CI- + HPO,CI, (92) 

( 109) 

(R2 = alkyl, Ar, RNH) 
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+ 

MeCONMcz + POCI, - 

0 

MeC. 

NMe, 

CI - 

\m 
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/ 

SCHEME 39. Vilsnieicr-Haack acetylation of bcnzofuran. 

As with imidoyl halides (section 1X.A. 1) , many other nucleophilic 
species readily attack the carbonyl carbon atom of the Vilsmeier 
complex. An amidiniuni salt (log), 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 olcfins (equation 93), 
which after hydrolysis yields the unsaturated aldehyde (110) 144. 

0 
I I  

+ HCI 

RCH=CHCHO + HPO2CI2 + Me,NH (93) 
(110) 

Many of these transrormations are synthetically useful and the readcr 
is referred to papers153 and a review144 for further details. 
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The  difliculty of removing phosphorylated by-products has stimu- 
lated interest in reagents other than phosphorus oxychloridc for thc 
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 a n  intra- 
molecular S,i 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 + ArS0,CI - 
OS02Ar 

ArS0,H + Me2NH + HCOIR [R&=, ] + HCI (94) 

[ \. 

(111) 

hydrolysis154. Thus far, however, aromatic substitution with these 
complexes has not been reported. Other sulphonyl chloride deriva- 
tives, such as MezNSOzC1155 and RO,CNHSO,CI 156, have been 

,040 
R02CNHS0,CI + HCONMe, - HC: 

NMe2 

RO,CN=CHNMe, + SO3 + HCI (95) 

investigated, but these contain a neighbouring nucleophilic entity and 
internal rearrangement with elimination of SO, is commonly observed 
(equation 95). 

B. Secondary Amides 

Compounds of this type also rcact 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. I n  this respect, secondary 
amides are more reactive than their tertiary analogucs. 
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I ThionYl chloride and phosphorus pentachloride* 

Treatment of many (but not all!) N-alkylamides with either one of 
these reagents may induce N-alkyl bond fission on heating, with the 
fOm~ation of a nitrile and the alkyl halide (equation 96). This 

RCoNHR’  -I- PCIs + RCN + R K l  + P0Cl3 (96) 

remarkable reaction was discovered in 1900 by von Pechmann using 
phosphorus p e n t a ~ h l o r i d e l ~ ~  ; subsequently von Braun carried out 
extensive investigations and the reaction now bears his name 158. 
More recently, tliionyl chloride has proven to be a better reagent, 
since product isolation and purification is then ~imp1e.r’~~. The 
reaction is by no means universal ; formamides and some alkylamides 
are notably unrcactive, but good yields may be obtained from 
benzamides. 

Although details of the mechanism await elucidation, there is 
evidence pointing to the intermediacy of imidoyl chlorides. I t  has 
been demonstrated independently, for example, that thermal de- 
composition of N-alkylbenzimidoyl chloride under von Braun con- 
ditions leads to benzonitrile and alkyl halide (cquation 97)158*159. 

(97) 

Also, it is possible to isolate the expected imidoyl chloride from the 
reaction of either bcnzanilide or N-benzylbenzamide with thionyl 
chloride 159 and of several N-alkylbenzamides with phosphorus 
pentachloride I6O. 

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 lieterolysis of the N-alkyl bond by an 
‘SN1-like’ mechanism, followcd by rapid expulsion of the chloride ion 
(equation 98). T h e  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 ‘SN2-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 SN2 process should be favoured by stabilization of thc 
intermediate carbonium ion 112, and the inversion of optical rotation 
reported for benzamides wit11 assymmetric R1 suhstituents 161 is con- 
sistent wit11 this argument. On the other hand, the SNl process 

809 

A 

The reason for this selectivity is discussed later. 

CI 
A I 

PhC=NR + PhCN + RCI 

* Scc also section III.A.2 of Chapter 4. 
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SN I mechanism : 
A. CI 

I Slow [ 'i'@- Fast 
RC-NRl - RC=N---*R' L_f R C N  i R'CI 

SN2 mechanism: 
CI 

RCN + RlCI (99) 
I - 0  RC=NR' + RC+=N-R1 + CI- 

(112) 

SCI-IEME 40. Thermal decomposition of imidoyl chlorides. 

should be more facile for amides in which the displaced N-alkyl (R1) 
group forms a stable carbonium ion. This is partially substantiated 
by the result for N-alkylacetamides; with optically active ( - ) - N -  
(a-methylbenzyl) acetamide, for example, racemization concurs with 
nitrile formation, and increasing yields of alkyl halide product along 
the series N-benzyl-, N-a-methylbenzyl- and N-benzhydrylacetamide 
suggest that steric factors are unimportant in their transition states159. 
Both observations are characteristic of an S,l mechanism. 

I n  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=o sub- 
stituent (R) stabilizes the intermediate carbonium ion (112) or in 
which the aN substituent (R1) exists as a relatively stable carbonium 
ion. 

2. Phosgene 

(equation 

These predictions are borne out in practice. 

N-Alkylamides react with phosgene to form imidoyl chlorides 
There is no evidence that further reaction of the 

RCONHR'  + 

RCHZCONHR' + COClz  

CI 

(100) 
A 1  

CI 

COCI, ----+ RC=NR' + CO, + HCI 

I +  
RCH2C=NHR1 CI- + COz 

(101) 

von Braun type occurs, although in principle this must surely be 
possible. Enamine formation via elimination of the a,=,-hydrogen 
atom has been reported, however, in a few instances (equation 101)163. 

I 
RCH=-CNHR' + HCI 
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I t  Will be recalled that similar reactions occur wit11 tertiary amides on 
treatment with either phosgcne 01' carbony1 fluoride. This kind of 
elimination may also compete with the von Braun reaction using 
thionY1 chloride and phosphorus pentachloride, but any evidence is 
again lacking. 

3. Phosphorus oxychloride 
N-Alkylamides (other than formamides) usually sufier dealkylation 

to the corresponding nitrile with phosphorus oxychloride, and only in 
special circumstances does nucleophilic substitution, reminiscent of 
the Vilsmeier-Haack transformation with tertiary amidcs, 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 tcmperatures 
(-120") are required and that only compounds for which the aN 
substitucnt will form a relatively stable carbonium ion (e.g. N-bcnzyl-, 
N-t-butyl-, or N-cyclohexylbenzamide) react readily 164. This sug- 
gests that an SNl process operates, similar to one of the two limiting 
paths depicted in  Scheme 39 for the von Braun reaction. Unlike the 
latter, howcver, alkyl halides arc 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 SNl process arid further suggests 
that  the initial 0-acyl complex (113) rearranges to the imidoyl salt 
(114) before dealkylation occurs, probably because of the high 
temperatures employed. A mcchanism 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 

(102) 

formation is favoured by basic solvents such as pyridine or quinoline, 
but the addition of t-butoxide is recommended for formanilidcs 165. 
I t  is interesting that arcncsulphonyl chlorides are even morc ex- 
peditious (and more convenient as far as work-up is conccrned) than 
pl1osp11orus oxychloride 166.167, with ,good yields of isonitrile obtained 
on standing a t  room temperature in solvent quinolinc. The mcch- 
allism of dehydration has not been investigated, but the low- 
temperature conditions suggest that  the relatively stable O-acyl 
complex 115, only formed from phosphorus oxychloridc 01' arene- 
sulphonyl chlorides, is involved. A plausible explanatioll would tllen 

CsHeN 
HCONHR' + POCIS -> R'-NC + HCI + HOPOClz 
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(R = alkyl, At-) 

CI 
I +  

RC=NHR' POzCl; 

CI 
1 

RC==NR' + HOPOClz 

slow (SNI) 1 

RCGN + CI- Products 

S C H E h l E  41. Phosphorus oxychloridc catalysed dcalkylation of secondary 
amides. 

R'-NC + ArSOaH C- 

(116) 

SCI-IEHE 42. Isonitrile formation from secondary formamides. 
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be an  intramolecular proton abstraction from the neutral imidate (116) 
as shown in Scheme 42. 

Vilsmeier-Haack-type aromatic formylations with secondary amides 
in the presence of phosphorus oxychloride are not common. The 
Bischler-Napieralski isoquinoline synthesis from acyl derivatives of 
(/I-phenylethyl) amines (1 17) may involve a related sequence, however, 
in  which the aromatic nucleus attacks the neutral 0-acyl imidate (118) 
to effect cyclization (Scheme 43). No definitive evidence is available 

I 
OPOCI, 

\ 

(118) 
SCHEME 43. Bischler-Xapieralski isoquinoline synthesis. 

on this point, but i t  has been shown that nitrile formation competes 
with cyclization particularly when the substratc is substituted in the 
aN position 164. 

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 1V.A). The usual products are a mixture of 
the N-acylamide 119 and the ureide 120 together with a small 
amount of the N-acyl(difluoroalky1) amine P21142. 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 0-acyl imidate salt (122) is formed 
initially, but  0 to N rearrangement (path a) must lie faster than 
intramolecular (S,i) attack by the fluoride ion (path b) .  Both the 
greater strength of the carbon-fluorine bond (relative to C-C1, for 
example) alld the poor nucleophilic propertics of the fluoride ion 
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(122) 

/'ik4 

RCFZNHR' + COZ + HF RCONRICOF + HF 

(123) (119) IRcoNR1COF 

(RC0NR')ZCO -+ COFZ 
ICOF2 

RCFZNR'COF + HF (120) 

(121) 
SCHEME 44. Reaction of carbonyl fluoride with secondary amides. 

would enhance this departure from the usual mechanism. The  
ureide (120) and the N-acyl(difluoroalky1)amine (121) would then 
arise from subsequent transformations of the N-acylamide (119) and 
the difluoroalkylamine (123) as shown in Scheme 44. Another 
indication of the relative unimportance of path (6) is the absence of 
enamine products from suitable substrates, unlike the reactions 
between phosgene and N-alkylamides discussed above (section 
IX.B.2). 

C. Primary Amides" 

T h c  dehydration of primary amides to nitriles by almost any acid 
halide and phosphorus pentoxide is one of the better known aspects of 
amidc chemistry. Thesc reactions were last reviewed somc time 
ago168, but subsequent developments havc been few. We have 
already discussed the application of organic acid halides in section 
1V.A. As far as the inorganic reagents are concerned, dehydration 
with phosphorus pentachloride, thionyl chloride, phosgenc and 
phosphorus oxychloride are all of preparati\.e value (equation 103). 
Both aliphatic and aromatic substratcs react and the usc of basic 

( 103) 
A 

RCONH, + XCI, ----+ RCN $- X=O + 2HCI  

(X = co, so, PCI,, POCI) 

* See also section 1II.A. 1 of Chapter 4. 
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solvents (pyridinc, dimethylanilinc, N-a11;yIformanilides, ctc.) is 
recommended to removc acid by-products lGU. The most convenient 
reagent is probably thionyl chloridc : 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 (HOPOC1,) formed in the 
dehydration process (equation 104) 168. 

3 HOPOCI, + 2 POCI, + H,PO, (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. I t  seems possible that 
in some cases, at least, a sequence of 0-acyl and imidoyl halide inter- 
mediates (Scheme 4.5) is involved, as in the dehydration of secondary 
and tertiary amides. No reliable evidence is available on this point. 

0-x .+ 

RCONHz + XCI2 - [d: 'C! CI- 

(X = SO, CO, PCI,, POCI, etc.) 

NHC 

CI 
\ 

I +  
RC=NH,CI- + X=O 

CI 
I 

RCN + HCI t 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 iniinochloride 
(RCCl=NPOCl,) has been isolated from the reaction mixture for 
a-chloroacetamides lSo. Other more recent work has shown that 
conformation at the a,,,-carbon atom is not changed on dehydration 
with either thionyl chloride or phosphorus oxychloride 171.172. This 
is illustratcd for 4-t-butylcyclohexylcarboxamide in equation (105). 
This result is consistent with the mechanism outlined in Scheme 45. 
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(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 + o r O H -  b 
RCONR: + H20 -----+- RCOzH + RiNH 

involves nucleophilic addition to the carbonyl function, it is not 
surprising that the reaction is usually sluggish. MTater by itself, for 
instance, is virtually inert and many amides can be recrystallized 
successfully from this solvent. Hydrolysis can be cffccted, however, 
with the assistance ofeither base or acid catalysts. In basic conditions, 
the more powerful OH- nucleophile is availablc, whereas protonation 
of the amide oxygen atom in acidic solutions renders the carbonyl 
carbon more susceptible to nucleophilic attack by water itself. I n  

this contcxt, it is interesting that quaternary amide salts (RCONRiX-) 
are readily hydrolysed by cold water. Both the acid- and base- 
catalysed processes have becn thoroughly examined, probably 
because of their relevcnce to the behaviour of proteins and peptidcs. 
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. 

Amidcs also react with nucleophilic solvents other than water, such 
as amines, alcohols, hydroxylamincs, carboxylic acids, etc. : alcohols, 
for example, form csters in the prescnce of cither base or acid catalysts 
(equation 107). None of thesc reactions has been as widely examined 

+ 

H + or OH- 
RCONR: + R20H > RCOzR2 + RiNH (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 unactivatcd compounds such as simple alkylamides 
require relatively high temperatures. It has lxen known for a long 
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time 173 that, under these conditions, the hyclrolysis rate usually 
follows equation (108), although other evidence to be discussed later 

Rate = k,,[Amide][Ol-l-] (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 thc 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 scquencc (equation 109) with the formation 

0- 
I 

I 
OH 

(1 24) 

H,O 
> R C 0 2 H  + R i N H  + OH- (109) RCONR; + OH- R-C-NR; - 

(R] = H, Ar, alkyl ,  ctc.) 

of a relatively stable tetrahedral (sp3) intermediate (124) ; the other 
(equation 110) would be a direct, ‘SN2-like,’ displacement via a 
square-planar transition state (125). Although stcric factors (i.e. 
bond angles are only 90’) makc transition state 125 seem unlikely, 

0 

RCONR; + OH- 5 [ HO...C.=NR: [ ]*- RCOIH + R i N H  + OH- (110) 

(125) 

Schowen and his collcagucs have pointed out that back-bonding by 
both the oxygen and nitrogen lone-pair electrons into tlic relatively 
low energy T* 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 and in a few instances it has been possible to 
isolate such species: for examplc, the salt 126 has been obtained in 

(126) 

27 + C.O.A. 
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low yield fi-om the reaction of trifluoroacetamidc with sodium 
ethoxide 176. Although similar intermediates have not been isolated 
from the alkaline hydrolysis of amides, thcre is now little doubt that 
the reaction docs 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-I 8 exchange 
T h e  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 

1 8 0 -  8 0  

PhCNHz 11 kl (OH-)  t-l Fh--&NH2] I PhCOH I I  + NH; 
1 8 0  

I Fast 

PhCO- + NH:, 

SCHEME 46. Oxygen-18 eschange during the alkaline hydrolysis of benzamide. 

intermediates such as 127 might be involved, although it doesn't 
prove their existence17'. For instance, it could be argued that l8O 
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 (k-l) will result in l8O exchange so long as the oxygen 
atoms in 127 equilibrate by means of rapid proton transfers. Thc  rate 
coefficients for exchange (kex) and hydrolysis (kh) are then related to 
k - ,  and k2 by equation (1 11). 

kexlkh = k-112 k2 (1  1 I)/ 

Under conditions whcrc the hydrolysis rate follows equation (108)' 
l*O exchange is faster than hydrolysis for benzamide and its N-methyl 
derivative (Table 1 Z)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 l8O exchange for iV,.!V-di- 
methylbenzamide (k,,/kh = 0.05) 177d is surprising. It does not, 
howevcr, sitrnify any radical change in the hydrolysis mechanism, but 
probably arises from solvation of the tetrahedral intermediate. We 

a. 
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TABLE 12. Ratio of '*O exchange and alkaline hydrolysis 
rates for benzamidesa. 

819 

4.7 
1-38 
0.05 

~~~~~~~~ 

a A t  about 100" in 0.1 ni OH-: this ratio decreases slightly with 
increasing [OH -1. 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 l8O exchange and 
alkaline hydrolysis rates of para-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 (k,) of the tetrahedral intermediate an? its partitioning 
( k - J k 2 )  as well as for the overall hydrolysis rate (Ah). 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 
para-substituted acetanilides 178. 

Process P 

Ovcrall hydrolysis (ph) 
Formation of 127 (pl)  
Partitioning of 12i  ( p  - Jp2) 

+0*1 
+ 1.0 
- 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- 1/p2 implies that electron-attracting substituents (e.g. NO,) in the 
aniline fragment favour exchange over hydrolysis (since kcx/k,, = 

k - J 2  k,). Any simple hydrolysis mechanism (such as Scheme 46) in 
which the amine is expellcd 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 anilinc (pK N 35) would make the con- 
jugate base a very poor leaving group. Several other explanations 
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comc to mind, but the most satisfactory, particularly when considered 
in conjunction with solvent effects for the hydrolysis of beiizamide 177c, 
is that outlined by Scheme 47 involving equilibrium formation of a 

RCONHAr + O H -  

OH 

RCOi- + ArNH, 

SCXEME 47. Alkalinc hydrolysis of acctanilides. 

dipolar ion (125) from the initial addition iiitermediatc (129), 
followed by rapid breakdown to products I7O. Electron-withdrawing 
substituents in the aniline fragment should lower the equilibrium 
concentration of 128 and thereby promote l 8 0  exchange relative to 
hydrolysis. Subsequent kinetic studies of buffer-catalysed alkaline 
hydrolysis (discusscd below in this section) strongly support this 
conclusion and show the general applicability of Scheme 4 7  to the 
alkalinc 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 l80 exchange during the hydrolysis of N,N-dimethyl- 
benzamide noted prcviously (Table 12). This odd result has ncver 
been well-understood and has fostered ideas that hydrolysis and l8O 
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 imyolving high-energy structurcs 
such as 130. A more plausible explanation comes directly from the 

I 

I 
0- 

1 8 0  - l 8 0 H  

[ A H  OH 

I I -  
Ph-C-NHR Ph-C-NR - Ph-C-NHR 

I 

(130) 
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mechanism outlined in  Scheme 4 7. It seem unlikely that conversion 
of the addition intcrmediatc 129 to tlic dipolar ion 128 results from 
direct 0 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 equilibratior, of the oxygen atcjms in 
the dipolar-ion intermediate for tertiary amides (131) is sluggish and 
negligible exchange is therefore observed during hydrolysis. 

1 8 0  - 
I I +  
I 

Ph-C-NMe, Ph-C-NMe 
b I qH 03 /H 'H-0' 

4: 

'H 
H 60, 

H I (132) 

2. General base- and general acid-cataiysed alkaline hydrolysis 

In  relatively strong solutions of aqueous hydroxide ( > 0.1 hf), the 
hydrolysis rate of acetanilides follows an  expression containing both 
first- and second-order terms in hydroxide ion concentration (equation 
112). This distiiiction was first noticed by Biechler and but  

(1 12) 

similar behaviour has been reported subsequently for many other 
amides bearing electron-withdrawing substituents attached to the 
carbonyl group, as in 2,2,2-tri~uoroaceta1iilides~~~~~~~, chloroacct- 
amide lol, urcalB2 and N ,N-d iacy la rn ine~~~~ .  The  function of the 
sccond hydroxide ion in the hydrolytic process has curried considerablc 
speculation, but the most reasonable explanation is one (Scheme 48) 
where the products arise via two pathways involving intermediates 133 
and 134 175c. Structure 133 is faniiliar as the dipolar-ion intermediate 
suggested by the exchange experiments of Bender and Thomas 170 ; 
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 cquilibrium with eacli other, is given by equation 
(1 13), and the rate equations discussed pre\iously are limiting forms 

Rate = [Amide] (kCOH-1 + k ' [OH-I2)  
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0- 
I 
I 

(134) 

R--C-NH2 -% Products 

0- 

0-  

I +  k R-C-NHs Products 
I 

(133) 
0- 

SCHEME 48. Hydroxide ion catalysed alkaline hydrolysis of amidcs. 

of this. For instance, only the first-order term will be important at  
very low hydroxide ion concentrations: provided ( / c - ~  + k,tY,) > 
k2Kx[OH -1) 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 (1 12). The 
most interesting result, however, comes a t  very high pH where 
k2Kx[OH-] > (k - l  + k,K,), and equation (113) then reduces to: 
Rate = k,[Amidc][OH-], 1.e. the initial addition of hydroxide ion to 
the amide carbonyl is ratc limiting. T h c  rcalization of this transition 
in the rate-limiting step with increasing hydroxidc ion concentration 
for the alkaline hydrolysis of both 2,2,2-trifluoroacetanilide and its 
N-methyl derivative 174 is convincing evidence that the addition 
intermediate 135 is kinetically important and actually lies on the 
reaction path. In  turn, this justifies the assumption inade earlier for 
analysing the l*O exchange data. 

A difficult question to answer is the nature of the rate-limiting step 
at lower p H  (ix. whcn the hydrolysis rate follows equation 108 or 112). 
A tentative conclusion has already been drawn in respect of equation 
(108) from the l 8 0  exchange experiments with a c e t a n i l i d e ~ ~ ~ ~ ,  but 
fLirther 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- 
anilides IE4, for example, the second-order depcndence on hydroxide 
ion concentration derives from a general base term superimposed on a 
first-order hydroxide ion term. In  other words, cquation (1 12) is a 
special case (with Bi = OH-) of the limiting rate expression defined 
by equation (114) in which Bi represents the general base species. 
For N-methyl-2,2,2-trifluoroacetanilide 184a, the rate coefficients for 

Rate = [Amide] k[OH-] + [OH-] 2 k; [B,] ( i 

several catalysts fit a Bronsted relationship with /3 N 0-3. This 
establishes that proton transrer occurs in the rate-limiting process. 
The most likely cxplanation 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 N-methyl-2,2,2- 
trifluoroacetanilidc (kHzO/kDzO = 2,2), Schowen and his colleagues lE5 

have concluded that only proton transfcr 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;, H,PO; and several amine cations 
for the alkaline hydrolysis of 2,2,2-trifluoroacetanilide have 
been interpreted1E0b*184b as general acid catalysis (i.e. Rate = 
[Amide] [OH-] zi k: [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 cxplanation 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 bufyer components, tlie first-order dcpendence 
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 
(HB, = H,O). This is in  agreement with conclusions drawn both 

(138) 

from the l 8 0  experiments of Bender and Thomas17U discussed earlier 
and from studies of solvent isotope effects 185. 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 a t  the carbonyl carbon, 
but retarded by bulky groups. This is, of course, the expected 
structural influence for a multistep process involving the intermediticy 
of tetravalcnt 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 moclificd form of the Taft equation giving reasonable 
values of p’$ = +2.08 and a stcric parameter 6 = +0-73. Sur- 
prisingly, however, similar data for alkylcarboxanilidcs correlate 
poorly with Taft 0% parameters, and this has heen tentatively ascribed 
to an additional stel-ic inhibition of resonance in the anilido frag- 
ment 179. A more interesting consideration is the influence ofstructure 
on the relative importance of the first- (k )  and second-order (k’) 
hydroxide ion terms of equation ( 1 12). Electron-withdrawing 
substituents should clearly favour hydrolysis via the second-order 
process. This is confirmed nicely by the data of 13icchler and Taft179 
for N-mctliyl-2,2,2-trifluoroacetanilide (k’/k = 190), A~-metliyl-2,2- 
difluoroacetanilidc (k’/k = 34) and A~-niethyl-2-cliloroacetanilidc 
(k’ /k  = 2). It is therefore doubtful ~vhctlicr unsubstituted alkyl- 
carboxamides undergo alkaline hydrolysis by anything other than the 
fir:,t-order process even a t  liigli pH. 

B. Acid Hydrolysis 

amides at temperatures of about 100”. 
Strong mineral acids are cfli.cti\re rcagcnts Ibr the hydrolysis of 

The  products arc usually a 
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mixture of the aminc and carboxylic acid, consistent with fission of the 

RCONR; + H3Q+ ---+ R C 0 2 H  + R;NH,+ (115) 

(R' = H, alkyl, aryl, etc.) 

N-acyl bond (equation 1 15), although examples of N-alkyl bond 
fission have also been rcported 

1. 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 (1 16). The most significant 

(116) 

feature for most amides, however, is the existence of a rate maximum 
a t  some high acidity, dependcnt on both thc solvent acid and amide 
structure (Table 14), but usually in the region of 2 M to 5 M for 
sulphuric acid1**. This is where most amides are extensively 
protonated on the oxygen atom189 and a logical deduction is that  this 

Rate = k[Amide] [H,O '3 

[ OH 1' H20 
RCONR; + HX + R&NR: X-  __f R C 0 2 H  + R i N H  + HX (117) 

species is the reactive intermediate (cquation 1 17). Thus below the 
rate maximum incrcasing acidity raises the concentration of the 

TABLE 14. Expcrimcntal conditions for rate maxima for the acid-catalyscd 
hydrolysis of amides. 

~~~ ~~ 

Amide - pz<* a Acidity (M) - H ,  Rekrencc 

Formaniide 6 HCI 2.12 188b 
4.75 H2S04 2-16 188b 

Acctamidc 0.6 3.25 HCI 1.14 188b 
2-5 HzSO.I 1.12 188b 

Propionaniidc 0.8 3.2 HC1 1.12 188b 
2.4 HzS04 1.07 188b 

Benzamide 1.74 4.5 r i a  1 a58 188c 
3.5 HzS04 1 *62 188c 

p-Methoxybenzamide 146 3.0 H,S04 1.38 188c 
p-Nitrobenzamidc 2.70 4.5 H,S04 2.05 188c 
o-Nitroacetanilide 3-72 6.07 HzSOa 2.79 188d 

Q F r o m  the coinpilation in rcfc~cnce 18%. 

27* 
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reactive intermediate, whereas beyond the rate maximum the chief 
effect of increasing acidity is to decrease thc concentration or activity 
of water. Accordingly, these two effects would account for the rate 
maximum. I n  the absence of definitive evidence to the contrary”, 
we shall assume the 0-protonated amide is the rcactivc intermediate 
and this hypothesis fits with most of the cxperimcntal facts. 

I n  contrast to alkaline hydrolysis, no measurable l 8 0  exchange 
between the carbonyl group and the solvent is observed during the 
acid-catalysed reaction with benzamides 177a9195 and N-acetyl- 
i m i d a ~ o l e ~ ~ ~ .  This implies, of course, that steps subsequent to the 
attack of water on the 0-protonated amide are rapid, and the forma- 
tion of the tetrahedral intcrmcdiate is the rate-controlling process 
(Scheme 49). This change from rate-limiting decomposition to 

RCONR: + HX & 

R C 0 2 H  + R;NH + HX 

SCHEME 49. Acid hydrolysis of amides. 

rate-limiting formation of the tetrahedral intcrmcdiate in going from 
alkaline to acidic conditions has an interesting parallel in the hydrolysis 
of imidate esterslg7. 

* A similar rate-acidity profile would be observed if the reactive intermediate 
were the N-protonated amidc (known from n.m.r. studies to be formed in low 
concentration190) in equilibrium with the more abundant 0-conjugate acid. 
This alternative hypothesis is attractive because it is evident from investigations 
of alkaline hydrolysis that thc amino fragment is difficult to expel as an anionic 
species. A close correspondence 
between the  hydrolytic ratcs for methyl bcnzimidate ( 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, rcpresent the 0-protonated structure for benzamide) lgl ; however, 
more recent data for benziniidate hydrolysis has been interpreted in terms of a 
rate-limiting decomposition of a tctrahcdral Also Bunton and 
his colleagues193 have tentatively suggested that acidity-rate profiles for 
bcnzamidc hydrolysis are indicative of some reaction via the N-conjugate acid, 
but the theoretical basis of thcir argument has been severely criticized lS4. 

For a more ample discussion of‘ the site of protonation of the amido group see 
Chaptcr 3. 

Direct evidence on this point is not available. 
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Solvent isotope effects for benzamide Ig3 and acetamidelgo (Table 
15) are also consistent with Scheme 49. Values of kHao/kDz0 > 1 in  
dilute acid reflect the higher concentration of protonated amide in 
heavy water. The inversion of this ratio a t  higher acidities 
(kHzO/kDzO < 1) is consistent with complete protonation of the sub- 
strate, and only the lower nucleophilic strength of D,O relative to 

TABLE 15. Solvent isotopc effects for the hydrolysis of amides catalysed by 
hydrochloric acid. 

Substrate Acidity (M) ~ € I 2 0 / ~ D Z O  ( 1 0O0) Reference 

CHSCONHZ 

CsH5CONH2 

0.1 1.45 198 
4.0 0.86 198 
1 1-15 193 
6 0.90 193 

H,O is important. This factor also explains why the kHzO/kDzO ratio 
at lower aciditics 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 rclationsliip is that derived by Yates and his 
colleagues 189a*199e in which the cxperimental first-order rate co- 
efficient (Rate = k0,,[Amide]) is correlated with thc HA acidity 
function (mcasured fi-om the equilibrium protonation of amides) and 
the water activity (a,) by equation (118), where r is the numbcr of 
water molecules rcquired to convert the protonated amide to thc 
transition state structure. This equation is similar to one derived 

(1 18) 

earlier by Bunnctt lggn, but refers specifically to amidc substrates. 
The 1' value obtained from thc data for several amides is approximately 
3, and this has led to thc suggestion that thc transition state for 
hydrolysis may be represented by P39, where the water nucleopllile on 

logk,,, + HA = ?-log a, + constant 
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average is sohated by two additional solvent molecules. A similar 
conclusion for this aspect of the transition state has becn reached by 
both Moodie199d using a more direct relationship involving the water 
activity but  not acidity function data, and by Bunnett and Olsen199b 

Brian C. Challis and Judith A. Challis 

H 
J. 

(139) 

using acidity function data but not the water activity. l h e  unani- 
mous agreement between thcse 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 ~ ~ ~ ~ ~ ~ , ~ ~ ; , +  Iy') 
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 factor1". 
Thus the real significance of the hydration parameter (1.) is question- 
able, although there seems little doubt that water is involved in a rate- 
limiting nucleophilic attack on the protonatcd amide, and the 
hydrolysis is thercfore of the (12 type. 

2. Substituent effects 

Since the rate of acid hydrolysis for simple amidcs is not very 
dependent on thcir structure, the most important consideration from 
a practical standpoint is the rate maximum. This means it is not 
always expeditious to employ the most conccntratcd acid as the 
reaction medium. As a rough guide (sec Table 14) the maximum 
rate prevails in acid solutions whose H,, \ d u e  equals thc pK, of the 
amide. 

Systematic studics of substituent efl'ccts for alkylamides and 
bciizamides  ha\^ corroborated, by and large, previous conclusions in 
regard to tlic mechanism of hydrolysis. Data for alkylamides taken 

r -  
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from Bolton’slUG compilation arc listed in ‘l’able 16. These rate 
coefficients correlate well with a modified form of the Tart equation200 
containing terms for steric and hypcrconjugative, but  not polar (i.e. 
inductive), interactions (equation 119). The unimportance of polar 

(1 19) 

effects is rationalized by the ambiguous requirements of the mech- 
anism in that increased electron density a t  the carbonyl carbon 

logk/ko = 0.86E,C + 0.49 (LT - 3) 

0 
TABLE 16. Acid-catalysed hydrolysis of amidcs a t  75OlE6. 

Amide 1 0 4 ~  

Acetamide 
Propionainide 
2,2-Dimethylpropionamidc 
Butyraniide 
Isobu tyramide 
2-Methylbutyramide 
3-Methylbutyramide 
3,3-Dimcthylbutyraniide 
Valeraniide 
Chloroacetamide 
iV-Methylacctamide 
nr,Ar-Dirrethylacetamidc 

10.3 
12.0 
2.63 
5.99 
6.22 
2.08 
1.91 
0.395 
5.15 
8-54 
0.58 
0.65 

111 units I/molc SCC. For equation ( I  IG). 

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 a,,,-hydrogen atoms, as reflected by tlie relative basicities of the 
compounds. One  puzzling feature of these results is the anomalous 
reactivity of secondary amides, i.e. NH, >> NMe, > NHMe, and the 
same trend is evident for derivatives of benzamidel”. If only the 
steric factor were important, then the tertiary compounds should be 
tlie least reactive. Diffcrenccs in solvation of the conjugate acids 
seem to be eliminated by the closely similar activation entropies for 
all three compounds 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 thc examination 
of substituted benzamides 201. Only small rate perturbations are 
found for meta and para substituents, but ortho g:oups inhibit fiydrolysis 
through steric interaction (e.g. for nitrobenzamldes, kortho/kpara = 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 (pl) and ratc-limiting steps (p2)201 of 
Scheme 49. Their sum does reprcsent, 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 

Pov = P1 f P2 (120) 

directly constitutes additional evidence for the mechanism of acid 
hydrolysis. 

3. N-alkyl bond fission 

The introduction of buiky 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 

(121) 

change of hydrolysis mechanism has been noted only for amides 
bearing N-t-alkyl groups (as well as ureas, thioureas and sulphon- 
amides) in sulphuric acid 187a, and for N,N-dicyclohexylbenzamide in 
acetic acid1s7b, although it must have a wider scope. The N-t- 
alkylamides have been esamined thoroughly, and in 987, sulphuric 
acid N-alkyl bond fission is rapid (t,  N 5 min) giving high yields of 
primary amide (equation 121). A; lower acidities, both rates and 

HzSO4 
RCONHBU-t + H 2 0  - -+ RCONH2 + t-BuOH 

RCONH-Bu-t HnSO4 [ RCLNH-BU-t p" I' HSO; 

I S I O W  

1 

(140) 

O H  
I 

RC-NH + t-Bu +HSO; 

H,O Fast 

RCONH, + t-BuOH + H z S 0 4  

ScIimiE 50. Unimolccular hydrolysis of N-t-alkylamides 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 thc 0-protonated 
amide (140), and substituent effects for a series of N-t-alkylbenzamides 
accord with this hypothesis 187a. 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. I n  this context, it is interesting 
that N-t-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 N-acetylimidazoles, and for intramolecularly catalysed hydrolysis. 

1. Intermolecular reactions 

The  hydrolysis of N-acetyl-N-methylimidazolium ion (AcImMe +) 
in buffer solutions is accelerated by basic species such as acetate or 
phosphate ions, and N-methylimidazolc : the reaction rates follow 
equation (122) which is consistent with general base catalysis 'O'. 

Rate = [AcImMe+] 2 k&[Bi] 
i 

The rate of disappearence of N-acetylimidazole (AcIm) 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 '03. 
I f  these two sets of results are compared, it is apparent right away that 

Rate  = [AcIm] 2 k,,,[HBi] + [AcIm] 2 kB,[Bi] (123) 
i i 

the first term of equation (123) actually refers to a general base- 
catalysed hydrolysis of the AT-acetyliniidazolium ion; i.c. the kinetic 
expression is better represented by equation (124). 

Rate  = [AcImH+] 2 k&[Bi] + [AcIm] kB,[Bi] (124) 
i i 

T h e  rate of hydrolysis of N-acetyl-A~-methylimidazolium ion is 
exactly the same as that of fully protonated imidazole and the k;3* 
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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 
N-methyl for N-H making little difference in reactivity. Although 
nucleophilic catalysis is rarely observed for simple amides, this process 
is important with N-acctylimidazoles and related compounds (see 
section X.D) : i t  is kiiown, for cxample, that phenolates interact with 

TABLE 17. Solvolysis rates for the N-acctyl-N-methylimi- 
dazolium ion and Ar-acetylirnidazolium ion at 25OZo2. 

k,,n 

( Acl  m Mc + ) ( Ac I in 13 + ) 
~~~~ ~~~~ ~ 

HzO 0.05 1 0.05 1 
CHZCO, 17 19 
(CH,CO,)Z 42 78 
FIP0;- 2230 2100 
NH3 62000 8 1000 

a I n  units I/molc min. l?or equations (122) a n d  (124) respectively. 
Assuming [H,O] = 55.5 hi.  

the N-acetylimidazolium ion cxclusivcly by a nucleophilic path 204. 

However, Jcncks and his colleagues have clearly demonstrated that 
catalysis by acetate ion results to thc extciit of 78y0 fi-om a general base 
path and  22y0 from dircct nucleopliilic interaction (Scheme 5 q203'. 
Thus the most plausible explanation for thc catalytic mechanism with 
N-acetylimidazolium ions is a combination of nuclcophilic attack via 

2 CH,CC2H 

SCIIEhlE 51. Imidazolium ion hydrolysis catalysed by acetate ion. 

transition statc 141 and general Iiasc-catalyscd hydration \.ia transi- 
tion state 142, with the rclativc importancc of each pntli depciidcnt on 
thc catalyst structure. 
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t. 

The second term in equation (124,) represents general base- 
catalysed hydrolysis of the neutral N-acetylimidazole. It has been 
observed only for catalysis by imidazolc 203a*b and acetate i 0 1 1 ~ ~ ~ ~ ,  
although other bases must also be eKective. The  mechanistic 
implications of this term arc ill-defined a t  present. Arguments in 
favour of a base-assisted hydration of the neutral amide (analogous to 
142) have been presented203& and it  may bc significant that stcric 
effects in  this reaction are remarkably similar to those €or the base- 
catalysed hydration of the N-acetylimidazolium ion 203b. 

Acetate ions also catalyse the hydrolysis of the acetylpyridinium 
Here, too, the mechanism has not been examined, but it 

should be the same as for the N-acetylimidazolium ion. Acetainide is 
the only unactivatcd compound for which general acid-catalysed 
hydrolysis has been reported, in this case by Wyness for acetic acid 
buflers 206. 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 linc with the other 
conclusions. 

2. Intramolecular catalysis 

Some of the best examples of general acid-catalyscd 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 eithcr 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. Tllcsc reactions also have a wide significance in 
pcptidc and protein chemistry, and tllis particular aspect has lieen 
reviewed elsewhere 17Sb. 
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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 lo5 times faster than that of 
benzamide. The shape of the pH-rate profile (Figure 1) shows 

' 0  2 3 4 5 6 

PH 

FIGURE 1. 
mide in aqueous solutions at  about 48". 

pH-rate profiles for the hydrolysis of phthalamic acid and benza- 
[Reproduced From reference 207. 

with permission of the American Chemical Society.] 

unambiguously that the un-ionized carboxylic group rather than its 
anion is involvcd. Intermediate formation of phthalic anhydride has 
been demonstrated indirectly by reacting phthalamic acid, labelled 
with 13C on the amide carbonyl, with H2180-tlie 180-enrichcd carbon 
dioxide obtained from the resulting phthalic acid comes from both the 
13C-enriched and isotopically normal carboxylic groups (equation 
125). The mechanism f'avoured by Bendcr and his colleagues 207 

(Scheme 52) involves simultaneous nucleophilic attack and proton 
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C02H co 

(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 

0 
II - + N H s  

C-NH2 co 

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 lM209. In these reactions, 
however, the evidence is less complete. 

Fast H a 0  I 
Products 

ScHEhrE 53. Stcpwisc mcchanism for the hydrolysis of phthalamic acid. 
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CH,CONt-12 
/ 

N H 2C H RCON tl CH 

t 0 , H  

II 
0 

(1 43) (1 44) 

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 thc phenyl 
ester (R = OPh), but not of the corresponding amide (R = NH,). 

OO 2 10 20 

5 
10 0"' 

FIGURE 2. Acidity-rate profile for the hydrolysis of y-(4-imidazolyl)butyramide 
in aqueous solution a t  78" showing the rapid increase of kObs in the region of the 
pK, of the imidazolyl group. From reference 210. [lieproduccd 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 sulxtituent210. As €or phthalamic acid, the 
relative timing of proton transfer and nuclcophilic attack cannot he 
firmly fixed. Both the stepwise proccss outlined in Scheme 54 or the 
synchronous ' clcctrophilic-nuclcophiiilic catalysis' suggested by Bruice 
and Sturtcvant ,lo are consistent with the experimental data. 

Catalysis by neighbouring amide groups also requires acidic con- 
ditions, althougli for somewhat diffcrcnt reasons. As in the case of 
intramolecular alkylation (SCC scction II.A.5), hydrolysis in alk a I '  me 



SCIIEME 54. Hydrolysis of y-(bimidazolyl) 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, undcr acidic 

conditions where the carbonyl oxygcn of the neutral amide acts as the 
nucleophilic reagent. This situation has bccn realized for o- 
benzamido-N,N-dicyclolicxylbenzamide (146) in acetic-sulphuric acid 
mixtures, as the hydrolysis ratc is about lo4 times faster than N,N- 
dicyclohexylbenzamide under similar conditions 187b. Although a 
portion of the increased rate may arise from steric acceleration, the 
isolation of benzoylanthrznil intermediate 147 in 80oJ, yield under 
milder conditions strongly supports the claim for anchimcric as- 
sistance 187b. A plausible mechanism involving prcequilibrium 
protonation of the morc liasic amide oxygen is outlincd in Scheme 55. 

Intramolecular catalysis by aliphatic hydroxyl groups has been 
widely recognized and enhanced solvolysis rates for aldonamides "', 
4-hydroxybutyramidc 213 (as well as the corresponding anilide "'") , 
5-hydroxyvalcramide 213a and tertiary N- (2-chloroethyl) carboxa- 
mides 216 (these first liydrolyse to thc 2-hydroxy derivative) have all 
becn attributed to this cause. Rcaction via lactone interrnediatcs is 
almost certainly involved in each case. 
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H 
I 

HC, - 

0 
(147) 

SCHEME 55. Hydrolysis of o-benzamido-N, N-dicyclohesylbenzamidc 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), i t  
seems unlikely that increases of such magnitude could arise from 

TABLE 18. Hydrolysis rates for butyramide and 
4 - h y d r o x y b ~ t y r a m i d e ~ ~ ~ ~ .  

1o4,tH + (30") a 1 o4,toR - ( 1000) a 

CHS ( CHZ) 2 C 0 N Hz 3.7 0.44 
HOCHZ ( CHz)2COATHz 65 9.5 

a In  units of I/mole xnin. 

inductive electron withdrawal by the hydroxide group. A more 
reasonable explanation is that both the neutral OH and the anionic 
0 - forms of the substituent react intramolccularly to produce thc 
lactone (148) , which then decomposes rapidly to products (Scheme 56). 
For the acid-catalysed path, i t  is possible that proton transfer to 
nitrogen and attack by 0- on thc carbonyl carbon arc synchronous, 
and this reprcscnts another exaniplc of 'electrophilic-nucleophic 
catalysis' 313b. The unassisted participation by thc 0- entity for the 
base-catalysed path is in direct contrast to thc carboxylate ion and 
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(R = H, Ph, etc.) (148) 

SCHEME 56. Hydrolysis of 4-hydroxybutyraniides. 

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 
hydrolysis 214. 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 attributed 213b 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- 

bo- 

if 
L A  

(150) 

Lo - 

SCirEarE 57. Tetrahedral intermediates in the intramolecularly catalyscd 
hydrolysis of 4-hydroxybutyranilide. 
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phate ions (but not imidazole) strongly accclcrate thc hydrolysis rate 
of 4-hydroxybutyranilide 214. This results firom concerted acid-basc 
catalysed decomposition of intermediate 150 via transition states 152s 

and 152b, which reflects yet again on the poor leaving ability of the 
amino fragrncnt. Onc would expect this kind of catalysis to be of 
major importance to intermolecular hydrolysis, although only 
tentative indications have been found thus far. 

(152a) (152b) 

When direct nucleophilic catalysis through intermediate lactonc 
formation is prohibited by the molecular geometry, neighbouring 
hydroxide groups may still assist aniidc hydrolysis by functioning as 
general base catalysts. This is cvident from the pH-rate profiles for 
the hydrolysis of salicylamides '16 (Figure 3), where plateaus directly 
related to thc acidity (pK,) of the phenolic proton indicate participa- 
tion by the 0- entity-. However, thc lower pH-independent ratc for 
5-nitrosalicylamidc, relative to the unsubstituted compound, shows 
this to be gcneral base catalysis (i.e. depcndcnt on the basicity of thc 
phenolic anion). This may operate either by facilitating nucleo- 
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5P 
4 

3 -  

Salicylornide 

~ 841 

FIGURE 3. pH-rate profiles for the hydrolysis of salicylamides in aqueous 
solution a t  100" showing plateaus in the vicinity of the pK, of the phenolic 
proton. From reference 2 16. [Rcproduced with permission of the American 

Chemical Society.] 

philic attack by water (153) as suggested by Bruice and Tanner 216, 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 thcsc reactions have been invcstigated thoroughly, 
but  i t  would be reasonable to suppose that many of the mechanistic 
intricacies of hydrolysis apply to solvolysis rcactions 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 complction ~vlien thc expellcd amine is relatively volatile 217. 

Aromatic amines react sluggishly, however, and mild acid catalysts 
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are helpful 218 ; for example, heating P-substituted aiiilines with the 
amide hydrochloride at  100” for just 10 minutes yiclds 50y0 to 90% of 
the corresponding anilides (equation 127) 21*d. With o-hydroxy- and 

ArNH, + [RC(OH)NH,]”CI- RCONHAr + NHICl (127) 

o-aminoanilines, the resulting anilide undergoes ring closure to give 
either a benzimidazole (equation 128) or a benzoxazole product 
(equation 129) 218d. I t  has been suggested that acids catalyse all these 
reactions through the increased yactivity of the 0-protonated 
amide 218b. This simple interpretation seems most unlikely, however, 

A 

I (128) H 

8 
I1 

+ [RC(OH)NH2]+ CI- ---- A aNHcR- a)X + H,O 

(129) OH 

because the amine is by far the more basic species. Accordingly, a 
more plausible explanation is that acids catalyse the decomposition of 
a tetrahedral intermcdiate. 

Nucleophilic displacemcnt is particularly facile with amino deriva- 
tives containing electron-donating substituents, as in hydrazine and 
hydroxylaminc. 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 

(130) 

pH-rate profile is characteristically bell-shaped, with a maximum rate 
a t  about p H  = 6.5, bccausc of general acid catalysis by the hydroxyl- 
ammonium ion (pKa = 6-04.). A morc tellinS observation is a steady 
decreasc in thc catalytic coefficient for the general acid (both 
hydroxylammonium ion and imidazolium ion) as its conccntration is 
increased (Figure 4 )  219. This sort offall-off in thc rate-cocficient has 
alrcady bccn discussed in coiincxion with alkalinc hydrolysis, and is 
indicative of a change in the rate-limiting step and, therefore, of the 

RCONHC + HONHz - 250 > RCONHOH + NH3 
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I Free base 

843 

Total hydroxylamine concentration (M)  

FEURE 4. Dependence of the second-order rate coeflicient for formohydrox- 
amic acid formation (/& = kOb,/[ATH,OH]) on hydrosylamine concentration at  
different fractions of hydroxylaminc neutralization in aqueous solution a t  39". 
From rcfcrcncc 2 19. [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, liowevcr, 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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NHOH 

(155) 

SCHEME 58. Ilydrosyaminolysis of alkylamides. 

tetrahedral intermediate is catalysed by basic rather than acidic 
species 220. 

Acyl exchange occurs on heating amides with carboxylic acids 
(equation 131), and this explains w!iy 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 

RCONR: + R2C02H -5 RCO,H + R2CONR; (131) 
A 

(R1 = H, CH,; R2, R = alkyl, aryl, etc.) 

right by distilling ofF the more volatile component. For example, 
removal of acetic acid by distillation produces reasonable yields of 
N-methylbenzanilides 231 or benzamide 210c from benzoic acid and 
N-methylacetanilide or acetamidc, respectively. The mechanism of 
these reactions is not well-undcrstood. Undoubtedly the initial step 
is one of nucleophilic substitution of the 0-protonated amide by the 
carboxylatc ion to give a tetrahedral intcrmediate 156, which might 
then be expected to form an anhydride via elimination of the amino 
fragment (as in the acetolysis ol' N-acetylimidazole 203c). The an- 
hydridc could then react with the displaced amine to regenerate an 
amide. However, tests €or both anhydride and amine have proved 
negative (for example, NH, is not evolved in the transformation 
between acetamide and benzoic acid218c) and this suggests that 156 
decomposes to products dircctly via a four-centre transition state 
(equation 132) 221. 

O H  

RCONR: + R'COZH a R'CONR; + RCO,H (132) 

(156) 
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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 thcsc 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 amincs, 
alcohols and phenols with either acid chloride or anhydrides has been 
widely recognized. Incidental evidence suggests the intermediacy 
of the N-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, 

Nu = a nucleophile 

IN. 

but it has been isolated from acetyl chloride and pyridine mixtures 
under anhydrous conditions 222b. 

Acyl derivatives of imidazolc 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 reviewcd by StaabZz3. It is evident that their 
solvolysis by water, alcohols, phenols, thiols, amines, carboxylic acids 
and various other nucleophiles is both clean and rapid. N-Acetyl- 
imidazolc, for example, undergoes rapid hydrolysis even in neutral 
solutions, in striking contrast to other amides. Some information 
about the mechanism of thcsc 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 cornponcnts, etc.) as in the case of hydrolysis, 
hut Jcncks and Carruiolo 203a have established the general importance 
ofone term wit11 a first-order dependence on the N-acctylimidazolc and 
nucleophile concentrations. The pH-rate profile, as well as com- 
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parison with the data  for N-acetyl-AT-methylimidazolium ion202, leave 
no doubt, however, that this refers to attack by the conjugate base of 
the nucleophile on the N-acetylimidazolium ion; i.e. the kinetics 
follow equation (134) where HX = RNH,f, RCO,H, 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, bu t  it is 

Rate = k,[AcImH+][X] (134) 

known that hydroxylamines ,03* and phenolate ions 204 interact 
exclusively by thc nucleophilic path, whcreas the acetate reaction 
occurs 78y0 via the general base-catalyscd hydrolytic path and 22y0 
via the nucleophilic r c a c t i o ~ i ~ ~ ~ ~  (sce scction X.C.l). I t  has been 
cstimated that thc point of change of hydrolytic to nucleophilic 
mechanism for the N-acetylimidazolium ion with changing basicity of 
the nucleophile occurs in the region of pH = 4, to 5224. 

Thcre is good evidencc, too, that undcr the appropriate conditions 
thc nucleophilic substitution is catalysed by general bascs 203a. In  
this sense, thcse reactions parallel hydrolysis. For example, the 
reaction with amines in imidazolc buflers follows equation (135), 

Rate = k,[AcImH '1 [RNH,] + k,[AcImH '3 [RNH,] [Im] + 
k,[AcIm] [RNH,] [Im] + k,[AcIm] [RNH212 (135) 

which contains terms for imidazole catalysis of the N-acetylimidazo- 
lium ion reaction (k,) and for imidazole- (k3)  and amine- (k,) catalysed 
substitution of neutral N-acetylimidazole. 

c 

(1 59) 

The exact mechanism of the catalysis has not been ascertained and the 
kinetic terms for thc neutral N-acctylimidazolc are equally con- 
sistent ivith general basc-catalysed attack by the nuclcophilc (158), 
general basc-assisted breakdown of the tetrahedral intermcdiate (159) 
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or general acid-catalysed decomposition of the tetrahedral inter- 
mediate (160). Arguments in favour of 158 have been tentatively 

but it is by no means unlikely that  the catalytic 
mechanism changes with both substrate (N-acetylimidazolium ion 
versus neutral N-acetylimidazole) and the experimental conditions. 

XI. A D D I T I O N  OF ORGANOMETALLIC REAGENTS 

Nucleophilic addition to the amide carbonyl function also takcs 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 thc amide 
oxygen and carbon atoms respectively. 

I n  practice, the reactions with primary and secondary amides are  
not very useful, as much of the organometallic reagcnt is con\-erted to 
the corresponding hydrocarbon through interaction with the feebly 
acidic N-proton 225. However, phenylacctamide and diphenyl- 
acetamide dehydrate readily to the corresponding nitriles with three 
mole equivalents of n-butyllithium in incrt 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 reagcnt to tertiary amides such as dialkyl- 
formamides 220, N-methylpyridone 229 or N-methylcaprolactam ’”, 

~ [R;)C<Mgx] HX R \ 

RCONMe, + R l M g X  - C=O + MgXz + MezNH 

(136) 
/ 

NMe2 R’ 

(161) 

however, results in reductive alkylation, i.c. replacement of thc amidic 
oxygen by two alkyl groups (equation 137). 

With organolithium compounds, tertiary amides also form addition 
complexes which on hydrolysis yield the ketone 230, as for the Grignard 
reagent. When the acre proton is acidic, however, the strongly 
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" 1  H 

(p 17 1- 0 R + O H - + L i ' -  (138) 

basic conditions induce elimination from the addition complcx with 
the formation of enamine products231 (equation 138). Few of these 
reactions have generated much interest as synthetic procedures. 

I 
N O-Li+ 

0 

Me Me Me 
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by amides and iinides 
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by carboxylic anhydrides 92,93 
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by hydroxylamine esters 101 
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of tris-dialkylaminoboranes, by car- 
boxylic acids 108, 109 
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interchange 697, 698 
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hydrogen bonding in 38 
photooxidation of 298 
reaction with phosgene 810 
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442, 443 
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737 
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of 831 
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n.m.r. spectra of 360 
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368, 369 
reduction of 365, 366 
U.V. spectra of 358 

N-Alkyl-N-nitrosoamides 78 1 
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rcaction with aldehydes and ketones 

reaction with inorganic acid halides 

rearrangement of 246-255 
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Amides-cont. 
photochemical conversion to /3- 

a, /3-unsaturatcd, from cyanohydrins 
lactams 164 

121 
photolysis of 294. 

Amidincs, biosynthesis of 627-632 
conversion to thioamides 418, 419 
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from formamide 736 
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Amido group, effect on aliphatic carbon 
attachcd to aniido carbonyl 702- 
704 
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amido nitrogen 694-701 
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plexes 724, 725 
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Amidomcthyl esters 698 
Amidomcthyl radicals 694-697 
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700 

zides 486, 487 
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synthesis of 480 

from hydrazides 565 
from thioamides 441 

N-Amination, of amides 537, 538 
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mation in 107 
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of esters-see-Acylation, by car- 

Ammonia, as glutamine substitute 

in synthesis of carbamoyl phosphate 

in synthesis of CkIP 636 
in synthesis of NAD 635 

574 
75- 1 19 

tives 316, 317 

groups 103-105 

boxylic esters 

632 

66 1 

Index 

Ammonia-cant . 
602 

prccursor of nitrogen compcgnds 

sourccs of for urea production 641 
Ammonium ion, 14W-1H coupling in 

Ammonolysis, leading to amides 75- 
8 

118, 131, 550 
leading to thioamidcs 430, 431 

of thioainides 433, 434 
Analysis, of hydrazidcs 587, 588 

Anilic acid estcrs, hydrolysis of 
Anilidcs, e.s.r. spectra of irradiated 

708 

31 1 
halogenation of 689-692 
photolysis of 296, 297, 305 

Anisotropic sphercs 391 
N-o-Anisylforniamide 28 
Anthranilate, biosynthesis of 647-650 
Arenesulphonyl chlorides, rcaction with 

Arginine 641 

Argininosuccinate, biosynthesis of 

Arndt-Eistcrt reaction 1 16 
Aroylation, of amide metal salts 703 
N-Aroyllactams, dipole momcnts of 

tertiary amides 808 

in guanidines biosynthesis 669 

641-643 

353,354 
ultraviolct spcctra of 359 

Arrhenius plot 24 
Arylation, of thioamidcs 445 
0-Aryl imidates, rearrangement of 

N-Arylimidcs, hydrolysis of 362, 363 
746 

infrared spcctra 357 
rcaction with Grignard rcagcnts 

368, 369 
synthesis of 347 
ultraviolet spcctra 360 

N-Aryl-A7-nitrosoamides 78 1 
Aspai’agine, amide group hydrolysis 

660, 661 
biosynthesis of 620-623 
ester hydrolysis 709 

Aspartate, in adcnylosuccinate synthe- 

in argininosuccinate synthesis 641 
Association, of amides 7, 38-40 
Association constants, of amidcs and 

of amides with phenol 227-229 
Aureomydin, C=O vs. C--N distance 

Autosidation, of amides 787-789 

sis 631 

lactams 226 

i n  5 
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Azaserine 629 
Aza steroids, synthcsis of 
Azcpine derivatives, obtained by 

Azetidinoncs, synthcsis from amides 

Azines, synthcsis of 480 
Aziridines, preparation of 454 

rearrangement of 246-253 
Aziridones, synthesis from or-bronio- 

Azlactones, rcaction with hydrazine 

Azo compounds, conversion to hydra- 

107, 134 

Schmidt reaction 143 

163 

amides 751 

532 

zides 538, 539 

Basicity, determination in non-aqucous 

determination in strong aqueous acid 

low value, in 2,6-dimcthylbcnzamide 

media 2 16-2 19 

198 

2 16 

of amides 
437, 438 

of HA scale indicators 
of hydrazides 547 
of thioamides 436-438 
of thiohydrazides 500 
substituent effect on 219-223 

in 2-methylbenzamide 223 
208, 210, 211, 217, 219, 

203, 207 

Beckinann fragmentation 136 
Beckrnann rearrangement 131-137, 

42 9 
abnormal 137 
of aldoximes 134 
of oximes 132- 134 
photochemical 136 
reagents used 132 

Benzamide, acid dissociation constant 
239 

acylation of 339, 762 
addition to formaldehyde 756, 757 
alkylation of 749 
benzoylation of 763 
C=O vs. C-N distanccs in 
cyclization of IV-substituted 751 
hydrolysis of 8 18-827 
infrared spectrum for protonation 

nitration of 693, 784 
nitrosation of 782 
non-planarity of 6 
n.m.r. spectrum for protonation 

radiolysis of 321 

5 

study 196 

study 190, 192 

Bcnzamidc-cont. 

ride 338 
reaction mechanism with acid chlo- 

reaction with aldehydes 758 
recoil study 331 
structural parameters of 4 
synthcsis from acetamide 844 

Benzanilidc, reaction with thionyl 

Benzazoles, from hydrazidcJpheno1 re- 

A‘-Benzylbenzamide, reaction with 

Beiizyl group, migration in aminc h i d e  

Biotin, biosynthesis of 668, 669 
Birch reduction 800 
Uischlcr-Napieralski isoquinoline 

Gloch equations 24 
Bodroux reaction 99, 100, 104 
Bond angles, of amides 2, 3, 6 

of hydrazides 519 
of thioamidcs 386, 387 
of thiohydrazidcs 491 

I3ond lengths, of amides 2-7 
of hydrazides 518, 519 
of thioamidcs 386, 387 
of thiohydrazides 491 

chloride 809 

action 584 

thionyl chloride 809 

rearrangements 572 

synthesis 8 13 

o-Bond moment, of amides 7 
Bond ordcrs, of thioamides 413 

Iv-Bromosuccinimidc, isomerization of 

iV-n-Butvlacetamidc. oxidation of 790 

of thiohydrazides 4.98 

305 

hr-t-But;lacetamide,’hydrogen bonding 
in 39 

n.m.1.. spectrum of 19 

of irradiated 313 

ing in 225 

of irradiated 3 13 

A’-n-Butylbutyramidc e.s.r. spectra 

N-t-Butylformamidc, hydrogen bond- 

iV-n-Butylpropionamide, e.s.r. spectra 

Eutyramide, acid hydrolysis of 829 
212 deviation from the HA scale 

c.s.~. spectra of irradiated 31 1 
i-Butyramide, e.s.r. spectra of irradi- 

Butyramide derivatives, C-alkylation of 
ated 311 

753 
hydrolysis of 836-838 

d h p r o l a c t a m ,  bcnzoylation of 765 
photoosidation of 788 
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Carbamoyl aspartatc, biosynthesis of 

Carbamoyl phosphatc, biosynthcsis of 
666-668 

66 1-665 
reactions of 665-669 

leading to biotin 668 

reactions 300 

149, I50 

151 

Carbamoyl radical, in photoamidation 

Carbamyl halides, rcaction with arcnes 

reaction with carboxylic acids 150, 

Carbinolaminc derivatives 754 

Carbodiimide method 536, 537 
Carbonium ions, amidobenzyl 699 

dehydration of 757 

amidomethyl 697-700 
rearrangement of in Ritter reaction 

Carbonyl fluoride, reaction with secon- 
dary amidcs 8 13 

Carpino reaction 567 
C-C bond, ctcavage in cyclic com- 

pounds 540,541 
C'-C bond, rotation about 31-37 
Chapman rcarrangernent 147, 148, 

129 

745, 746 
abnormal of oxazolines 148 

Charge densities 43, 45 
of thioamides 413 

Charge-transfer complex, of thioamidcs 
with I2 438 

Charge-transfer modcl, of excited 
amides 60 

Chattaway method 88 
Chemical shifts, of amidcs 

Chemiluminesccnce, of hydrazides 524 
Chloral, reaction with amides 755 
Chloroacetamidc, C=O vs. C-hT 

Chromatographic analysis, of thio- 

Chromophores 3 10 
Chugaev elimination 248 
Circular dichroism spcctra, and pcptidc 

7, 14-19 
of thioamides 389, 392, 393 

distance in 5 

amides 433 

structure 406 
of amidcs 62-65 
of CSNRz group 405 
of thioamidcs 435 

convcrsion to argininc 6.1 1 
Citrullinc, biosynthesis of 665, 666 

Claisen condensations, with diphcnyl 
ketoncs 702, 703 

Claiscn rearrangement 460 

Clernmensen rcduction, of thioamides 

C-N bond, double-bond character of 
442 

6 
length in amidcs 4 
reciprocity with C=O bond lengths 

rotation about 7, 14, 23-34 
vicinal coupling across 8 

C=hr bond, partial in thioamidcs 

C=O bond, length in amides 
C=O group, absorption fkcquency 

r Complex, in Orton rearrangcmcnt 

Complexation, of amides 26 
of hydrazides 547-549 
of thiohydrazides 500, 501 

Conformation, of hydrazides 520 
of N-substitutcd amidcs 19-23 

Conformers, isolation by complcxation 

3, 5, 6 

386, 
389 

4 

192 

267, 268 

26 
of amides 22, 23 

Cope elimination 248 
Coupling constants, of thioamides 

389, 395 
of thiohydrazidcs 494 

Curtius degradation 
of acyl azides 156, 558 

Curtius-Hofmann dcgradation 573 
Curtius rearrangement 114 
Cyclization, methoxide ion-catalysed 

of glutamine ester derivatives 709 
Cytidine 5'-triphosphate, biosynthesis 

705, 710 

of 632, 633 

Dakin-West reaction 90 
Dcalkylation, of N-alkylamides 79 1, 

792, 81 1, 812 
of N, N-dialkylamides 803 

Dcamination, of amides 780, 782 
Decanamide, C=O vs. C-IV distances 

Dehydration, of amides 797, 801, 
5 

814, 815, 847 
of carbinolamincs 757 
of secondary formaniidcs 8 1 1,8 12 

Dehydropcptidcs, rearrangement of 

Dcshiclding effect, in u,P-unsaturated 
324 

esters 16 
of aldehydic protons 15 
of carbonyl group 17 
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Diacetaniide, infrared spectra of 357 
labelling of 365 
mass spectra of 362 
reaction with cthylenc carbonate 

synthesis of 337, 342, 344 
ultraviolet spectra of 358 

synthesis of 85 

373 

Diacylamines infrared spectra of 355 

from amides 95, 760, 765-767 
from isopropenyl esters 105 

Diacylhydrazines, acidity of 547 
alkylation of 554 
complex formation with Lewis acids 

conversion to tetrazenes 563 
conversion to triazoles 58 1 
electrical conductivity of 524 
enolization of 546 
hydrolysis of 550 
infrared spectra of 523 
oxidation of 566 
reduction of 550, 565 

549 

synthesis of 533,536, 538, 542, 555, 
563, 574 

thermal stability of 574 
5 18 I , 1 -Diacyihydrazines 

N,N-Dialkylamides-see also-individ- 
ual compounds 

autoxidation of 787 
dipole-dipole association 39, 40 
oxidation of 790 

N,N-Dialkylformamide, as formylating 

reaction with Grignard reagent 

Diamines, acylation leading to poly- 

Diaziridincs, conversion to hydrazidcs 

Diazo ester, in N-nitrosoamide re- 

Diazoles, preparation of 48 1 
Diazonium salts, reaction with hydra- 

Diazotization, leading to amines 147 
Dibenzamide, synthesis of 342 
N,  N-Dibenzylacctamide, rotational 

entropy and enthalpy 30 
N,N-Di-n-butylacetaniide, infrared 

spectra in protonation study 193 
Di-i-butyramide, synthesis of 337 
N,N-Diethylacetamide, conforniation 

rotational eniropy and enthalpy 30 

agent 806 

847 

mers 83 

542 

arrangement 256-258 

zides 563 

of 23 

~~,A'-Diethylformaniidc, rotational en- 

Difluoroalkylaminc 
getn-Difluorohydrazines, hydrolysis of 

Dihydrotetrazines, preparation of 457, 

Dihydrothiazines, preparation of 457 
Diimides, by imide acylation 340 

from hydrazidcs 566, 569 
DIMBOA, biosynthcsis of 677 
N,N-Dimcthylacetamidc, acid hydrol- 

tropy and enthalpy 28 

526 

480, 482,483, 501, 510 

80 1 , 804, 8 14 

ysis of 829 
association 228, 23 1 
complexes with metals 236 
dipole-dipole association 39, 59 
electronic spectrum of 58 
hydrogen bonding in 224 
infrarcd spectra 193, 233 
iodine adduct 235 
J couplings of 12 
n.m.r. spectra 
radiolysis of 320 
rotation in 24, 29 
shielding effects in 18 

14, 189, 190, 234 

N,N-Dimethylacrylamide, rotational 
entropy and enthalpy 30, 31 

N,N-Dimethylbenzamide, alkaline 
hydrolysis of 8 19 

iodine adduct 235 
n.m.r. spectra of 190 
rotational entropy and enthalpy 30 

N,N-Dimethylcarbamoyl chloride, ro- 
tational entropy and enthalpy 
27, 31, 33 

N,N-Dimethylformamide, absorption 
band in 290 

760, 76 1 acylation with acyl halides 
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 3 18 
reaction with Grignard reagent 847 
rotation in 24, 27, 28, 33 
shielding effects in 17, 18 

tion with phenol 228 
N,N-Dimethylpropionamide, associa- 
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N,N-Dimethylpropionamide-cant. 
iodine adduct 235, 236 
rotational entropy and enthalpy 

2,2-Dimethylquinuclidonc, basicity of 
30, 33 

195 
N,N-Diphenylacetamide, dehydration 

of 847 _. - 

Dipole monicnts, from MO calculations 
414 

of amides 6, 407 
of excited-statc molecules 53 
of hydrazides 522 
of imides 352-355 
of thioamides 397, 406-408 
of thioamide (2) isomer 391 

Dipropionamide, synthesis of 337, 

N,N-Di-i-propylacetamide, conforma- 
339, 344 

tion of 23 
rotation in 30, 36 

N,N-Di-n-propylacetaniide, rotational 

N,N-Di-i-propylformamide, rotational 

Displacements, by amido anions 705- 

entropy and enthalpy 30 

barrier in 36 

715 
of chloride 706 
of o-phenoxy 71 1 
of phosphate esters 706 
of tosylate 706 

by amido group 715-724 
from a y-substitutcd butyramide 

lcading to imides and nitriles 722 
of sulphonate esters 71 7 

by benzenesulphonamido anions 

by methoside ion, of bromide 

720 

706 
705 

Disulphides, from thiohydrazides 505 
Dithiazolcs, preparation of 455, 456 

Einhorn reaction 756 
Electric-field gradient 8 
Electric quadrupole moment, of I4N 

Electron diffraction, of amide group 2 
x-Electron distribution, of thioamides 

Electronic effect, on hydrazide hydrol- 

on hydrazine acylation 534, 536 
Electronic spectra, of amides 54 
Electronic transitions, of thiohydra- 

nucleus 8 

413 

ysis product 550 

zidcs 498 

Electron spin resonance spectra for 
radical detection 31 1 

of irradiated solid amides 311-315 
of thioaniidcs and their complexes 

411, 412, 439 
o-Electron system, of amides 6 
Electrophilic attack, on hydrazides 

fl-Elimination, promoted by the 8- 

Enamines, from N-alkylamidcs 8 10 
from difluoroalkylamines 804 
from tertiary amides 848 

549 

toluenesulphonamido group 70 1 

Enediols, conversion to hydrazides 
540 ~ ~. 

Enolization, of thc hydrazido group 
545-547 

Enthalpy diKercnce, between thioamide 

Epoxy amides, synthesis from cL,P-un- 

N-Ethylacetamide, radiolysis of 32 1 
Ethylene, electronic spectrum of 57 
N-Ethylformamide, J couplings in 13, 

( Z )  and ( E )  isomers 393 

saturated nitriles 123 

23 

Ferrichrome, biosynthesis of 676 
Fischer’s indolc synthesis 584 
Formaldehyde, reaction with amides 

Formamide, absorption spectrum 53- 
755, 756 

58, 290 
alkylation of 736, 737, 754 
C=O vs. C-N distance in 
dipole moment of 7, 46 
e.s.r. spectra of irradiated 
excited state 60 
for primary amide preparation 

ionization potential of 47, 60 
irradiation of 319-32 1 
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 

dividual compounds 

5 

31 1 

108 

Formamide derivativcs-see also-in- 

conformation of 20 
A’-l:ormylaniidcs, f?om N-n-alkylamides 

787 
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Formylation, of amines 1 17 N-Haloamides-cont. 
Free-cnergy relationships 827 rearrangement of 263-274 

919 

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 
biosynthcsis of 605-620 

concerted mechanism 609 
consecutive mechanism 612 

ester group hydrolysis 709 
leading to fi-aminobenzoate 65 1 
leading to anthranilate 647 
leading to CTP 632 
leading to glucosamine 6-phosphate 

leading to GMP 636 
leading to histidine 645 
leading to NAD 634 
leading to phosphoribosylaminc 

y-Glutamylamides, biosynthesis of 

y-Glutamylcysteine 653 
Glutaramide, structural parameters of 

Glutarimide, dipole monicnt of 353, 

65 1 

643 

65 1-655 

4 

354 
reaction with PCIB 373 
reduction of 367 
synthesis of 340, 346, 349 
ultraviolet spectra of 358 

biosynthesis of 623-625 
Glutathione 652, 653 

Grignard reagents, addition to amides 

reaction with azo compounds 539 
reaction with hydrazides 545 
reaction with imides 368, 369 

847 

Grob’s fragmentation 570 
Guanidine derivatives 636, 64 1 

biosynthesis of 633-645, 669-671 
Guanosine 5’-phosphate, biosynthesis of 

Guareschi’s imides 

Hadacidin, biosynthesis of 676 
Haller-Baucr reaction 110-1 12 
IV-Haloamides, a-halo-substituted, re- 

photochemical reactions of 303-305 

636-641 
35 1, 352, 366 

arrangement of 273, 274 

synthesE from amidcs 776 
Halogenation, of amidcs 775-780 

by fluorine 779, 780 
by hypohalites 777-779 
by molecular halogens 776, 777 

N-Haloimides 369-372 
halogenation by 369-371 
photohalogenation by 371 
preparation of 369 

Ilanimett’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 

Hammett’s constants 221, 222, 228, 

correlation with basicity for thio- 

corre!ation with half-wave potentials 

correlation with hydrolysis rate for 

correlation with isomer ratios 391, 

686 

234, 235 

amidcs 438 

410 

thioamides 440 

392 
Hartree-Fock limit 42 
lH-lH coupling 22 

for amidcs 10-13 
Mistidinc, biosynthesis of 645-647 
Hofmann degradation 778, 793 
Hudson’s phenylhydrazide rule 524 
Hydrazides, acidity and basicity 54.7 

acylation of 555-558 
alkylation of 553-555 
amnionolysis of 550 
analysis of 587, 588 
chlcrination of 552, 553 
complex formation by 547-549 
coversion to amidrazones 564, 565 
convcrsion to tetrazancs and tetra- 

cyclic, conversion to bicyclic com- 
zenes 563 

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 5 17, 5 18 
oxidation of 166, 566-569 
physicochemical characteristics 

physiological activity 589 
preparation of 525-545 

5 18-525 

by acylation of hydrazincs 526- 

by N-amination of amides 537, 

by carboxylic acidlhydrazine re- 

535 

538 

actions 536, 537 
by cleavage of cyclic compounds 

by conversion of azo compounds 
540-543 

538. 539 
by hydrolytic methods 525, 526 
by interconversion of hydrazides 

reaction with carbonyl compounds 

reduction of 166, 550-552 
separation of 588 
thermal stability of 574 
thiolysis of 484-486 

543-545 

560-562 

Hydrazidic halides, conversion to 
thiohydrazides 487, 488 

Mydrazines, acylation of 526-535 
Hydrazinium salts, conversion to 

Hydrazinolysis, of amides 527 
Hydrazones, preparation of 479, 480 
Hydrazonoesters, preparation of 483 
u-Hydrazono sulphides, formation of 

Hydride ion, shift 129 

Hydrogen bonding, amide-phenol 

hydrolysis of 525, 526 

hydrazides 536 

50 1 

transfer of 128 

complexes 227-229 
effect on dipole moment 408 
in amides 38, 39, 59 
in thioamides 388, 391, 392, 397, 

in thioformamide S-oxides 395 
in thiohydrazides 494, 497 
self-association 224-227 

Hydrolysis, of amides, acid 
alkaline 8 16-824 
general acid- and base-catalysed 

435 

824-83 1 

831-811 
of gem-difluorohydrazines 526 
of heterocycles, lcading to thioamides 

431, 432 

Hydro1 ysis--cont. 
of hydrazides 550 
of hydrazidic halides 525, 526 
of nitriles 525 
of thioamides 439, 440 
of thiolimidic esters 440 

Hydroxamates, biosynthesis of 674- 

Hydroxamic acid, oxidation of 166 
fi-Hydroxy amides, conversion to oxa- 

N-Hydroxymethylamide 756 
Hydroxymethylation, of amides 756, 

677 

zolines 717 

75 7 

Imidates, conversion to thioamidcs 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 

infrared spectra 356 
dipole moments of 352-355 
hydrolysis of 362-364 
infi-arcd spectra of 355-358 
intermediate, in amide pyrolytic de- 

in anilic acid ester hydrolysis 708 
in asparagine and glutaminc ester 

353, 354 

hydration 279 

hydrolysis 709 
mass spectra of 361, 362 
n.m.r. spectra of 360, 361 
reaction with Grignard reagents 

reduction of 365-368 
synthesis of, by miscellaneous methods 

from amides and amidic acids 

from carboxylic acids and deriva- 

from isocyanates 347, 348 
hydroxide ion-catalysed 7 1 1 

ultraviolet spectra of 358-360 

368, 369 

348-352 

337-343 

tives 343-346 

Imidonium salts 735, 737, 745 
Imidothiolic esters, active u-position of 

458 
from thioamides 442 

Imidoyl chloridc 801, 803, 805, 809, 
810 

conversion to thioamides 41 7 
thermal decomDosition of 810 
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Iminium ion, in Beckmann rearrange- 

Iminium salts, photoamidation of 

Iminodiazonium ion, in Schmidt re- 

Iminolactone, from an N-haloamide 

ment 132, 136 
in Schmidt reaction 139, 144 

30 1 

action 144 

2 70 
Inductive effect, on hydrazide acyla- 

tion 557 
on hydrazide fragmentation 571 

Infrared spectra, in thioamide analysis 
43 3 

of N2-acylthiohydrazides 491 
of amide complexes 232-234 
of N1,N2-dithioacylhydrazines 49 1 
of hydrazides 522, 523, 587 
of imidic compounds 355-358 
of thiatriazolcs 508 
of thioamides 395-400, 435 

of thiohydrazides 490-493 
assignment of bands 397, 400 

.. Inversion 34 
Ionization potential, correlation with 

V,-band frequencies 60, 61 
of formamide 47, 60 

Ionizing radiation 3 10 
Isocyanates, alkylation of 

arylation of 154, 155 
reaction with carboxylic acids 155- 

reduction of 155 
synthesis in situ 156 

hydration 279 

of thioamides 388, 389 
of thiohydrazides 492, 497 

399 

15 1-1 54 

157 

Isoimide, intermediate in arnide de- 

Isomerization, cis-trans 37 

(Z)- (E)  393, 397 
Isomer ratios, of thioamides 

Isomers, separation of 390 
Isonitriles, convcrsion to amides 158, 

from secondary formamides 8 1 1, 

390, 391, 

159 

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 lion] ri-keio 

/3-Keto amides, synthesis from acylke- 
nitriles 121 

tenes 116 
synthesis from diketene 102 
synthesis from isocyanates 152 
synthesis from 8-kcto nitriles 122 

Ketones, reaction with amides 754- 

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 8 13 
synthesis by amide alkylation 750 
synthesis by intramolecular aminol- 

synthesis from a-bronioamides 163, 

synthesis from cyclic ketones 141 
synthesis from cyclic ketoxinies 134 
synthesis of steroidal 103 

a-Lactams, from amides 163, 164, 75 1 
from hr-haloamides 27 1-273 

/3-Lactams, amino-substituted prepara- 

synthesis by irradiation of un- 
saturated amides 294 

synthesis from isonitriles 159 
synthesis from ketenes 116 
synthesis from unsaturated amides 

synthesis using chlorosulphonyl 

759 

ysis 104 

75 1 

tion 152 

164 

isocyanate 153, 154 
Lactones, aminolysis of 101, 102 

from amides 304 
reaction with hydrazines 531 

Leuchs anhydrides 156 
Lewis acids, complex formation with 

Line-shape analysis 26 
Lithium aluminium hydride, arnide 

amides 232-238 

complex 99 
for amide reduction 276, 797 

Magnetic anisotropy, of C=O bond 

Magnctogyric ratio 10 
h4aleimidc, photolysis of 293 

synthesis of 337, 341, 348 

15 
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Malonamide, formation by acctaniide 
radiolysis 3 18 

Mannich reaction 756 
Mass spectra, of imides 361, 362 

of thioamides 408, 409 
of thiohydrazides 496, 497 

McFadyen-Stevens reaction 557,569, 

N-Methylacetamide, acid hydrolysis of 

as hydrogen-bond donor 230,23 1 
association of, with benzene 232 

with hydrogen-bcnd donors 231 
with phenols 228 

conformation of 21 
dipole-dipole association 227 
dipole moment 6 
homolytic alkylation of 754 
hydrogen bonding in 
infrared spectra of 193, 233 
n.m.r.spectraof 9, 12,189-191,239 
oxidation of 790 
photoamidation of olefins by 301 
structural parameters of 4 

N-Methylacetanilide, conversion to 

N-Methylbenzamide, alkaline hydrol- 

570 

829 

39, 224, 225 

benzanilide 844 

ysis of 819 
from N-chloroamide 778 
nitration of 784, 785 
n.m.r. spectrum of 190 

N-Methylbenzanilide, synthesis of 844 
N-Mcthylformamide, conformation of 

21 
dipole moment of 6 
n.m.r. spectra of 9, 11, 20, 23, 190 
photoelectron spectrum of 66 

N-Methylformanilide, as formylating 

N-Methylpropionamide, dipole mo- 

N-Methylsuccinimidc, absorption band 

Michael addition 749, 753 
Microwave spectra, for amide group 

agent 806 

ment of 6 

in 290 

structure determination 2 
of formamide 5 

Molccular-orbital calculations 400, 

Mulliken population analysis 45 
Myristamide, absorption spcctruni of 

4.02, 412, 493, 498 

56, 61 

i\i-acyl bond fission, in acid amidc 
hydrolysis 825-828 

N-alkyl bond fission, in acid aniidc 

Naphthalimidc, dipole moment of 

infrared spectra of N-substituted 

22, 34- 

hydrolysis 830, 831 

354 

357 
N-C(,, bond, rotation about 

I4N coupling 10 
I6N coupling 10 
14N decoupling 8, 9 
Neighbouring group effcct, of amido 

group 704-725 
in o-acctylsalicylamide 7 1 1 
in j-nitrophenyl hippurate 7 13 
in phthalamide 71 1 
on acylamino acid racemization 

on glycosides hydrolysis 7 19 

37 

724 

of benzoylamido group 722 
l4N-IH coupling 8 

in amides 10 
14N-21-€ coupling, removal of 8 
15N-1H coupling, in amides 
N-H hyperconjugation 690 
Nicotinamide, radiolysis of 324 

Nicotinamide-adenine dinuclcotide 

Nitrating agents 784, 786 
Nitration, of amidcs 784-786 
Nitriles, acylation of 130, 13 1 

alkylative hydration of 125-130 
aminolysis of 13 1 
conversion to thioamides 415-41 7 
hydration of 119-125 
hydrolysis of 525 
synthesis from amides 759, 766, 

767,774,797, 798,801,803,809, 
81 1, 814 

Nitrilium salts, convcrsion to amides 

N-Nitroamides 784 
rearrangement of 262, 263 
reduction of 538 

10, 14 

recoil study of 331 

634, 635 

130 

Nitrosating agents 780-782 
Nitrosation, of amides 780-784. 
N-Nitrosoamidcs, photolysis of 295, 

296 
rcarrangernent of 255-262 
synthesis from amidcs 255, 781 

N--N bond, cleavage of 565 
in hydrazides 559 
in hydrazincs 534 

length in hydrazidcs 518, 519 
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N=N bond, reduction in azo com- 

I4N nucleus 8 
Nomenclature, of hydrazides 

14N spin lifetime 10 
Nuclear magnetic resonance spectra, 

for amide group structure deter- 
mination 2 

for thioamide characterization 433 
of amide complexes 232, 234 
ofamides 7-40 
of bis-benzoylhydrazones 546 
of hydrazides 5 19-52 1 
of imides 360, 361 
of thioaniides 388-395 
of thiohydrazides 490, 494, 4.95 

Nuclear quadrupo’lc 8 
Nucleophilic attack, on hydrazides 

‘ Nucleophilic-electrophilic catalysis ’ 

pounds 538 

5 17,5 18 
of thioaniides 385, 386, 389 

549 

835 

l 8 0  exchange, in amide acid hydrolysis 

in amide alkaline hydrolysis 818 
Optical rotatory dispersion, of the 

Orbital populations 43-45, 50, 60 
Organoaluminium compounds, uscd 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 

826 

CSNRz group 405 

542 
formation of 502, 574-580 

Oxamidc, C=O vs. G - N  distance in 
5 

recoil study 331 
structural parameters of 4 

Oxaziridines, conversion to hydrazides 

Oxazoles, from thioamides 453 
Oxazolincs, from aziridines 246-248 

from 15-hydroxy amides 71 7 
Oxazolinone intermediatc 
Oxidation-see nlso-Autoxidation 

of amidcs 786-794 

541 

7 1 1, 7 14 

by hydrogen peroxide and diacyl 
pcrosidcs 789-79 1 

by lead terraacetate 793, 794 
by peroxydisulphatcs 791-793 

92 3 

Oxidation-cont. 
of hydrazides 566-569 
of thioamices 4.33, 449-45 1 
of thiohydrazides 504., 505 

Oxidative dealkylation, of amides 
787 

Paper chromatography, of hydrazides 

Partial rate factors, for acctanilide 

Passerini reaction 157, 158 
N-Pentylhexanamide, photooxidation 

Pcptides, e.s.r. spectra of irradiated 

588 

chlorination 689, 690 

of 298 

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 

N-Phenylacetamidc, dehydration of 
847 

oxidation of 790 
reaction with aldehydes 758, 759 

N-Phenylformamide, alkylation of 

Phosgene, reaction with primary amides 

reaction with secondary amides 810 

reaction with tertiary amidcs 803 
5Phosphoribosylamine, biosynthesis 

5’ - Phosphoribosyl - forniylglycincami- 
dine, biosynthesis of 627-63 1 

5‘-1’hosphoribosyl-glycincamidc, bio- 
synthesis of 625, 626 

1 - (5‘ - Phosphoribosyl) - 4 - (N-succino- 
carboxamide) - 5 - aminoimidazolc 
626, 627 

Phosphorus oxychloride, reaction with 
primary amidcs 814 

reaction with secondary amides 

reaction with tertiary amidcs 805- 

Phosphorus pentachloride, reaction 

reaction with secondary amides 

reaction ivith tertiary amides 803 
Phosphorus pcntoside, for arnide de- 

740, 752 

814 

81 1 

of 643-645 

811-813 

807 

with primary amides 81.1. 

809, 810 

hydration 276 
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Photoalkylation, of 2-pyrrolidone 

Photoamidation 299-303 
Photoelcctronspectra, of amides 65-68 
Photolysis, of acyl azidcs 165 

302 

of amides and lactams 291-297 
of nitrilc oxides 165 

Photolytic rearrangement, of N-halo- 

Photometric analysis, of thioamides 

Photooxidation, of amides 298, 299 
Phthalamic acid, hydrolysis of 834 
Phthalanil 340 
Phthalimide, conversion to anthranilic 

amides 271 

433 

acid 372 
dipole moment of 354 
hydrolysis of 362, 363 
infrared spectra of N-substituted 

reaction with formaldehydc 373 
reduction of 366-368 
synthesis of 

Pinner reaction 124, 746 
Piperidones, by amino acid cyclization 

Polarographic measurements, on 

357 

337, 340, 344, 348 

107 

hydrazides 523, 524 
on thioamides 409-41 1 

Polyacrylarnide, n.m.r. study of 10 
Polyhydrazides 528 

Polyoxadiazoles, from polyhydrazides 

Polypcptides 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 3 1 1, 

radiolysis of 314 
recoil study 331 

from dihydrazides 556 

576, 577 

314 

N-i-Propylacetamide, hydrogen bond- 
ing in 39 

N-i-Propyl-i-butyramide, n.m.r. spcc- 
trum of 19 

AT-i-Propylformamide, J couplings in 
13, 23 

N-n-Propylpropionamidc, e.s.r. spcctra 
of irradiated 3 12 

Protecting groups, i n  hydroxy thio- 
amide preparation 460 

l’imteins, hydrazinolysis of 527 
Protonation, sitc of 188-197 

Proton exchange, in amides 7 
Pyrazolcs, from hydrazides 574, 582- 

584 
from thiohydrazides 5 1 1 

Pyridazine, from hydrazides 587 
Pyridones, acidity function 2 12 

Pyrolysis, of amides 279-283 
Pyrrole, hydrogen bonding with car- 

Pyrrolidones, synthesis by amino acid 

synthesis by intramolecular alkyla- 

preparation of 456 

bony1 compounds 224 

cyclization 107 

tion of amides 163 

Quadrupole moment, absence in 15N 

Quantum mechanical calculations, for 
10 

thioamides 41 2-414 

Raccmization, of u-acetamido-u- 
methylnitriles 697 

of acylamino acids 724 
ofnitrophenyl esters ofpeptides 714 

Radical ions, in thioamidcs 
Rearrangement, of a-amino thiolesters 

of nitrones and oxaziridines 148, 

41 1, 442 

149 

149 
Reducing agents 798 
Reduction, of amides 795-801 

of hydrazides 550-552 
of thioamides 441, 442 

Reductive alkylation, of tertiary amides 

Reductive dealkylation, of amides 798 
Rcsonance energy, of thioamide group 

Resonance stabilization, in a N- 

Ritter reaction 125-130 
Rotation, restricted around benzcnc- 

847 

412, 413 

hydroxyhydrazonc 539 

nitrogen bonds 35 
restricted in amides 23-37 
restricted in thioamidcs 388, 393, 

Rotational isorncrism, in thiohydrazides 

Rydberg absorptions 64 
Rydberg orbital 
Rydberg series 4.9, 59, 60 

Salicylamides, hydrolysis of 840, 841 
Scalar coupling, of 14iV to protons 

395, 397 

494 

49, 51, 52, 56 

8 
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Schestakov’s reaction 537 
Schmidt reaction 137-145 

mechanism of 138, 139 
Schottcn-Baumann method 80 
Selenoamide group, comparison wit11 

Semicarbazides, from hydrazides 56 1, 

Sensitizer 294 
Sequence analysis, of peptides 463 
Shielding effect, of the carbonyl group 

Slater-type orbital 40, 42 
Solvolysis, of amides 841-847 
‘Spin echos’ 26 
Steric effect, in hydrazine acylation 

amide and thioamide 414, 415 

562 

15, 17 

534 
in thioamides 392 
on basicity 223 
on resonance in 2-methylacetanilide 

690 
Stevens rearrangement 572 
Stretching frequencies, IVH of primary 

NH of secondary thioainides and S- 

Suberamide, C=O vs. C-N distances 

thioamides 396 

oxides 398 

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 

on hydroxylation 693 
on nitration 692, 693 

689-692 

on acid amide hydrolysis 828-830 
on basicity of amides 
on sulphonamide and carboxamide 

cyclization 707 
Succinamide, C=O vs. C-N distance 

2 19-223 

in 5 
c.s.r. spectra of irradiated 312 
obtained by acctamide radiolysis 

structural parameters of 4 
318 

Succinimidc, dipole moment of 353, 
354 

hydrolysis of 362 
r1.m.r. spectra of 36 1 
photolysis of 374 
reduction of 366, 367 

Succinimide-cont. 
synthesis of 337, 341, 343, 346, 348, 

349 
U.V. spectra of 358, 359 

Sudan 111 218, 219 
Sulphonaniides, protonation of 19 1 
sulphurat ion-see-Thionation 
Synchronous process, in hydrazidc 

Taft’s equation 557 
Tautomerie eEects 690 
Tautomerism, amide-iminol 37, 38 

of hydrazides 545 
of thiohydrazides 489-49 1 
thionamidc-thiolimide 434-436 

Tetraacylhydrazines, effect of heat 

fragmentation 571 

574 
formation of 534, 556 

Tctradccanamide, C=O vs. C-N 

Tetrahedral intermediate 81 7, 839, 
distance in 5 

843 
Tetrazanes, formation from hydrazides 

563. 564 
Tetrazcnes, conversion to tetrazoles 

formation from hydrazides 563,564 
Tetrazines, formation of 510 
Tetrazoles, formed in Schmidt reaction 

Thiadiazines, formation of 457, 458, 

585 

139 

501, 509 
ring contraction 509, 51 1 

Thiadiazoles, preparation of 454,455, 
4791181, 482, 485, 505, 506-508, 
574-580 

Thiadiazolines, detection of 499 
Thiatriazoles, infrared spectra of 508 

preparation of 508, 509 
Thiazoles! preparation of 454 
Thiazolidines, preparation of 454 
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